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Abstract

Purpose The influence of residual malalignment on bio-
mechanical analysis after total knee arthroplasty (TKA) is
currently uncertain. The hypothesis is that postoperative
alignment would influence the in vivo kinematics after
TKA, under weight-bearing conditions but not under non-
weight-bearing condition. The purpose of the present study
was to compare weight-bearing and non-weight-bearing
conditions and to evaluate the effect of the postoperative
alignment on the in vivo kinematics after posterior cru-
ciate ligament-retaining TKA during midflexion using
2-dimensional/3-dimensional registration.

Methods Thirty knees of 30 patients with pre-operative
varus deformity were divided into 2 groups according to
their postoperative alignment: the normal alignment group
(N = 21) and the varus alignment group (N = 9).

Results  Under weight-bearing conditions, the varus align-
ment group showed a significant posterior displacement of
the medial femoral condyle (flexion: 80°, 90° P < 0.05) and
a significant anterior displacement of the lateral femoral
condyle (flexion: 10° P < 0.01, 20° P < 0.05, and exten-
sion: 10°, 20° P < 0.01, 30°, 40° P < 0.05) as compared
with the normal alignment group. In contrast, no significant
difference in the medial and lateral femoral condyle posi-
tions under non-weight-bearing conditions was observed
between the normal and varus alignment groups.
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Conclusion The postoperative alignment influenced knee
kinematics under weight-bearing conditions. The weight
load influenced knee kinematics through posterior tibial
slope and induced greater lateral femoral condyle mobil-
ity, which might explain the better clinical and functional
outcome. These findings contribute to gaining a proper
understanding of the in vivo kinematics of the postopera-
tive varus alignment and might be useful for orthopaedic
surgeons in the achievement of patient satisfaction.

Level of evidence 1I1.

Keywords Kinematics - Cruciate-retaining total knee
arthroplasty - 2D/3D registration - Posterior cruciate
ligament - Postoperative alignment - Varus - Screw-home
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Introduction

The alignment of the knee following total knee replacement
as seen on anteroposterior radiographs may be the most
important factor determining the long-term survival of the
prosthesis [2, 5, 11, 13, 20, 25, 28-33]. The many studies
reported that malalignment leads to unfavourable mediolat-
eral force distribution, which overloads the bone—implant
interface as well as the bone itself, resulting in loosening of
the implant [38]. The majority of studies reported greater
contact force on the medial compartment. Even with neu-
tral alignment, medial load shares between 55 and 70 %
were calculated [6, 38]. Halder reported in vivo loads
related to the alignment after implantation of an instru-
mented tibial baseplate and concluded that the medial load
shares in neutral alignment were about 60 % [14]. In varus
alignment, finite element model analysis studies revealed a
nearly 150 % increase in maximum contact stresses with a
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varus tilt of only 5° [24]. Halder also reported medial load
shares with a 3° varus alignment of 70-77 % in an in vivo
study [14]. While the effect of alignment on force distri-
bution is relatively well understood, the effect of residual
malalignment on clinical and functional outcomes is less
well known. Some authors have suggested that a slight
undercorrection of the deformity could be beneficial from
clinical and functional perspectives [18, 19, 36]. However,
current literature lacks a precise in vivo kinematic view of
varus alignment in postoperative total knee replacement.

Over the past 15 years, in vivo fluoroscopic analyses
have been performed on subjects with various types of knee
conditions. These studies involved normal knees [9, 10,
22, 26], and patients with many types of knee arthroplas-
ties. The results from these studies on subjects with nor-
mal knees revealed that the lateral condyle experiences sig-
nificantly more posterior motion than the medial condyle
throughout knee flexion [10, 22, 26]. This kinematic pat-
tern where the lateral condyle translates more posteriorly
than the medial condyle also creates an external femoral
rotation pattern with increasing flexion that has been doc-
umented [9]. In vivo kinematic analyses suggest that total
knee arthroplasty (TKA) patients often display a different
pattern than normal subjects [1, 8, 9, 17, 21, 40]. These
abnormal kinematic patterns could lead to a decrease in
both ROM and function after TKA [37].

