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Abstract
Background In a typical osteoarthritic knee with varus
deformity, distal femoral resection based off the worn
medial femoral condyle may result in an elevated joint line.
In a setting of fixed flexion contracture, the surgeon may

choose to resect additional distal femur to obtain extension,
thus purposefully raising the joint line. However, the bio-
mechanical effect of raising the joint line is not well
recognized.
Questions/purposes (1) What is the effect of the level of
the medial joint line (restored versus raised) on coronal
plane stability of a TKA? (2) Does coronal alignment
technique (mechanical axis versus kinematic technique)
affect coronal plane stability of the knee? (3) Can the effect
of medial joint-line elevation on coronal plane laxity be
predicted by an analytical model?
Methods A TKA prosthesis was implanted in 10 fresh
frozen nonarthritic cadaveric knees with restoration of
the medial joint line at its original level (TKA0). Coronal
plane stability was measured at 0°, 30°, 60°, 90°, and
120° flexion using a navigation system while applying
an instrumented 9.8-Nm varus and valgus force moment.
The joint line then was raised in two steps by recutting
the distal and posterior femur by an extra 2 mm (TKA2)
and 4 mm (TKA4), downsizing the femoral component
and, respectively, adding a 2- and a 4-mm thicker
insert. This was done with meticulous protection of the
ligaments to avoid damage. Second, a simplified two-
dimensional analytical model of the superficial medial
collateral ligament (MCL) length based on a single
flexion-extension axis was developed. The effect of
raising the joint line on the length of the superficial MCL
was simulated.
Results Despite that at 0° (2.2°6 1.5° versus 2.3°6 1.1°
versus 2.5° 6 1.1°; p = 0.85) and 90° (7.5° 6 1.9° versus
9.0° 6 3.1° versus 9.0° 6 3.5°; p = 0.66), there was no
difference in coronal plane laxity between the TKA0,
TKA2, and TKA4 positions, increased laxity at 30° (4.8°6
1.9° versus 7.9°6 2.3° versus 10.2°6 2.0°; p < 0.001) and
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60° (5.7°6 2.7° versus 8.8°6 2.9° versus 11.3°6 2.9°; p
< 0.001) was observed when the medial joint line was
raised 2 and 4 mm. At 30°, this corresponds to an average
increase of 64% (3.1°; p < 0.01) in mid-flexion laxity with
a 2-mm raised joint line and a 111% (5.4°; p < 0.01) in-
crease with a 4-mm raised joint line compared with the
9-mm baseline resection. No differences in coronal align-
ment were found between the knees implanted with kine-
matic alignment versus mechanical alignment at any
flexion angle. The analytical model was consistent with the
cadaveric findings and showed lengthening of the super-
ficial MCL in mid-flexion.
Conclusions Despite a well-balanced knee in full exten-
sion and at 90° flexion, increased mid-flexion laxity in the
coronal plane was evident in the specimens where the joint
line was raised.
Clinical Relevance When recutting the distal and posterior
femur and downsizing the femoral component, surgeons
should be aware that this action might increase the laxity in
mid-flexion, even if the knee is stable at 0° and 90°.

Introduction

Joint stability is one of the primary components that
determines a successful functional outcome after TKA.
Instability has been identified as one of the major causes for
early revision after TKA [36] and one under the direct
control of the surgeon performing the procedure.

In contrast to alignment, joint stability remains a diffi-
cult parameter to quantify objectively. In most cases, joint
stability is qualitatively assessed intraoperatively by the
surgeon by manual varus and valgus and AP stress testing
at 0° and 90°. The stability in the mid-flexion range fre-
quently is not taken into account. During most activities of
daily living, however, the knee is not only loaded near full
extension but also in mid-flexion [29, 30], so stability
throughout the mid-flexion range also should be consid-
ered during intraoperative testing. Failure to reproduce the
required stability in the mid-flexion range can result in
pain, an unstable feeling while walking, giving way, per-
sistent synovitis, and even recurrent hemarthrosis [36].
During revision TKA, there is a tendency to raise the joint
line owing to distal femoral bone loss. In the primary set-
ting, the joint line also is frequently raised [6, 10, 28, 38].
This is partly the result of the surgical instrumentation of
the procedure, which uses the worn distal femur as a ref-
erence. Failure to compensate for distal femoral bone loss
will automatically result in a raised joint line. In addition, in
the case of a fixed flexion contracture, resection of addi-
tional distal femoral bone is advocated by some surgeons
[2, 25], which has been proven to increase maximal knee
extension [7]. However, it is important to realize that

a flexion contracture is not the consequence of distal
femoral overgrowth. As a result, correcting the capsular-
ligamentous contractures causing the extension deficit by
additional bone resection might introduce new prob-
lems [7].

