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Background: To investigate in vivo kinematics of total knee arthroplasty (TKA) with the introduction of a
mildly constrained (MC) type of polyethylene (PE). We compared the knee kinematics with a reported
pattern after surgery using the same component with a conventionally constrained (CC) type of PE.
Methods: Finite element analysis (FEA) was performed to examine different peak stress distribution of
both types of PE. For in vivo study, patients who underwent cruciate-retaining TKA using a total knee
system with MC-PE were included. Fluoroscopic surveillance was used to measure the weight-bearing
deep knee bend (squatting) using a two-dimensional/three-dimensional (2-D/3-D) registration
technique.
Results: FEA analysis revealed the edge loading of the femoral component on PE in CC but not in MC.
During the study period, 42 patients underwent TKA with MC-PE. Among them, 13 agreed to participate
in the present study. In vivo kinematics analysis found that starting from an average external rotation of
femur being 7.1� at 0� of flexion, the rotation slightly decreased to 6.8� at 10� of flexion, then increased
with increasing knee flexion until it reached 10.8� at 80� of flexion, and finally decreased to 9.8� at 100�

of knee flexion. The results indicate a modest medial pivot pattern. Although the overall pattern was
similar for both MC-PE and CC-PE, a slight difference was observed. MC-PE showed a slight internal
rotation of 0.3� from 0 to 10� of knee flexion, whereas CC-PE showed a gradual increase of external
rotation in this range.
Conclusions: Change of configuration from CC to MC did not substantially affect in vivo kinematics of
knees after TKA. Considering the theoretical wider range of allowance of rotation, MC-PE is easier for
knee surgeons to use.
© 2020 Asia Pacific Knee, Arthroscopy and Sports Medicine Society. Published by Elsevier (Singapore) Pte
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).
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Introduction

Growing number of total knee arthroplasties (TKA) were per-
formed worldwide. This appears to be the result of increasing de-
mand from the aging society. To improve clinical results after TKA,
many problems have to be solved. Better range of motion (ROM),
better durability, fewer complications, and better patient satisfac-
tion have been sought, and continuous efforts have been made. In
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2001, a new total knee system entered clinical use of which
essential design concepts were to introduce medial pivot motion
mainly by the geometry of components and polyethylene (PE).
Femoral and tibial components incorporated geometric features of
Japanese knees and high constraint in themedial compartment and
low constraint in the lateral compartment due mainly to surface
morphology of the PE insert. In addition, 3� of built-in varus slant in
the PE surface that mimicked the physiological feature of a tibial
plateau contributed to guide the medial pivot pattern. More than
20,000 surgeries have been performed using the system, and good
middle-to-long-term clinical results have been reported.1 two-
dimensional/three-dimensional (2-D/3-D) registration analysis of
operated knees in vivo proved to reproduce the medial pivot
pattern during squatting.2e4

One concern of the system is a small permissible zone in terms
of rotational component placement to deliver ideal medial pivot
motion. Finite element analysis (FEA) revealed the theoretical
allowance of external rotation was 0� when the knee was loaded in
full extension (data not shown).

Studies examining the rotational alignment of components
found a wide range of rotation.5e7 In their case series, Nicoll et al.
reported 17 tibial components of 65 were internally rotated more
than 9�, and 6 were externally rotated more than 10�.5 Mitsuhashi
et al. reported that even with the use of navigation, rotation of the
tibial component ranged from �11.9� to 7.8�.6 Smaller variation of
the rotation of the femoral component comparedwith the tibiawas
reported by Benazzo et al. who found external rotation of the
femoral component ranged from �6� to 6.7 These studies led us to
deduce a propensity for the malalignment of each component and
the rotational mismatch of both components. PE with higher
constraint would work to guide themedial pivot patternwhen each
component is placed in a certain range, otherwise, mechanical
conflict might occur. Knees did not showa single kinematic pattern,
but different kinematics depending on different activities.8,9

To lessen the concernmentioned above, a type of PE withmilder
constraint, hereafter referred to as “mildly constrained poly-
ethylene (MC-PE)”, was introduced in the system in 2016. The
purpose of the present study was to investigate in vivo kinematics
of TKA with MC-PE by employing 2-D/3-D analysis and comparing
the knee kinematics with the reported pattern using a conven-
tionally constrained (CC) type of PE (CC-PE).