Cruciate-retaining (CR) TKA is designed for the control
of both posterior cruciate and bilateral collateral ligaments.
This prosthesis has a relaxed geometry and does not restrict
the femoral component movement. Therefore, the kinemat-
ics of posterior CR TKA are influenced by many factors
[23]. The posterior tibial slope (PTS) is an important sur-
gical factor affecting the postoperative knee flexion angle
and the kinematics of CR TKA [3, 4, 27]. Our in vivo kin-
ematic studies have revealed that PTS significantly affects
the anteroposterior position under weight-bearing condition
after CR TKA [12]. Large PTS induced posterior forces on
the femur through weight load under weight-bearing condi-
tions, and the femur was forced to shift posteriorly. We con-
cluded that weight load could affect knee kinematics under
weight-bearing conditions through impacts on the PTS.

From this point of view, postoperative alignment will
affect in vivo kinematics and physiological varus alignment
might lead to a higher medial load and a lower lateral load.
This condition might induce medial pivot, lateral condyle
posterior translation and physiological rotation patterns
(including screw-home movement) and could lead to an
increase in both ROM and function after TKA.

The hypothesis of this paper is that the in vivo kinemat-
ics after TKA under weight-bearing conditions but not
under non-weight-bearing conditions would be influenced
by postoperative alignment. Accordingly, we compared the
in vivo kinematics during midflexion in the same patients

under both weight-bearing and non-weight-bearing con-
ditions and evaluated the effects of their postoperative
alignment.

Materials and methods

A total of 30 implants in 30 patients were analysed. All
patients underwent implantation of a NRG CR cement-
less TKA. Of the 30 patients, 25 (83.3 %) were women
and 5 (16.7 %) were men. All 30 patients had primary
varus osteoarthritis. The average age was 74.6 &+ 6.3 years
(mean £ SD), and the average postoperative time was
23.2 £ 6.4 months. Thirty patients were selected from
our prospective database containing all patients who had
received TKAs and were contacted for their consent to be
included in this study. All subjects who underwent a suc-
cessful TKA resulting in more than 90 points on the Knee
Society Score, without any measurable ligament laxity or
pain, were chosen for this study, thus representing a con-
venient sample of the best performers.

All components were well fixed according to radio-
graphic evaluations during the postoperative follow-up. In
this study, we chose exact postoperative anteroposterior
(AP) and lateral radiographs and full-length AP radio-
graphs. Mechanical axes of each extremity were defined
by straight lines drawn based on Sikorski’s and Vanlom-
mel’s descriptions [33, 36]. The mechanical femoral and
tibia angle was measured accordingly. The mechanical axis
of femur between the centre of the femoral head and the
middle of the intercondylar region and the mechanical axis
of tibia between the centre of the tibial component surface
and the centre of the talus were made, and the mechanical
femoral and tibia angle represents the angle between the
mechanical axis of femur and the mechanical axis of tibia
(Fig. 1a). Mechanical axis of limb was defined by a straight
line drawn from the centres of the femoral head to the cen-
tre of the talus. The weight-bearing ratio was calculated by
measuring the distance from the medial edge of the proxi-
mal tibia to the point where the mechanical axis of limb
intersects the proximal tibia, and then dividing that meas-
urement by the entire width of the proximal tibia. A per-
centage was calculated by multiplying this ratio by 100 %
(Fig. 1b).

These 30 patients were divided into 2 groups according
to a discriminatory threshold of 40 % weight-bearing ratio:
nine knees were in the varus alignment group (weight-
bearing ratio 28.5 £ 10.3 %) (mechanical femoral and
tibia angle 184.4° £ 1.5°), and 21 knees were in the nor-
mal alignment group (weight-bearing ratio 55.0 £ 7.0 %)
(mechanical femoral and tibia angle 178.8° £ 1.8°).

Regarding the posterior slope (PTS), Han reported that
the PTS is measured against the fibular shaft and that the
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Fig. 1 Mechanical femoral-tibial angle and weight-bearing ratio.
a Mechanical axis of femur, tibia, and limb were defined by the use
of full-length AP radiographs. The mechanical femoral tibial angle
represents the angle between mechanical axis of femur and tibia.

angle between the tibial anatomical axis and the fibu-
lar shaft axis was 3.0 degrees [16]. This angle between
the fibular shaft and the tibial component was measured,
and the PTS angle was defined as the measured angle
plus 3.0 degrees. The PTS of the varus alignment group
was 4.6° £ 4.2° and that of normal alignment group was
6.9° + 3.4°. No significant deference was detected between
the two groups.

