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Abstract

Purpose The implant positioning for kinematically aligned total knee arthroplasty (TKA) differs fundamentally from con-
ventional mechanically aligned TKA. This difference may affect patellofemoral (PF) biomechanics after TKA. This cadaveric
study tested the hypothesis that kinematically aligned TKA would restore PF biomechanics to the native condition better
than mechanically aligned TKA.

Methods Seven pairs (14 knees) of fresh-frozen cadavers were tested. All specimens were mounted on a customized knee-
testing system and digitized using a Microscribe 3DLX instrument (Revware Inc., Raleigh, NC, USA) to measure patellar
kinematics in terms of patellar varus/valgus rotation, medial/lateral position, flexion/extension rotation and proximal/distal
position at knee flexion angles of 0°, 30°, 60°, 90°, and 120°. The medial and lateral PF joint contact pressure distributions
at 120° of knee flexion were measured using a K-scan system (Tekscan Inc., Boston, MA, USA). All patellae remained
unresurfaced. For each pair, one knee was randomly assigned to kinematically aligned TKA and the other to mechanically
aligned TKA performed using the conventional measured resection technique. During kinematically aligned TKA, the
amount of femur and tibia resected was equivalent to implant thickness to maintain the patient-specific joint line. All patellar
kinematics were measured and compared between the native condition and after surgery.

Results The patellae of mechanically aligned TKA rotated more valgus and was positioned more laterally compared with
those of kinematically aligned TKA at knee flexion angles >90°. Neither the patellar flexion/extension rotation nor the
proximal/distal position differed between either prosthetic knee design and the native knee at all flexion angles. The contact
pressure distribution between the medial and lateral PF joint after kinematically aligned TKA were similar to those of the
native knee, while the lateral PF joint contact pressure after mechanically aligned TKA was higher than that of the native
knee (p =0.038).

Conclusions Kinematically aligned TKA better restores patellar kinematics and PF contact pressure distribution to the
native condition than mechanically aligned TKA during deep knee flexion. These findings provide clues to understand why
kinematically aligned TKA is associated with less anterior knee pain and better PF functional performance compared to
mechanically aligned TKA. Patients undergoing kinematically aligned TKA may experience a more normal feeling during
deep knee flexion activities.
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Introduction

Advances in implant technology and understanding of knee
alignment are fueling the ongoing debate regarding the
optimal alignment strategy during total knee arthroplasty
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(TKA) [1, 7]. Over the past few decades, mechanically
aligned (MA) TKA, which seeks neutral alignment and
equal mediolateral soft tissue tensions, has been the gold
standard of modern TKA. However, during MA TKA, lower
limb alignment and soft tissue tension are inevitably altered;
thus this systematic strategy may fail to reproduce patient-
specific knee alignment and laxity, especially in those with
constitutional varus alignment [2, 37]. On the other hand,
kinematically aligned (KA) TKA targets restoration of
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patient-specific, three-dimensional alignment and laxity
and thereby reproduces more physiologic kinematics by
placing implants that vary by individual anatomy. A grow-
ing body of evidence supports that KA TKA reproduces
the pre-arthritic anatomy [6, 9, 15, 16, 18] and kinematics
[8, 17, 21, 24, 26, 36]. This has led to improved clinical
outcomes and a more normal feeling knee [1, 6, 7, 9] with a
mid-term implant survivorship similar to MA TKA [13, 14].
Nevertheless, long-term survival and acceptable safe range
of implant positioning when performing KA TKA remain
unclear. In addition, the biomechanical effect of KA TKA on
patellofemoral (PF) joint kinematics is unknown.