This link between the level of the joint line and coronal
plane stability of the joint has been observed in previous
studies, although the rationale for why joint line elevation
would lead to mid-flexion instability remains unclear
[7, 32].

We therefore asked: (1) What is the effect of the level of
the medial joint line (restored versus raised) on coronal
plane stability of a TKA? (2) Does coronal alignment
technique (mechanical versus kinematic alignment affect
coronal plane stability of the knee? (3) Can the effect of
joint line elevation on coronal plane laxity be predicted by
an analytical model?

Materials and Methods

The study protocol was approved by the local ethics
committee.

Five fresh frozen full-body specimens (10 knees) were
obtained by the human body donation program of the
University of Leuven. There were three male and two fe-
male human donors between 55 and 85 years old at the time
of death (Table 1). The specimens were stored at -18° C
before the experiment.

The full-body specimens were randomized to have the
prosthesis implanted with mechanical alignment on one
side and with kinematic alignment on the other. An online
tool (Research Randomizer; https://www.randomizer.org)
was used to perform randomization.

Before testing, the specimens were thawed for 48 hours
at a room temperature of 20° C. Wet towels and water
spraying prevented drying of the specimen throughout the
experiment. Each knee (n = 10) was carefully checked for

Table 1. Demographic variables of the specimens

Hip-knee-ankle angle

Specimen
number

Sex of
donor

Age of
donor (years) Left Right

1 Male 71 2.0° 0.0°

2 Female 70 3.0° 5.0°

3 Male 64 - 3.0° -2.0°

4 Male 55 1.0° -1.5°

5 Female 85 0.5° 1.5°

Negative values represent valgus, positive values represent
varus.
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abnormalities during exposure, and a high-resolution
photograph of the joint surfaces was taken. Exclusion cri-
teria were previous surgery on the knee, abnormal AP or
mediolateral ligamentous laxity, varus or valgus alignment
greater than 6° as measured on the mechanical axis, or
osteoarthritis (full thickness cartilage loss greater than 3
cm2 or the presence of osteophytes). These criteria were
selected based on our intent to have as few outliers as
possible in a limited number of cadaver knees and to
minimize additional variables. No specimen had to be
excluded.

An anterior midline incision was made followed by
a standard subvastus arthrotomy. Two pins for the navi-
gation frames were placed in the distal femur and proximal
tibia, respectively, according to the manufacturer’s rec-
ommendations (BRAINLAB, Feldkirchen, Germany). The
position of the femoral pins was chosen so that interference
with closure of the joint capsule and with the extensor
mechanism was avoided. Bony landmarks and joint sur-
faces were digitized with an optical localizer according to
the manufacturer’s instructions (BRAINLAB). Resection
of the anterior horn of the medial and lateral meniscus was
necessary to reach the joint surfaces. The knee capsule was
anatomically closed after performing the TKA. None of the
specimens had a fixed flexion contracture greater than 10°
as measured with the navigation software.

The reference planes as defined by the navigation soft-
ware were: (1) coronal plane of the femur as the plane
consisting of the center of the hip and the center of the two
femoral condyles; (2) sagittal plane of the femur was per-
pendicular to the coronal plane, crossing the center of the
knee; and (3) the axial plane of the femur was perpendic-
ular to the two previous planes. The mechanical axis of the
femur was defined as an axis crossing the center of the knee
and the center of the hip and the mechanical axis of the tibia
was defined as an axis running from the center of the
proximal tibia to the center of the talus. The coronal plane
of the tibia was defined by the medial and lateral points of
intersection of the coronal plane of the femur with the
proximal tibia in extension and the center of the talus. Any
varus or valgus force applied was in the coronal plane of the
tibia and directed perpendicular to the mechanical axis of
the tibia.