Surgical technique

The surgery was performed by the same senior author
using a CR TKA (NRG-CR) (Stryker Orthopaedics,
Mahwah, NJ). All TKAs were performed using the modi-
fied gap-balance technique with a conventional resection
block and a commercially available tensor system, the JDK
system (Joint Dependent Kinematics) (Stryker Orthopae-
dics, Mahwah, NJ). Under a tourniquet, we performed a
midvastus arthrotomy. A distal femoral osteotomy and then
a proximal tibial osteotomy were performed perpendicu-
lar to the mechanical axes of the femur and tibia. A proxi-
mal tibial osteotomy was then performed with 7° degrees
of posterior inclination along the sagittal plane. Next, any
osteophytes were removed, and the ligament imbalances in
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the coronal plane were corrected by releasing the medial
soft tissues appropriately. The femoral component was
positioned parallel to the resected proximal tibia, with each
collateral ligament tensioned as equally as possible with
the JDK system. No PCL release was performed in any of
these knees. Finally, we removed the osteophytes from the
patella without resurfacing and confirmed the appropriate
patellar tracking. All of the femoral and tibial components
were cementless hydroxyapatite-coated NRG TKA pros-
theses in this series.

In vivo kinematic analysis

Each patient was asked to perform sequential deep knee
bends from the extended position and full extension from
the flexed position under both weight-bearing and non-
weight-bearing conditions. Both motions from full exten-
sion to maximum flexion and from maximum flexion to full
extension were monitored fluoroscopically in the sagittal
plane. For the non-weight-bearing condition, the patient
sat on a chair and was asked to perform active knee bend-
ing and extension. We assisted the patient in bending their
knee to capture measurements on the flat panel. When
obtaining images, the patients stood or lay on their back
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with their legs in neutral rotation. Successive knee move-
ments were then recorded as serial digital X-ray images
(512 x 512 x 12 bits/pixels, 7.5-Hz serial spot images as
a DICOM file) using a 9-in digital image intensifier sys-
tem (BRANSIST Safire, Shimadzu, Japan) and pulsed
X-ray beams of 1-2 ms. The 3D positions of the Scorpio
NRG CR prosthesis were computed at 10° flexion intervals
by a 2D/3D registration technique, which used computer-
assisted design (CAD) models to reproduce the positions of
the femoral and tibial components from calibrated (includ-
ing corrections for distortion) single-view fluoroscopic
images. The registration algorithm proposed by Zuffi et al.
[41] was used in the current study. This algorithm uses a
feature-based approach to minimizing distances between
lines drawn from a contour found on the 2D image to the
X-ray source, and a surface CAD model with iterative
computations. Validation of this 2D/3D registration tech-
nique was performed by experiments using a phantom
of the knee. An Optotrak 3020 system (Northern Digital
Inc, Ontario, Canada), which is a 3D optical localizer that
tracks infrared light-emitting diode-mounted markers with
an accuracy of about 0.1 mm, was used to determine the
“grand-truth” positions for comparison with the 2D/3D reg-
istration method. The femoral and tibial components were
then installed on artificial bones with attached light-emit-
ting diode markers, and then sagittal images were obtained
in 10 different poses and digitized using the Optotrak sys-
tem. The experimental accuracy was assessed by compar-
ing the estimated relative locations of the femoral and tibial
components with the grand-truth poses determined by the
Optotrak system. The root mean square errors of the rela-
tive position of the femoral component in the tibial compo-
nent coordinate system were 0.2°, 0.6°, and 0.6° for rota-
tion in the coronal, axial, and sagittal planes, respectively,
and 0.6, 0.3, and 1.0 mm for translation perpendicular to
the coronal, axial, and sagittal planes, respectively. The
largest errors in relative position were 0.5°, 0.8°, and 0.8°
in the coronal, axial, and sagittal planes, respectively, and
2.1 mm perpendicular to the coronal, axial, and sagittal
planes. These values were included in the current kinematic
analysis. The errors were smaller than those previously
reported, apparently due to the use of higher resolution
images.