We hypothesized that no differencewould be observed between
the two as long as minimally required constraint existed.

Materials and methods

A prospective in vivo knee kinematic analysis was performed at
a single center. The study protocol was approved by the institu-
tional review board and written informed consent was obtained
from each patient.

Finite element analysis of polyethylene

Finite element analysis (FEA; MSC. Marc; MSC Software Corp.,
Santa Ana, CA, USA) was used to evaluate peak contact stresses of
PE surfaces in the femoral-tibial joint. The analysis did not include a
bony element considering computation time. As the material con-
stants for the Co-Cr-Mo alloy, Young’s modulus was set to 213 GPa
and the Poisson ratio to 0.3. For the ultra-high molecular weight
polyethylene (UHMWPE) insert, Young’s modulus was set to 1 GPa
and the Poisson ratio to 0.3. The yield stresses were 450MPa for the
Co-Cr-Mo alloy and 20 MPa for UHMWPE. A standing position with
an initial load of 3.5 times body weight (3.5BW: 2000 N) was
vertically applied at 0� of knee flexion, and the virtual components
were allowed to settle into their preferred alignments in two
2

conditions, namely, 0� and 5� of tibial external rotation. Size M of
the femoral component and the same size of the tibial component
were selected for the analysis. The dimensions of the femoral
component were 64.0 mm mediolaterally (ML) and 57.5 mm in
anteroposteriorly (AP). In the sagittal plane, the medial femoral
condyle was designed using a combination of two circles with a
curvature radius of 35 mm (R35) distally and 19 mm posteriorly,
and those laterally were R33 and R17. The dimensions of the tibial
component were 66.0 mm ML and 44.0 mm AP. The configuration
of the PE is shown in Fig. 1, and the conformity-related values are
presented in Table 1, which showed milder constraint in MC-PE
than CC-PE. Coordinate axes of the femoral component were
defined as follows: a line connecting the center of two circles
configuring the distal femoral component (R35 and R33) was
defined as tentative x-axis, a sagittal line through the midpoint of
ML of the distal femoral component and parallel to the upper sur-
face of the distal femoral component was designated as contact
with the distal bony surface of the femur and defined as y-axis, and
a line vertical to the upper surface of the distal femoral component
intersecting with the tentative x and y axes was defined as the z-
axis. Finally, the tentative x-axis was translated parallel until it met
with the cross point of y and z-axes to make a point of origin, and
the true x-axis was defined. Coordinate axes of the tibial compo-
nent were defined as follows: a tangent line to both the medial and
lateral posterior surface was defined as the x-axis, a vertical line to
the x-axis and through the midpoint of the component in terms of
medial-to-lateral width was defined as the y-axis. When the y-axes
of the femur and the tibia became concordant, the rotation was
defined as 0� and rotation of the z-axis was described as external.

In vivo kinematics of knees after TKA with MC polyethylene

Participants
Included were patients who underwent (1) CR TKA using the

FINE total knee system (Teijin-Nakashima, Okayama, Japan) with
MC-PE between June 2016 and April 2018, (2) follow up of more
than 6 months, and (3) had a passive flexion angle of more than
110�. Patients who suffered from an infection after the surgery were
excluded.

Age, sex, BMI, operative side, diagnosis (OA or ON), preoperative
Kellgren-Lawrence (KL) grade, and preoperative femorotibial angle
(FTA) were extracted from patient records.

Surgeries had been performed employing a precut technique,
where a slight amount of posterior femur was cut after having
acquired a planned amount of extension gap. Then a tentative
partial femoral component was inserted along with a tentative
tibial component and a trial PE that mimicked the status of
completion with both components in place with the remaining
posterior condylar bone. Then, the thickness of the PE was changed
to determine the ligament balance of the knee in extension and
flexion to assess the final amount of bone to be removed.10 The
surgical epicondylar axis and the Akagi’s line were used to deter-
mine rotational alignment of femoral and tibial component.11