At this stage, the natural joint laxity was measured by
applying an instrumented varus and valgus stress moment
at full extension, 30°, 60°, 90°, and 120° flexion. This was
done in a standardized way by applying a 40-N pulling
force moment measured by a digital force sensor connected
to a stainless steel, threaded hook that was inserted through
the anterior tibia 25 cm distal to the joint line [8]. This
resulted in a standardized 9.8-Nm valgus or varus torque
force. During the varus and valgus testing, rotation of the
lower limb was prevented by applying counterforce on
the femoral pins. Joint laxity was expressed as the sum of

the maximum varus and valgus deviations measured under
the applied stress.

Next, a posterior stabilized single-radius TKA pros-
thesis (Unity KneeTM; Corin Ltd, Cirencester, UK) was
implanted using the navigation system. In all knees, the
target for the medial distal and posterior medial femoral
resection was 9 mm, because this equaled the implant
thickness. As such, the medial joint line level was restored
at its original level (TKA0 position).

The full-body specimens were randomized to have the
TKA prosthesis implanted with neutral mechanical align-
ment on one side and with kinematic alignment principles
on the other, both with the use of computer navigation.
Mechanical alignment (five knees) was performed with
a 0°-mechanical axis in coronal alignment as the target.
This was done by a distal femoral cut and a proximal tibial
cut perpendicular to the mechanical axis (Fig. 1A). In the
axial plane, the femoral component was positioned in 3°
external rotation relative to the posterior condylar line.

Kinematic alignment (five knees) was performed by
making the distal femoral and proximal tibial cuts parallel
to the original distal femoral and proximal tibial joint sur-
face, respectively. By doing this, the natural joint line
obliquity was restored (Fig. 1B). In the axial plane, the

Fig. 1A-B All TKA prostheses were implanted with restoration
of the medial joint line. (A) In five knees the joint line was
aligned perpendicular to the mechanical axis (mechanical
alignment). (B) In the five other knees, the lateral joint line also
was restored at its original level (kinematic alignment), thereby
restoring the slight obliquity of the natural joint line. Yellow
angle = perpendicular alignment; yellow arc = anatomic
alignment.
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femoral component was positioned parallel to the posterior
condyles with no external rotation.

All femoral and tibial cuts were performed and verified
with the navigation system. Adjustments were made when
a deviation greater than 1° from the planning was mea-
sured in any plane. No soft tissue releases had to be per-
formed. Soft tissue structures were meticulously
protected with retractors during recutting. After recutting,
ligament integrity was rechecked with the navigation
software.

After closure of the knee capsule, the joint laxity
measurements were repeated as described previously, with
the most-stable trial components as assessed by navigation
in place.

Next, the trial components were removed and 2 mm
extra bone was removed from the distal and posterior femur
with the use of the navigation software (TKA2 position).
The knee stability in flexion and extension was maintained
by using a 2-mm thicker polyethylene component. After
closure of the knee capsule, the joint laxity measurements
were repeated, as described previously, with the trial
components in place. If stability of the trial component was
insufficient, a definite component was cemented in place
with the use of a polyester resin. This allowed stable fixa-
tion of the components and did not cause bone loss during
removal of the component.

Next, an additional 2 mm (therefore 4 mm in total) of
bone was removed from the distal and posterior femur with
the use of the navigation system (TKA4 position). Knee
stability in flexion and extension was again maintained by
using a 2-mm thicker polyethylene component. After clo-
sure of the knee capsule, the joint laxity measurements
were repeated, as described previously, with the trial
components in place. Again, if the stability of the trial
component was insufficient, a definitive component was
cemented in place.

Development of the Analytical Model

Stability on the medial side of the knee primarily is pro-
vided by the superficial medial collateral ligament (MCL).
Tightness and laxity of this ligament therefore directly
relates to joint laxity in the coronal plane.

To predict the effect of medial joint line level changes
on isometry of the superficial MCL, a simple two-
dimensional analytical model was created. For this
model, three basic assumptions were made. The first as-
sumption is that the superficial MCL acts as an isometric
ligament, meaning that the change in length of its fibers
during ROM is minimal. The second assumption is that
from a morphologic point of view, the shape of the pos-
terior femoral condyles can be described as a circle. The
third assumption is that the knee flexes and extends around

a fixed axis of rotation, located at the center of these cir-
cular condyles.