The range of motion and axial rotation angles between
the femoral and tibial components were evaluated, but the
angle between the femoral and tibial shafts was not evalu-
ated. In a fixed-bearing TKA, the 3D position of the radi-
olucent tibial polyethylene insert can be determined from
the estimated position of the tibial component [39]. In the
femoral coordinate system, the origin was defined as the
centre of gravity for the component. In the tibial coordinate
system, the origin was defined as the centre of the tibial
surface. Anteroposterior translation of the nearest point

between the femoral component and the tibial polyethylene
insert for the medial and lateral sides was then measured.
Axial femoral rotation was defined as positive for external
rotation, and negative for internal rotation. On the medial
and lateral sides, the nearest point of the femoral compo-
nent relative to the tibial insert as the centre of the quasi-
contact was determined by calculating the nearest distance
between the surfaces of the CAD models. The anteropos-
terior positions of the femoral component anterior to the
tibial insert were designated as positive, and the posterior
positions were designated as negative.

Statistical analysis

All data in the text are expressed as mean £ SD and as
mean =+ standard error of the mean (SEM) in the figures.
A statistical software package (Statview, Abacus Concepts
Inc, Berkeley, CA) was utilized to analyse the data. The
Wilcoxon test for comparisons between paired groups, and
the Mann—Whitney test between the normal alignment and
varus alignment groups were used. P values less than 0.05
were considered statistically significant.

Results
Kinematics under weight-bearing conditions

Under weight-bearing conditions from 0° to 100° of flex-
ion from the extended position, the average nearest medial
point was constant for both normal alignment (between
—1.2 and 0.1 mm) and varus alignment (between —2.4 and
-0.9 mm). The average nearest medial point of varus align-
ment was more posterior than that of normal alignment,
and significant differences were detected at 80° and 90°
of knee flexion during flexion from the extended position
(P <0.05) (Fig. 2a).

At 0° of knee flexion, the average nearest lateral point of
the normal alignment group was 3.9 + 3.2 mm. The aver-
age nearest lateral point of the normal alignment group
moved 6.0 mm posteriorly from 0° to 100° and reached
—9.9 + 3.3 mm at 100° of knee flexion. The average near-
est lateral point of the varus alignment group also moved
9.2 mm posteriorly from 10° to 90°. The average nearest
lateral point of the varus alignment group was more ante-
rior than that of the normal alignment group, and signifi-
cant differences were detected at 10° (P < 0.01) and 20°
(P < 0.05) of knee flexion during flexion from the extended
position (Fig. 2b).

Under weight-bearing conditions for flexion from the
extended position, the medial condyle remained motion-
less. However, the lateral condyle moved 6.0 mm pos-
teriorly from 0° to 100° of knee flexion for the normal
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Fig.2 Normal and varus alignment groups during flexion from
the extended position (a—c) and during extension from the flexed
position (d—f) under weight-bearing conditions. The average near-
est medial point of varus alignment was more posterior than that of
normal alignment during both flexion from the extended position
(a) and extension from the flexed position (d), and significant differ-
ences were detected during flexion from the extended position (a). On

alignment group and 9.2 mm posteriorly from 0° to 90° of
knee flexion for the varus alignment group. Under weight-
bearing conditions, the femoral component displayed a
medial pivot pattern.

Regarding axial rotation of the femoral component rela-
tive to the tibial component, the mean axial rotation of the
normal alignment group was 2.7° &= 4.1° at 0° of knee flex-
ion and 11.1° £ 4.3° at 100° of knee flexion. The femo-
ral component exhibited gradual external rotation from 0°
to 100°. In contrast, the mean axial rotation of the varus
alignment group was 1.2° £ 1.8° at 0° of knee flexion,
0.1° £ 2.3° at 10° of knee flexion, and 8.2° 4 4.5° at 90°
of knee flexion. The femoral component exhibited internal
rotation from 0° to 10° and then gradual external rotation
from 10° of knee flexion to 90° (Fig. 2¢). All knees in varus
alignment generally exhibited a combination of internal
and external rotation patterns.

Under weight-bearing conditions from 100° to 0° of
extension from the flexed position, the average nearest
medial point was also constant for both normal alignment
and varus alignment. The average nearest medial point of
varus alignment was also more posterior than that of nor-
mal alignment during extension from the flexed position,
although significant differences were not detected (Fig. 2d).