Restoration of PF joint biomechanics is important for
functional performance after TKA. PF joint biomechanics
can be assessed by measuring patellar tracking and contact
pressure [20, 34, 35] and these parameters are potentially
affected by femoral component design, positioning, and
postoperative tibiofemoral kinematics [11, 28—-30, 32-34,
38]. In theory, as KA TKA seeks to place a prosthesis in
anatomic position, KA TKA may restore pre-arthritic PF
joint kinematics by reproducing the constitutional trochlear
anatomy and integrity of the patellar ligament. To date, only
a few computational simulation studies have reported that
the prosthetic trochlear groove after KA TKA better restored
the patient-specific groove compared to MA TKA [3, 17, 25,
36]. However, due to between-study heterogeneity in soft
tissue conditions and testing jigs, it is difficult to judge the
effect of the KA strategy on PF joint biomechanics. Addi-
tionally, PF biomechanics after KA TKA may be adversely
affected if femoral components designed for MA TKA are
used. These include “patella-friendly” concepts such as a
laterally oriented trochlear groove with a high lateral flange.
Thus, the biomechanical effects of KA TKA on the PF joint
remain unclear, and the question of whether KA TKA ren-
ders PF kinematics closer to those of the native knee than
MA TKA remains unanswered.

The purpose of this study was to quantitatively com-
pare the PF biomechanics between KA and MA TKA in
human cadaveric knees. It was hypothesized that KA TKA
afforded more physiologic patellar tracking and contact pres-
sure distribution than MA TKA. In addition, this study was
conducted to determine whether there are differences in the
bone resection thickness following KA and MA TKA. It
was also hypothesized that the thickness of bone resection
between the two alignment techniques would be different.

Materials and methods

Seven pairs of fresh-frozen knees (14 knees; 5 male pairs
and 2 female pairs) with a median age of 67 years (range
58-70 years) were used. All specimens were macroscopi-
cally intact and did not exhibit any gross pathology. All

subcutaneous tissue was dissected, leaving the extensor
mechanism, knee capsule, and periarticular soft tissues
intact. The heads of the quadriceps and hamstring muscles
were identified and eyelets were sutured to each tendon.
The fibular heads were fixed to the tibiae with screws and
the fibulae were resected. The femur was cut 18 cm proxi-
mal, and the tibia 20 cm distal, to the joint line. Both ends
were anatomically positioned and then potted with plaster
of Paris. The knees were mounted on a custom knee-testing
system, permitting physiological muscle loading and six
degrees of freedom positioning of both the femur and the
tibia. The knee-testing jig was attached to a materials test-
ing machine (Instron Corp., Canton, MA, USA). Each eyelet
was attached to a cable that passed through pulleys; multiple
pulleys afforded reproduction of appropriate in vivo muscle
force vectors at each knee flexion angle (Fig. 1) [5, 10, 12].
The ratio of the cross-sectional area-based multiplane load-
ing of the quadriceps and hamstring was used to simulate
physiological loading [39].

Patellar kinematics were evaluated at knee flexion angles
of 0°, 30°, 60°, 90°, and 120°. A consistent protocol uti-
lizing anatomical landmarks was employed to place three
digitizing markers on each patella, femur, and tibia. Kin-
ematic data were collected using a Microscribe 3DLX 3

Fig. 1 Custom knee testing system with six degrees-of-freedom
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dimensional digitizing instrument (Revware Inc., Raleigh,
NC, USA). Each measurement was performed in duplicate
and the data averaged. Repeatability was checked; a third
trial was performed if the difference between the first two
trials was > 1 mm or > 1°. PF kinematics were assessed by
measuring patellar varus/valgus rotation, medial/lateral posi-
tion, flexion/extension rotation, and proximal/distal posi-
tion. The varus/valgus rotation was defined as rotation in
the transverse plane about the superior/inferior axis of the
patella, the medial/lateral position was the distance from
the middle of the patella to those of the trochlear groove,
the flexion/extension rotation was the rotation of the patella
in the sagittal plane about the transepicondylar axis (TEA),
and the proximal/distal position was the distal movement
of the patella on the trochlea [27]. PF contact pressure was
assessed by measuring medial and lateral PF joint contact
areas and pressures at a knee flexion angle of 120°, using the
K-scan system (Tekscan Inc., South Boston, MA, USA). A
2-point calibration was performed for loads of 15 and 100 N
and the saturation pressure was determined to be 1369 kPa
based on this calibration. The K-scan sensor (Model 4000)
was inserted through the suprapatellar pouch.