In terms of the first assumption, it generally is accepted
that a ligament can be considered isometric if the strain in
the flexion arc remains less than 2% [43]. There are much
data to support this statement. Using three-dimensional (3-
D) digital image correlation, Luyckx et al. [31] showed that
the central part of the superficial MCLwas almost perfectly
isometric between 15° and 90°, showing less than 0.3%
strain. During the entire ROM, the maximum change of
length of the whole superficial MCL was still minimal,
averaging 1.7%. These data are consistent with the work of
others [13, 43]. Victor et al. [43] reported a change in length
of the proximal superficial MCL of 1 mm between 0° and
90° knee flexion. Ghosh et al. [13] found an average of
2 mm change in length between 0° and 110°. To be able to
maintain its isometry throughout the ROM, the femoral
insertion site of the superficial MCL coincides with the
flexion and extension axis of the knee [11, 19, 45]. If this
were not the case, elongation or slackening would occur
during the flexion arc [11]. As the superficial MCL is the
primary stabilizer against valgus stress, the concept of its
isometry is crucial for knee stability as it reflects the ability
of the ligament to stabilize the knee during the entire ROM
[14, 15, 43].

The second assumption is that from amorphologic point
of view, the shape of the posterior femoral condyles can be
described as a circle. This dates to 1836 when the Weber
brothers were the first to describe the shape of the posterior
condyles as a circle [46]. There are numerous more-recent
studies showing that with the use of sophisticated 3-D
imaging techniques, the shape of the femoral condyles can
be described by best-fitting a circle, sphere, or cylinder in
the posterior medial and lateral condyle (Fig. 2) [5, 8, 9, 19,
20]. Achieving the best fit possible to the articular surface
in the posterior condyles corresponds to a flexion range of
10° to 160° [9, 20, 46].

The third assumption is that the knee flexes and extends
around a fixed axis of rotation, located at the center of these
circular condyles. From a kinematic point of view, the knee
historically was believed to rotate around a variable flexion
and extension axis. It was referred to as a multiradius curve
with an “instant center of rotation”, a theory that has been
supported for almost 100 years [3, 12, 39, 44]. The problem
created here was attributable to looking at a circle off-axis.
A circle that is viewed along a line other than its axis will
appear as an ellipse, thus leading to the conclusion of
a multiradius curve [8]. Kinematic studies have shown that
the knee flexes with a fixed axis of rotation [5, 19].

Regarding AP movement in the medial compartment,
kinematic studies and in vivo weightbearing MRI studies
have shown that in contrast to the passive situation, there is
limited translation between 0° and 120° knee flexion [8, 16,
26, 27, 41, 42]. External rotation of the tibia during flexion
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allows the knee to function almost as a uniaxial hinge [16].
Therefore, kinematics of themedial femoral condyle can be
described by a single and fixed center of rotation in the
sagittal plane between 0o and 120° knee flexion.

Using a surface-derived approach and 3-D imaging,
Eckhoff et al. [8] and Howell et al. [20] showed that the
flexion and extension axis of the knee is fixed and passes
through the center of a best-fit circle or cylinder in the
posterior condyles. This assertion makes intuitive sense, as
the axis is equidistant from the articular surface of the fe-
mur as it contacts the tibia from 15° to 115° flexion [9]. If
the flexion and extension axis of the knee lies at some other
location, the surfaces either would be pushed together or
apart at various points in the flexion arc. Furthermore,
stretching and contracting of the ligaments must occur to
a greater extent the farther the flexion axis lies from the
point equidistant from the surface.