The average nearest lateral point of normal alignment
moved 6.4 mm anteriorly from 100° to 20°. The average
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the other hand, the average nearest lateral point of varus alignment
was significantly more anterior than that of normal alignment during
both flexion from the extended position (b) and extension from the
flexed position (e). The average external rotation of varus alignment
was significantly smaller than that of normal alignment during both
flexion from the extended position (c¢) and extension from the flexed
position (f)

nearest lateral point of varus alignment group also moved
9.6 mm anteriorly from 90° to 10°. The average nearest lat-
eral point of varus alignment was more anterior than that of
normal alignment, and significant differences were detected
at 10° (P < 0.01), 20° (P < 0.01), 30° (P < 0.05) and 40°
(P < 0.05) of knee flexion during extension from the flexed
position (Fig. 2e).

Under weight-bearing conditions during extension from
the flexed position, the medial condyle remained motion-
less and the lateral condyle moved anteriorly in the normal
alignment group and the varus alignment group. Under
weight-bearing conditions, the femoral component also dis-
played a medial pivot pattern.

Regarding axial rotation of the femoral component rela-
tive to the tibial component, the femoral component exhib-
ited gradual internal rotation from 100° to 0°. In contrast,
the femoral component initially exhibited internal rotation
from 90° to 10° and gradual external rotation from 10° to
0° (Fig. 2f). All knees in varus alignment generally exhib-
ited a combination of internal and external rotation pattern.

Kinematics under non-weight-bearing conditions
Kinematics under non-weight-bearing conditions were

examined from 0° to 100° of flexion from the extended posi-
tion. At 0° of knee flexion, the average nearest medial point
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Fig. 3 Normal and varus alignment groups during flexion from the
extended position (a—c) and during extension from the flexed position
(d—f) under non-weight-bearing conditions. No significant difference

of normal alignment group was —0.6 = 1.7 mm. The aver-
age nearest medial point moved 5.2 mm anteriorly to reach
4.6 £ 2.5 mm at 80° of knee flexion. From 80° to 100°, the
average nearest medial point moved 2.8 mm posteriorly and
reached 1.8 &= 2.8 mm at 100° of knee flexion (Fig. 3a).

At 0° of knee flexion, the average nearest lateral point
of normal alignment group was —5.4 + 2.9 mm. Under
non-weight-bearing conditions from 0° to 50°, the average
nearest lateral point remained constant. Subsequently, the
nearest lateral point moved 4.6 mm posteriorly from 50° to
100° and reached —8.1 + 4.1 mm at 100° of knee flexion
(Fig. 3b).

The medial side initially moved 5.2 mm anteriorly from
0° to 80° of knee flexion, but then moved 2.8 mm posteri-
orly from 80° to 100°. The lateral side remained motionless
from 0° to 50° of knee flexion and then moved 4.6 mm pos-
teriorly from 50° to 100° (Fig. 3a, b).

With regard to the axial rotation of the femoral com-
ponent relative to the tibial component, the mean axial
rotation was 4.7° £+ 4.1 at 0°, 3.9° £+ 3.9° at 10°, and
10.7° £ 5.6° at 100° of knee flexion. The femoral compo-
nent initially exhibited internal rotation from 0° to 10° and
gradual external rotation from 10° to 100°, with mean axial
rotation during the knee flexion cycle of 6.8° (Fig. 3c). All
knees generally exhibited an external rotation pattern.

Under non-weight-bearing conditions from 100° to 0°
of extension from the flexed position, the normal alignment
group exhibited the same kinematics as under non-weight-
bearing conditions from 0° to 100° of flexion from the

Flexion Angle (degree)

8 %
6 ) gé:
113384
0
0 10 20 30 40 50 60 70 80 90100

Flexion Angle (degree)
*: P<.05, **: P<.01

External Rotation of Femur
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was detected between normal and varus alignment during both flex-
ion from the extended position (a—c¢) and extension from the flexed
position (d—f) under non-weight-bearing conditions

extended position (Fig. 3d—f). The varus alignment group
also exhibited the same kinematics as the normal alignment
group, and no significant difference was detected between
the two groups (Fig. 3a—f).