Component alignment
Component alignments were checked using x-ray as shown in

Fig. 2. Specifically, the femoral component valgus angle (a) was
defined as the angle between the femoral axis and the line con-
necting the farthest medial point of the component with the
farthest lateral point, and the tibial component valgus angle (b) as
the angle between the tibial axis and the plateau of the tibial
component (Fig. 2-A). The femoral component flexion angle (g) was
defined as the angle between the femoral axis and the femoral
component peg, and the tibial component posterior slope angle (d)
as the angle between the tibial axis and the plateau of the tibial



Fig. 1. Configurations of conventional polyethylene (CC-PE) and mildly constrained PE (MC-PE).
Yellow indicates C C-PE, blue indicates MC-PE. When the two PE types are merged, the overlapping portion is indicated in pink. A-A section has a higher lip for CC-PE (1.5mm
medially). B-B and C-C sections also have a higher lip for CC-PE (2.0mm antero-medially, 0.7mm antero-posteriolly, and 1.1mm antero-laterally). (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Conformity of conventional polyethylene (PE) and mildly constrained PE.

CC-PE MC-PE

Coronal Medial 0.97 0.79
Lateral 0.97 0.94

Sagittal Medial (anterior) 0.97 0.94
Lateral (anterior) 0.97 0.94
Medial (posterior) 0.77 0.43
Lateral (posterior) ∞ ∞

Conformity¼ (radius of the femoral component)/(radius of the polyethylene).∞Due
to the flat nature of the lateral posterior portion, the value was infinite.
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component (Fig. 2-B).
2-D/3-D analysis
Fluoroscopic surveillance was used to measure weight-bearing

deep knee bending (squatting). In detail, each patient was
instructed to squat, that is, a motion from extension to maximum
flexion. The sequential motionwas recorded as digital x-ray images
(1024 � 1024 � 12 bits/pixel, 7.5 Hz serial spot images), using a
Digital Imaging and Communications in Medicine file with a 17-
inch flat-panel detector system (DREX-ZX80: Canon Medical Sys-
tems, Tokyo, Japan). To estimate the spatial position and orientation
of each component, a 2-D/3-D registration technique was used.12,13

This technique was developed from a contour-based registration
algorithm using single fluoroscopic images and 3-D computer-
aided design (CAD) models. The estimated accuracy of the rela-
tive motion between metal components was about 0.5� in rotation
and 0.4 mm in translation except for out-of-plane translation.13 In
the femoral coordinate system, the origin was defined as the center
of gravity for the component. In the tibial coordinate system, the
origin was defined as the center of the tibial tray surface. We
evaluated the flexion angles between the femoral and tibial
3

components, femoral external rotation (ER) angles relative to the
tibial component, and anteroposterior (AP) translation of medial
(MAP) and lateral (LAP) sides. The flexion and ER angles were
described using the Grood and Suntay joint rotation convention.14

AP translation was defined as the nearest point from the femoral
component to the tibial axial plane on both the medial and lateral
sides. Each contact point was expressed as mean ± standard devi-
ation (SD).
Results

Finite element analysis of polyethylene

FEA showed a peak von Mises stress in 0� of tibial external
rotation in knee extension of 19.7 MPa at the PE insert in themedial
plateau and 12.5 MPa in the lateral plateau of CC-PE (Fig. 3-A),
whereas the stresses were 14.1 and 15.8 MPa inMC-PE (Fig. 3-B). By
contrast, the von Mises stress in 5� tibial external rotation was
21.1 MPa at the UHMWPE insert in the lateral plateau and 14.6 MPa
in the medial plateau in CC-PE (Fig. 3-C), whereas the stresses in
MC-PE were 12.1 and 22.5 MPa (Fig. 3-D). Locations of maximum
stress for CC-PE were close to the edge of the PE.
In vivo kinematics of knees after TKA with MC polyethylene

Participants
A total of 42 patients underwent TKA with MC-PE, and 34 met

inclusion criteria. Among them, 13 patients agreed to participate in
the study. Their general clinical background is presented in Table 2.
At the time of the investigation, the passive ROM of the knee joint
of included patients was from an extension of �0.4 ± 1.7�

(mean ± SD) to flexion of 118.1 ± 6.6�. The active ROM of the knee
joint at fluoroscopic surveillance in squatting was from an



Fig. 2. Component alignment.
The dotted lines show bone axes and the solid reference lines of the components. a, the femoral component valgus angle; b, the tibial component valgus angle; g, the femoral
component flexion angle; d, the tibial component posterior slope angle.