Previous studies have shown the medial side of the knee
as a relatively stable side with little tibiofemoral translation
in the sagittal plane [26, 41]. Based on this knowledge,
a simplified sagittal model of the knee, representing the
section of the condyle as a circle (Fig. 2A), was created.
Based on kinematic studies showing virtually no trans-
lation of the medial femoral condyle during the flexion arc
between 0° and 90°, a single center of rotation in the

sagittal plane can be accepted [8, 41, 42]. This means that
we can assume that strain and tension in the superficial
MCL will be identical after a single-radius TKA if a pros-
thesis with exactly the same surface geometry and size as
the native knee is used. This will restore the center of ro-
tation of the knee at its original spot (Fig. 2B). The ex-
perimental setting of TKA4was modeled by fitting a 4-mm
smaller femoral component with a 4-mm more-proximal
position on the same knee. Stability was maintained by
using a 4-mm thicker insert. As such, the joint line was
raised by 4 mm (Fig. 2C), and consequently, a new center
of rotation will be defined (the blue dot). With the as-
sumption of a single functional flexion axis in the medial
compartment, the effect of this joint line elevation can be
calculated.

Statistical Analysis

An a priori power analysis with an a level of 0.05 showed
a power of 0.85 to detect a difference of 3° in coronal plane
stability between the mechanically and anatomically
aligned TKAs and a power of 0.98 to detect a difference of
3° in coronal plane stability among the TKA0, TKA2, and
TKA4 positions. All groups were compared using the

Fig. 2A-C The schematics show the medial side of the knee in
the sagittal plane. The femoral condyle is depicted as an “iso-
metric” circle. The red dots indicate the femoral and proximal
tibial insertion site of the superficial MCL. (A) On the femoral
side, the insertion site of the superficial MCL coincides with the
flexion and extension axis. (B) Restoration of the distal and
posterior joint line after a single radius TKA reproduces the same

flexion-extension axis. A 9-mm insert is used in the example. (C)
The joint line is raised by using a 4-mm smaller femoral com-
ponent in a 4-mm proximal position and a 4-mm thicker poly-
ethylene insert (13 mm). The circle depicts the original level of
the joint line. This causes a shift of the center of rotation to
proximal and anterior (blue dot). This center no longer coincides
with the femoral insertion site of the superficial MCL.
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Kruskal-Wallis test for comparison of more than two
groups. Pairwise comparison was performed using the
Wilcoxon rank-sum test. Probability values less than 0.05
are considered significant. All analyses were performed
using JMP software Version 11.2 for Mac of the SAS
System (SAS Institute Inc, Cary, NC, USA).

Results

No differences, with the numbers available, were observed
in coronal plane laxity between the native knee and the TKA

performed with restoration of the medial joint line (TKA0)
(Table 2). In both cases, mean coronal plane laxity generally
increased as the knee went from extension to flexion (at
0°: 2.2°6 1.3° versus 2.2°6 1.5°; at 30°: 5.7°6 1.8° versus
4.8° 6 1.9°; at 60°: 5.7° 6 2.2° versus 5.7° 6 2.7°; at 90°
7.6°6 3.3° versus 7.5°6 1.9°; at 120°: 9.4°6 4.3° versus
7.7°6 2.6°) (Fig. 3). This increase in laxity with flexionwas
significant with a probability less than 0.05 for all positions
except for the 30° versus 60° position and the 90° versus
120° position.

Despite that at 0° (2.2°6 1.5° versus 2.3°6 1.1° versus
2.5° 6 1.1°; p = 0.85) and 90° (7.5° 6 1.9° versus 9.0° 6
3.1° versus 9.0°6 3.5°; p = 0.66) there was no difference in

Table 2 Knee laxity values

Joint line position Pairwise comparison

Flexion angle
Native
Degrees (SD)

TKA0
Degrees (SD)

TKA2
Degrees (SD)

TKA4
Degrees (SD) p Value

TKA0 vs
TKA2

TKA0 vs
TKA4

TKA2 vs
TKA4

Full extension 2.2° (1.3°) 2.2° (1.5°) 2.3° (1.1°) 2.5° (1.1°) 0.84 NS NS NS

30° 5.7° (1.8°) 4.8° (1.9°) 7.9° (2.3°) 10.2° (2.0°) < 0.001 0.007 < 0.001 0.023

60° 5.7° (2.2°) 5.7° (2.7°) 8.8° (2.9°) 11.3° (2.7°) < 0.001 0.025 0.001 0.046

90° 7.6° (3.3°) 7.5° (1.9°) 9.0° (3.1°) 9.0° (3.5°) 0.66 NS NS NS

120° 9.4° (4.3°) 7.7° (2.6°) 8.0° (3.1°) 7.0° (3.7°) 0.45 NS NS NS

Fig. 3 Mean coronal plane joint laxity is presented for
each flexion angle. Results for the native knee and the
TKA with the restored medial joint line are shown (TKA0).