Discussion

The most important finding of the present study was that
the kinematics were influenced by weight load (weigh-
bearing condition) and the postoperative alignment. High
weight loading induced a more posterior position. Under
weight-bearing conditions, the varus alignment group
showed a more posterior position of the medial condyle
and a more anterior position of the lateral condyle than the
normal alignment group. In contrast, no significant differ-
ence was detected between the normal and varus alignment
groups under non-weight-bearing conditions.

Although many previous studies have reported that all
TKAs have variable kinematic patterns that can be very dif-
ferent as compared to normal knees [1, 7, 9, 34, 35], no
study has evaluated the difference at midflexion between
varus and normal alignment kinematics. In our previ-
ous study, the PTS effect was evaluated [12]. A large PTS
induced posterior placement of the medial femoral condyle
under weight-bearing condition. The PTS did affect the
postoperative in vivo kinematics through weight load.

Here, we propose an explanation for this mechanism
under weight-bearing conditions (Fig. 4). Standard gravity
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Fig. 4 Posterior translation force on the femur generated by weight
load and the posterior tibial slope. a A small weight load generates a
small posterior force on the femur, and the femur is translated anteri-
orly relative to the tibia (The lateral condyle of the varus alignment
group). b A standard weight load generates posterior force on the

produces a posterior force on the femur through PTS and
locates the femur posteriorly to some extent. A CR TKA
does not contain an ACL, and therefore, the prosthesis
cannot positively resist this posterior force, and the femur
moves posteriorly to the equilibrium position (Fig. 4b).
Regarding the medial condyle in varus alignment, large
weight loading generates a large posterior force, and the
femur is forced to locate posteriorly to maintain its equi-
librium position (Fig. 4c). Regarding the lateral condyle in
varus alignment, little weight loading generates little poste-
rior force on the femur (Fig. 4a).

Recently, Howell suggested that a slight undercorrection
of the deformity was beneficial from functional perspec-
tive [19], and Vanlommel reported better clinical and func-
tional outcome score in postoperative mild varus with pre-
operative varus knees [36]. We also kept the same idea in
mind and started to study midresidual varus deformity with
pre-operative varus knees. Screw-home movement was first
clearly described by Hallen in 1966. Hallen stated that the
medial (internal) rotation of the femur on the tibia on full
extension stabilizes the joint [15]. In vivo kinematics on
terminal extension from the flex position was also evalu-
ated in this study. Our results revealed that varus alignment
induced posterior displacement of the lateral femoral con-
dyle on the tibia and led to external rotation of the femur
on full extension. Although this rotation is in the opposite
direction as screw-home movement, the lateral femoral
condyle mobility might be physiological and lead to better
functional condition around full extension.

There are some limitations to the current study. One
limitation was that the component positions and rota-
tions for the femoral and tibial bones were not taken into
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Black arrow:
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Gray arrow:
Posterior force
on femur
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femur, and the femur is located in it normal position relative to the
tibia. ¢ A large weight load produces a large posterior force, and the
femur is translated posteriorly relative to the tibia. (The medial con-
dyle of the varus alignment group)

consideration. Only the angle between the femoral and
tibial components was evaluated. It should be kept in mind
that several degrees of difference exist between the com-
ponent angle and the femoral-tibial shaft angle. Additional
detail comparison about clinical outcome between varus
and normal alignment groups was not carried out in this
study. It is still unclear whether the greater mobility of the
lateral femoral condyle will enhance the clinical and func-
tional outcome. Further study is necessary for the direct
explanation.

Conclusion

In conclusion, under weight-bearing conditions, both
the medial and lateral condyles moved posteriorly as
compared with the situation under non-weight-bearing
conditions. Under weight-bearing conditions, the varus
alignment group showed a more posterior position of the
medial condyle and more anterior position of the lateral
condyle compared to the normal alignment group. Under
non-weight-bearing conditions, no significant difference
was detected between the normal and varus alignment
groups. In other words, weight load created a posterior
shift in both the medial and lateral condyle positions. The
weight load influenced knee kinematics through PTS, and
greater lateral femoral condyle mobility might explain
the better clinical and functional outcome. These find-
ings contribute to gaining a proper understanding of the
in vivo kinematics of the postoperative varus alignment
and might be useful for orthopaedic surgeons in achieving
patient satisfaction.
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