For each cadaver, one knee was randomly assigned to the
KA TKA and the other to the MA TKA group. All speci-
mens were evaluated pre- and postoperatively. All surgi-
cal procedures were performed by a single senior surgeon
(K.I.J.) using a standard cruciate-retaining prosthesis instru-
mentation system (Lospa; Corentec Co. Ltd., Seoul, Korea)
with high conformity tibial insert design. The thickness of
distal and posterior femur implant was 9 mm and 10 mm,
respectively. After performing subvastus arthrotomy, the
deep medial collateral ligament was released. All patellae
remained unresurfaced. In the MA TKA group, TKA was
performed using the conventional measured resection tech-
nique. Resection of the distal femur was performed at a 6°
valgus angle and the TEA was used as a reference. Proximal
tibial resection was performed to resect a 10 mm-thick por-
tion of the lateral plateau at a cutting angle 90° to the tibial
axis. Finally, measurement of the full extension and 90°
flexion gaps was performed using a tensor device. Multiple
needle puncture (MNP) with a standard 18-gauge aspiration
needle was performed in the most tense fibers of the medial
soft tissue if necessary [19]. MNP was performed in four of
the seven knees (57%). KA TKA was performed as previ-
ously described [15, 23]. Briefly, the bone resections were
equivalent to the thickness of an implant placed in line with
the native joint lines; soft tissue was not released. The thick-
nesses of all resected bones were measured using calipers
and each resection was adjusted to match the implant thick-
ness. The angle of the tibial resection guide was adjusted
until the saw slot and the angle wing were parallel to the
coronal and sagittal proximal articular surfaces after com-
pensating for wear [23]. The axial rotation of the tibial
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component was set parallel to the long axis of the boundary
of the lateral tibial condyle. When KA and MA TKA were
compared, the resected bone thickness of the distal and pos-
terior femur and tibia differed substantially (Table 1). This
cadaveric study was exempted from the institutional review
board of VA Long Beach Healthcare System because it did
not involve human subjects.

Statistical analysis

All data are presented as medians with ranges. All values
at each tested flexion angle were converted into differences
from the value at full extension; these corrected values
were then compared. The differences in all the dependent
variables between the prosthetic knee and the native knee
treated with either MA or KA within a pair were computed.
For the MA and KA methods, the differences between the
prosthetic and native knee dependent variables at each
flexion angle were compared using a two-factor ANOVA.
The Mann—Whitney U test was employed to compare the
resected bone thicknesses between MA and KA TKA knees,
and all differences between prosthetic and native knees. All
computations were performed using SPSS for Windows soft-
ware (ver. 21.0; IBM Corp., Armonk, NY, USA); a p value
<0.05 was taken to indicate statistical significance.

A priori power analysis based on the results of previous
biomechanical studies regarding changes of PF joint biome-
chanics after TKA was performed to determine the neces-
sary sample size needed for sufficient statistical power [11,
33]. Using the two-sided hypothesis test at an alpha level of
0.05 and a power of 80%, it was found that seven knees in
each group were required to detect a 2° difference in varus/
valgus rotation and a 1-mm difference in medial/lateral posi-
tion, and 40% difference of contact pressure. These values
were considered biomechanically meaningful because they

Table 1 Resected bone thicknesses (mm) after KA TKA and MA
TKA

KA TKA MA TKA p value

Distal femur

Medial 9.7(9.2,10.2) 11.0 (9.0, 11.5) 0.005

Lateral 10.0 (9.5, 10.8) 7.0 (6.2, 8.0) <0.001
Posterior femur

Medial 11.0 (10.0, 12.0) 13.0 (11.0, 15.1) 0.007

Lateral 12.0 (11.0, 12.0) 10.0 (7.0, 11.0) 0.003
Tibia

Medial 8.0(7.0,9.0) 2.0(1.4,2.3) <0.001

Lateral 8.5(8.0,9.0) 10.0 (8.5, 10.2) 0.002

Data are presented as medians (range)

KA kinematically aligned, MA mechanically aligned, TKA total knee
arthroplasty
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were reported as the mean differences between the native
and prosthetic knee in human cadaveric tests.

Results

KA TKA achieved greater restoration of patellar tracking to
the native knee during deep knee flexion compared to MA
TKA. The patellae following MA TKA were rotated more
valgus than those of KA TKA at knee flexion angles of 90°
and 120°. The amount of patellar varus/valgus rotation dif-
ferences between prosthetic knee and native knee following
MA TKA were larger than those of KA TKA at knee flexion
angles of 90° and 120° (Fig. 2). In addition, patellae follow-
ing MA TKA were positioned more laterally than those of
KA TKA at knee flexion angles of 90° and 120° (Fig. 3).
However, the patellar flexion/extension rotation (Fig. 4) and
proximal/distal position (Fig. 5) after both KA TKA and MA
TKA were similar to those of the native knee at all flexion
angles.