No statistically significant differences were noted
between the native knee and the TKA0 position. Error
bars = SD.
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coronal plane laxity between the TKA0, TKA2, and TKA4
positions, an increased laxity at 30° (4.8° 6 1.9° versus
7.9°6 2.3° versus 10.2°6 2.0; p < 0.001) and 60° (5.7°6
2.7° versus 8.8°6 2.9° versus 11.3°6 2.9°; p < 0.001) was
observed when the medial joint line was raised by 2 and
4 mm respectively (Fig. 4).

The first distal recut of +2mm (TKA2) increased overall
coronal plane laxity by on average 64% (3.1°) at 30°
flexion (p < 0.01) and 51% (3.0°) at 60° flexion (p = 0.02)
(Table 2). Performing a second +2-mm recut (TKA4) of the
distal and posterior femur increased the mid-flexion laxity
by 111% (5.4°; p < 0.01) at 30° and 95% (5.5°) at 60°
flexion (p < 0.01) compared with the 9-mm baseline re-
section (TKA0) (Table 2).

No differences in terms of coronal plane laxity, with the
numbers available, were found between the knees
implanted with kinematic alignment versus mechanical
alignment at any flexion angle.

The analytical model showed an equal length of the
superficial MCL in full extension and at 90° flexion after
raising and anteriorizing the joint line by 4 mm (Fig. 5). In
the mid-flexion range (30°-60°), slackening of the super-
ficial MCL of up to 2 mm was seen compared with the

starting position. At 90° flexion, equal tension on the su-
perficial MCL as in the 0° position was found. In deeper
flexion (> 90°), progressive lengthening of the superficial
MCL was seen.

Discussion

The concept of mid-flexion instability remains poorly de-
fined and understood. It was first introduced by Martin and
Whiteside [32], who found a considerable increase in laxity
in the mid-flexion range (30°-60°) by shifting the femoral
component of a TKA prosthesis 5 mm proximal and 5 mm
anterior. More recently, Cross et al. [7] found that raising
the joint line during TKA to increase maximal extension
caused substantial mid-flexion instability. Mid-flexion in-
stability therefore was defined as instability in the mid-
flexion range (30°-60°). Our current study would suggest
that the definition of mid-flexion instability include the
concept of instability in the mid-flexion range despite an
equally balanced flexion and extension gap. That is, mid-
flexion instability should be separated from other forms of

Fig. 4 Mean coronal plane joint laxity is presented for each flexion
angle. Results for the TKA with the restored joint line (TKA0), the 2-
mm (TKA2), and 4-mm (TKA4) raised joint lines are shown. No

statistically significant differences were noted among the three
groups in extension or at 90° and 120° flexion. However, significant
increases in coronal plane laxity were noted at 30° and 60° flexion.
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coronal and sagittal plane instability, which are the con-
sequence of a mismatch between the flexion and extension
gap. Because most surgical routines only involve testing of
stability in full extension and at 90° flexion, this type of
instability frequently is overlooked. In a study using
computer navigation, Yoon et al. [48] observed mid-
flexion laxity in 36% of their patients during intraoperative
TKA stability testing.

Our study has several limitations. First, all prostheses
were cruciate substituting (posterior stabilized). The PCL
is known to have an important effect on coronal plane
stability. Removal is likely to affect stability in the mid-
flexion range. Hino et al. [17] found more mid-flexion
laxity in a TKA with a posterior stabilized versus a cru-
ciate retaining prosthesis. However, it is crucial to take the
level of the joint line into account. Surgeons using pos-
terior stabilized prostheses in many cases will raise the
joint line to compensate for the increase in flexion space
resulting from cutting the PCL. The level of the joint line
therefore is an important confounding variable for studies
measuring coronal plane stability. By using computer
navigation and a strict measured resection technique, we
kept the medial joint line at its original level in all our
specimens. Second, the native joint laxity was measured
after resection of the anterior horn of the medial meniscus
and lateral meniscus. Removal was needed to map the
joint surface with the navigation software. Removal of the
meniscus is known to have an effect on AP and rotational
stability, but the effect on coronal plane stability is un-
known [4, 33, 47]. Despite that only the anterior portion of
the medial meniscus was removed and the body of the
meniscus with its attachments to the deep MCL was left

untouched, we cannot exclude an effect on coronal plane
stability. Nevertheless, our results for native knee varus
and valgus stability were comparable to those of oth-
ers [23].