Fig. 3. Stress distribution on PE derived from finite element analysis in knee extension.
The highest stress was observed in the medial compartment of MC-PE in 5�of external position, but the concern of edge loading in CC-PE in 5�of external position is shown. (Scale:
yellow indicates higher stress and blue lower). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Table 2
Patient demographics.

Parameters Average SD

Age (years) 68.7 6.4
BMI (kg/m2) 25.1 4.1
Sex (male:female) 5:7
Side (right:left) 6:6
Preoperative FTA (�) 186.6 5.9
Follow up (months) 13.3 6.6

BMI, body mass index; FTA, femorotibial angle; SD, standard deviation.
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extension of �1.8 ± 7.5� to flexion of 100.4 ± 9.0�.

Component alignment
Coronal and sagittal component alignment was checked with x-

ray images as shown in Table 3. Obtained data were within the
range of previous reports. The standard deviation in sagittal
alignments appeared as higher, but also comparable to previous
reports.15,16

In vivo kinematics of knees after TKA with MC polyethylene

The average AP position of the medial contact points
was �4.3 mm at 0� of knee flexion and remained around the same
position until 40� of flexion, and then a gradual increase was
observed until reaching �2.4 mm at 90� of flexion, then a decrease
to �3.2 mm at 100� of flexion. The transition of the lateral
was �9.5 mm at 0�, slightly increased to �9.1 mm at 10�, then
stayed at around the same position until it reached 80� of flexion,
then a slight increase to �10.4 mm at 90� of flexion (Fig. 4-A).
Patterns of AP transition due to knee flexion for each case were also
presented (Fig. 4-B, C), and no significant deviations were observed
at any flexion angle.

The average external rotation of 7.1� at 0� of flexion slightly
decreased to 6.8� at 10� of flexion, then increased as knee flexion
increased until it reached 10.8� at 80� of flexion, then finally
decreased to 9.8� at 100� of knee flexion (Fig. 5-A). The results are
also expressed as colored lines, which indicated a modest medial
pivot pattern (Fig. 5-B).

Discussion

In the present study, FEA analysis of peak stress distribution on
PE and in vivo kinematics of CR TKA with a modification of PE
configuration are presented. We found that the newly introduced
MC-PE that was designed as less constraining of the components
showed almost identical kinematics to that of knees after surgery
with an original CC-PE,3 where both PE types resulted in a mild
medial pivot pattern as much as 3� of external rotation from
extension to flexion of the knee. Although the present study had
only a single arm, a strength was the employment of the same
methodology to compare the kinematics of the knees with the
same design of femoral and tibial components with the modifica-
tion of only PE configuration. To our knowledge, the present study
Table 3
Component alignment.

Parameter Mean SD

a (�) 97.6 2.6
b (�) 89.6 1.8
g (�) 4.9 2.9
d (�) 84.8 4.2

SD, standard deviation.
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is the first study in vivo in this regard.
Although the overall pattern was similar for both PEs, a slight

differencewas observed.MC-PE showed a slight internal rotation of
0.3� from 0 to 10� of knee flexion, whereas CC-PE showed a gradual
increase of external rotation in this range. In addition, maximum
external rotation was observed at 80� of flexion in MC-PE, but 100�

in CC-PE. These two differences might be attributable to the dif-
ference in constraints, but because of the relatively large deviation
of values that are reported for this type of study we could not
determine the true cause. Thus, we considered that there was no
big difference between the two PEs in the overall pattern.