KA TKA afforded greater restoration of PF joint contact
pressure distribution to the native knee during deep knee

flexion. The contact areas of the medial and lateral PF joints
at 120° of flexion decreased after either operation, but dif-
ferences between prosthetic and native knee were similar,
regardless of the alignment strategy used (Fig. 6). On the
other hand, the contact pressure difference of the medial
PF joint between prosthetic and native knee following MA
TKA was similar to those of KA TKA (Fig. 7.). However, in
the lateral PF joint, the contact pressure difference between
prosthetic and native knee following MA TKA was signifi-
cantly higher than those of KA TKA (Fig. 8).

The pattern of resected bone thickness after KA TKA sig-
nificantly differed from those of MA TKA (Table 1). After
KA TKA, the resected bone thickness of femur and tibia on
the medial side was similar to those of the lateral side and
were equivalent to implant thickness. On the other hand, fol-
lowing MA TKA, the resected bone thickness of the femur
on the medial side was thicker than the lateral side while
the resected bone thickness of the tibia on the lateral side
was thicker than the medial side. Thus, the native joint line
was preserved following KA TKA, whereas the joint line
was made perpendicular to the mechanical axis following
MA TKA.
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Fig. 7 Differences from native knee contact pressures comparing MA
and KA TKA in the medial and lateral PF joints at 120° of flexion.
Significant differences (p < 0.05) are marked with asterisks. n.s. not-
significant
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Fig.8 Representative Tekscan
images of medial and lateral PF
joint contact distributions pat-

tern following KA TKA (a) and .
Preoperative

MA TKA (b)
Contact pressure
Postoperative !
Contact pressure
Lateral PF Medial PF Medial PF Lateral PF
a KA TKA b MA TKA
Discussion specifically for KA TKA [3, 25]. Most current implants

The most important finding of this study was that KA TKA
reproduced patellar tracking and PF joint contact pressure
distribution during deep flexion more physiologically than
MA TKA. As both prosthetic trochlear morphology and tibi-
ofemoral kinematics affect PF joint biomechanics after TKA
[11,29, 30, 32, 33, 38], PF kinematics after KA TKA would
be expected to differ from those after MA TKA. However,
while PF complication rates after KA and MA TKA are
similar; a problematic PF joint is the most common cause of
revision following KA TKA [7, 9]. In addition, the lack of
PF kinematic data after KA TKA renders it difficult to evalu-
ate the reproducibility of PF kinematics following KA TKA.
This study demonstrated that KA TKA afforded patellar
tracking more similar to the native state than MA TKA dur-
ing deep flexion. In this study, patellar varus/valgus rotation
and medial/lateral position after KA TKA were similar to
those of the native knee at all flexion angles, but those after
MA TKA were rotated more valgus and positioned more lat-
erally than the native knee at flexion angles of 90° and 120°.
It is difficult to compare this study with previous studies
because of substantial variations in study design, methodol-
ogy, and assumptions [17, 36]. However, the results of this
study are similar to previous studies reporting patellar varus/
valgus rotation and medial/lateral position changes after TKA
[11, 27, 33-35] and agree with prior conclusions that KA
TKA restored more native PF kinematics in deeper flexion
than MA TKA [17, 25, 36]. This may reflect the more ana-
tomical implant positioning during KA TKA, which allows
for more physiological PF kinematics as the native joint line
was preserved following KA TKA. In addition, these findings
suggested that PF functional performance after KA TKA may
be enhanced, especially during deep flexion activities.
Recently, there is emerging concern about the necessity
of designing a femoral component with a trochlea shaped