Numerous limitations apply here because we used
a cadaver model in this study. In a cadaver model, it is not
possible to know how dynamic forces (such as muscle
contractions) or tissue scarring after surgery affect the de-
gree of mid-flexion laxity in the in vivo situation. However,
the purpose of our study was to evaluate the effect of joint
line elevation on the static varus and valgus stabilizers of
the knee and validate the simplified analytical model. This
study serves as a proof of concept that raising the joint line
leads to increased mid-flexion coronal plane laxity. An
increase greater than 100% in passive laxity is likely to also
affect dynamic stability. Other limitations related to this
being a cadaveric study are the absence of knee osteoar-
thritis and the absence of deformity in the coronal plane in
all knees. This limits direct conclusions related to severe
osteoarthritic knees. However, the primary target of this
study was better understanding of the biomechanics of
coronal plane stability in the intact knee. This knowledge is
essential before conclusions can be made regarding oste-
oarthritic knees. Tissue properties of a cadaveric knee
might be different from living tissues. However, if fresh
frozen tissue and only one freeze-thaw cycle is used, the
effect on biomechanical properties is minimal. Finally, it is
unknown what degree of joint laxity can be tolerated after
TKA before clinical symptoms occur, which makes it
difficult to draw conclusions regarding clinical importance.
Moreover, the amount of laxity that is tolerated is likely
subject-specific with wide variation throughout the

Fig. 5 Geometric models of the medial side of the knee are
shown. The effect of a 4-mm smaller and 4-mm proximal femoral
component with a 4-mm thicker insert (13mm) on the superficial

MCL isometry is shown. The models predicted equal tension on
the superficial MCL in full extension and at 90° flexion strain and
slackening as the knee rotates around a new center of rotation.
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population. Defining a threshold for clinical importance in
terms of effect sizes therefore is difficult.

Finally, we need to address some limitations related to
the analytical computer model itself. To make the model
usable, certain simplifications (assumptions in the model)
needed to be made. First the superficial MCL was con-
sidered a perfect isometric ligament. This is the case be-
tween 20° and 80° knee flexion, but in reality there is
tensioning of the ligament toward terminal extension and
slackening in deeper flexion. Second, the insertion site of
the MCL was considered a point for purposes of modeling,
although in reality, the superficial MCL inserts broadly,
producing differential amounts tension in its anterior and
posterior parts through the arc of motion. Third stability
provided by the cruciate ligaments was not taken into ac-
count. However, despite these limitations, the model was
able to predict the observed findings.

The most important finding of this study was that when
the medial joint line was raised by 2 mm, there was an
average increase of 64% in mid-flexion laxity. When the
joint line was raised by 4 mm, the increase in mid-flexion
laxity was, on average, 111%. When the joint line was re-
stored at its original level, normal joint laxity throughout the
ROMwas seen. It would appear that restoration of the level
of the medial joint line is an essential prerequisite for normal
coronal plane stability in TKAs. The effect of joint line
position on knee stability and ligament balance also was
suggested by others. Hungerford et al. [22] stated: “ligament
balance is principally a function of the femoral component
and joint line positions relative to the femoral origins of the
collateral and cruciate ligaments.” Although a 2-mm in-
crease might seem minimal, it frequently is encountered
during primary TKAs and its effect on coronal plane stability
was found to be substantial. When the joint line is raised
4 mm, the mid-flexion joint laxity becomes even more
pronounced. Raising the joint line by 4 mm may be en-
countered less frequently during primary TKA but is fre-
quently seen in revision TKAs.Moreover, joint line changes
of 4mmor greatermay be associatedwith an inferior clinical
result [18, 34, 35, 37]. After primary TKA, functional out-
come was improved when the joint line was kept at its
original level [1], and some authors suggest that the expla-
nation for association of an elevated joint line and inferior
clinical results is the result of mid-flexion laxity [34].