The PE configuration has a large impact on kinematics patterns
of the knees. In their 2-D/3-D analysis, Tamai et al. found 2 different
patterns with the use of totally flat PE. Eight of 16 knees exhibited a
medial pivot pattern, and 8 knees a lateral pivot pattern.17 The
design of femoral and tibial components might affect kinematics,
but as long as PE was totally flat, speculating that ligament balance
would be the primal determinant of kinematics would be reason-
able. In other words, nearly half of the cases might have a conflict
between naïve knee kinematics and PE guided kinematics. Shu
et al. reported the effect of sagittal conformity on knee kinematics
in their computer simulation in vitro validation study. They showed
different kinematics among 3 models (high constraint both in
medial and lateral compartments (CPCR), low constraint in both
compartments (UPCR), and high constraint in medial and low in
lateral compartments (MPKP: medial pivot knee prosthesis) during
various activities including squatting. In the flexion phase, CPCR
showed a mild medial pivot with maximum external rotation of
3.8�, UPCR combined roll-back and external rotation, and MPKP a
clear medial pivot pattern of 11.3�. They showed a degree of con-
formity with a radial quotient between the femoral component and
PE. Conformity of 0.99 was used as representative of high confor-
mity and 0.30 low conformity. Compared with the conformity of
MC-PE in the present study where medial was 0.94 and lateral was
0.43, MC-PE might be around midway between CPCR and MPKP,
and the resultant pattern between CPCR and MPKP was also
similar.18

Not only conformity, but also other factors affect kinematics of
the knee, including coronal and sagittal alignment of the compo-
nents. Fujito et al. reported no significant difference in the posterior
slope of the tibial component between knees that hadmore than 8�

of posterior slope tibial component (average of 9.8�) and those with
less than 7� (average of 5.6�) in deep knee bending under weight-
bearing conditions using the same TKA system with CC-PE.3 By
contrast, Fujimoto et al. reported a posterior slope of the tibia
affected knee kinematics through gravity, where knees with large
posterior slope showed posterior displacement of the medial
femoral condyle.19 The extent of the posterior slope was not
significantly different between the two reports; thus, the different
results might be attributable to different TKA systems. Koh et al.
examined the effect of coronal alignment on kinematics and found
restoration of naïve knee kinematics was achieved using a kine-
matically aligned surgical technique, but not with mechanically
aligned surgery using cadaveric knees.20

Kinematics of knees after TKA are multifactorial, and other
factors such as surgical technique, patella replacement, and
inherent geometry of the patient’s knee were efficient and larger
than factors mentioned above.

One of characteristic of the present study was presenting the
dimensions of the two PEs. Most of the TKA systems were catego-
rized as a cruciate substitute (CS), medial pivot type by the ex-
pected motion pattern due to the degree of constraint. However,
most did not open the degree of conformity with substantial evi-
dence, which has not yet been generalized and has no available
legitimate definition. We consider that expressing conformity in



Fig. 4. Kinematics with MC-PE knees while squatting (anteroposterior transition).
The average contact point of both lateral and medial femoral condyle on PE is plotted with standard deviation (A). The pattern for each case is presented as a different color (B: for
medial, C: for lateral) where no obvious outlier was found. . (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)
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Fig. 5. Kinematics with MC-PE knees while squatting (rotation).
Average rotation of the femoral component on PE is plotted and standard deviations of each value are indicated by black lines (A). Rotational movement on PE is plotted at every 20�

from 0 to 100� using different colored lines (B).
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actual values will allow further understanding of TKA kinematics.
Although FEA analysis elucidated possible edge loading in CC-

PE, good middle to long term clinical results have been reported
using the TKA system with CC-PE.1 FEA settings might not reflect
the actual status of TKA joint or infrequent occurrence of edge
loading might not affect the clinical results. Thus we cannot
recommend which type of PE should be chosen simply from the
result of the present study.

Several limitations of the present study should be highlighted.
First, the number of cases was small, although comparable to those
used in most of the previous studies.3,9,17,21e23 Because we started
to useMC-PE 2 years ago and deliberately usedMC-PE by observing
the basic clinical course, especially in the first year, the number of
cases was not many as found currently. Second, kinematics while
squatting alone under weight-bearing conditions was examined to
compare our findings with those of previous reports. In other types
of activities, theremight be a difference. Third, we used CR TKA, and
this was not the case with PS TKA, incorporating different status of
individual posterior cruciate ligament as another factor. Fourth,
only 100� of knee flexion was presented due to the ability of par-
ticipants; most had a larger knee flexion (average of 118.1 ± 6.6� in
nonwearing condition), but the patients dared not perform what
they had not done in daily activities. Fifth, five surgeons performed
surgeries in this series, including inexperienced surgeons super-
vised by a senior surgeon.

In conclusion, despite the change in PE configuration, in vivo
kinematics of knees after CR TKA was not affected. Knee surgeons
can select either type of PE depending on their preference.
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