are designed for use in MA TKA and incorporate “patella-
friendly” concepts such as a laterally oriented trochlear
groove with a high lateral flange. As the femoral compo-
nent of KA TKA is usually internally rotated and placed
more valgus than that of MA TKA, the prosthetic trochlear
groove following KA TKA is less valgus, more internally
rotated and more medially located than that of MA TKA
[25]. Hence, such design concepts may increase the risk of
patellar instability during early flexion, as a flexed femoral
component is a risk factor for patellar mal-tracking following
KA TKA [3, 17, 22]. However, data from this current study
showed that all PF kinematic parameters during early flexion
were similar to the native knee, regardless of the alignment
strategy. These findings are in agreement with the results of
previous studies reporting similar mid-term PF complication
rates of KA and MA TKA [6, 9, 14, 22]. The results of this
study, together with those of previous studies, suggest that
the sources of patellar mal-tracking are multifactorial with
tibiofemoral kinematics playing an important role. Further
research on optimal prosthetic trochlear morphology and
patellar tracking reflecting tibiofemoral kinematics follow-
ing KA TKA are needed.

The present study’s findings support the hypothesis that
the contact pressure distribution after KA TKA would be
restored closer to that of the native knee than after MA
TKA. The contact areas at deep knee flexion were less than
those of the native knee, regardless of the alignment strat-
egy employed. However, the contacts of the medial and lat-
eral PF joint pressures in deep knee flexion following KA
TKA were evenly distributed and were similar to the native
knee,; whereas after MA TKA, only the lateral PF joint con-
tact pressure increased. Previous studies observed similar
increases of contact pressure in the lateral PF joint after
TKA when comparing MA TKA to native knees [11, 31].
However, as there are no previous studies evaluating the

@ Springer



1526

Knee Surgery, Sports Traumatology, Arthroscopy (2019) 27:1520-1528

PF contact pressure of un-resurfaced patella after KA TKA,
these results of KA TKA are difficult to compare with other
studies. The PF contact pressure distribution after TKA is
directly affected by PF kinematics and contact area and also
by potentially altered femoral rollback motion [30]. The
results of this study may be attributable to more physiologic
trochlear morphology and PF kinematics [17, 25, 36] and
femoral rollback following KA TKA than after MA TKA
[17,21, 24, 26, 36]. Meanwhile, higher PF contact pressure
and altered patellar tracking may cause anterior knee pain [4,
11]. These findings illustrated that KA TKA may be associ-
ated with a more normal knee sensation and less anterior
knee pain than MA TKA [1, 6, 7, 9].

This study had certain limitations. First, no preoperative
radiographic examinations were performed and no intraop-
erative computer-assisted system was used; therefore, lower
limb alignment was not assessed. This may affect precise
preoperative planning and surgical procedure accuracy.
However, the caliper measurement technique with generic
instrument system was reported to restore preoperative limb
alignment, distal lateral femoral angle, and proximal medial
tibial angle when performing KA TKA [15, 23]. Second,
in an effort to avoid possible confounders of PF kinemat-
ics, no patellar resurfacing was performed, so our findings
should be generalized with caution. Third, we tested only
one implant (a recently approved, single-radius femoral
prosthesis featuring a deep, elongate trochlear groove with
a lateral tilt and a high lateral flange). As femoral component
design affects PF kinematics, this constraint must also be
considered prior to any broad generalization. Fourth, contact
pressure distribution was measured at a knee flexion angle
of 120° to simulate squatting (when PF contact stress is
maximal). Contact distribution during early flexion requires
further study. Fifth, as this study focused largely on the PF
joint, we did not explore whether tibiofemoral kinematics
after KA TKA affected PF biomechanics. However, several
previous studies found that KA TKA afforded better femoral
rollback than MA TKA [17, 21, 24, 26]. Sixth, we did not
take into account the effect of changes of the Q angle, which
might be a major factor affecting PF joint biomechanics.
Finally, as 14 knees were tested in this study, it is possible
that the study was underpowered and subject to type II error.
Despite these limitations, this cadaveric study is believed to
provide valuable biomechanical comparison of PF kinemat-
ics and contact distribution between KA and MA TKA.

Conclusion

KA TKA reproduces more physiologic patellar tracking
and PF contact pressure distribution during deep knee flex-
ion than MA TKA. These findings provide clues to under-
stand why KA TKA improves PF functional performance
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compared to MA TKA and why patients undergoing KA
TKA experience better patellar tracking and less anterior
knee pain.
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