We also sought to determine the effect of the alignment
technique (mechanical versus kinematic) on the de-
velopment of mid-flexion laxity during TKA. Full-body
specimens were used with one alignment technique on one
side and the other on the contralateral side, thus minimizing
bias of interindividual variation. No effect of orientation of
the joint line (mechanical versus kinematic) on coronal plane
stability was found (Fig. 1). As the only difference between
the two techniques in our study consists of the thickness of
the lateral condylar resection (and thus orientation of the

joint line), this means that restoration of the level of the
medial joint line seems to be an essential prerequisite for
normal joint laxity and is independent of the joint line ori-
entation in the coronal plane. Discussion regarding the best
orientation of the joint line in the coronal plane is ongoing.
On average, the joint line is tilted in 3° varus. Mechanical
alignment aims at a 0° joint line orientation, whereas in
kinematic alignment the native joint line orientation is
reproduced. Aside from the coronal plane, a surgeon advo-
cating kinematic alignment also will restore the joint line in
the axial plane by using 0° external rotation. From a con-
ceptional point of view, kinematic alignment might be
considered as resurfacing of the knee. Some believe that
kinematic implantation of a TKA prosthesis best reproduces
native knee stability and normal joint function [21], whereas
others suggest that kinematic alignment is associatedwith an
increased laxity in the mid-flexion range [24].

A mechanistic explanation for the link between the level
of the joint line and joint stability is still lacking. The ob-
served mid-flexion instability cannot be explained by the
classic flexion and extension gap paradigm. We obtained
a balanced flexion and extension gap in all knees, even after
raising the joint line. Nevertheless, mid-flexion laxity was
observed in the specimens with a raised joint line. Therefore,
the flexion and extension gap paradigm is not sufficient to
predict joint stability after TKA. In an attempt to provide
more profound insight in the association between the level of
the medial joint line and joint stability, we developed an
analytical model. In the model, the effect of a 4-mm more-
anterior and 4-mm more-proximal position of the joint line
on the isometry of the superficial MCL was shown (Fig. 6).
In mid-flexion, the superficial MCL insertion site was
moved distally relative to the center of rotation, thereby
causing slackening of the superficial MCL of up to 2 mm
(Fig. 5). This is consistent with our data and data from
previous studies [7, 33]. At 90° flexion, an equal length as in
the 0° position was shown. The knee therefore would be
considered balanced by most surgeons. In deeper flexion,
proximal movement of the superficial MCL insertion site
relative to the center of rotation caused elongation. This is
also consistent with our data regarding strain in the super-
ficial MCL after joint line elevation and reported data [11].
The value of our geometric model lies not in the prediction
of absolute length changes of the superficial MCL, but in
providing a qualitative explanation for the effect of joint line
changes on joint stability. In contrast to the classic flexion
and extension gap paradigm, it provides a new way of
thinking about joint stability not only at 0° and 90° knee
flexion, but throughout the full arc of motion.

The collateral ligaments are recognized to be the primary
joint stabilizers in the coronal plane and the concept of their
isometry has been at the heart of models that describe normal
knee motion [43]. To be able to maintain its isometry during
knee flexion, the superficial MCL inserts at the tibiofemoral
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center of rotation [40, 45]. Restoration of this center of rota-
tion with a single-radius TKA is known to reproduce normal
joint stability [23]. Changes in joint line positionwith a single-
radius TKAchange the tibiofemoral center of rotation from its
original position (Fig. 2). Because the femoral insertion site of
the superficial MCL remains at the same spot, it will pivot
around the new center of rotation during knee flexion and its
isometric behavior will be changed (Fig. 5). The precise effect
on the length change in the superficial MCL depends on the
direction of the joint line change.

The results of our cadaveric research and the analytical
model indicate that restoration of the medial joint line
reproduces more-normal joint stability after TKA. Raising
the joint line causes substantial mid-flexion laxity despite
equal and well-balanced flexion and extension gaps. Fur-
ther in vivo research on osteoarthritic knees is needed to
prove that this concept does improve joint stability and
clinical outcomes after TKA.
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