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Abstract Recently, we developed a new tensor for total
knee arthroplasty (TKA) procedures enabling soft tissue
balance assessment throughout the range of motion while
reproducing post-operative joint alignment with the patel-
lo-femoral (PF) joint reduced and the tibiofemoral joint
aligned. Using the tensor with a computer-assisted navi-
gation system, we investigated the relationship between
various intra-operative joint gap values and their post-
operative flexion angles. An increased value during the
extension to flexion gap and a decreased value during the
flexion to deep flexion gap with PF joint reduced, not
everted, showed an inverse correlation with post-operative
knee flexion angle, not pre-operative flexion angle. In
conclusion, understanding the characteristics of joint gap
kinematics in posterior-stabilized TKA under physiological
and reproducible joint conditions may enable the prediction
of the post-operative flexion angle and help to determine
the appropriate intra-operative joint gap.
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Introduction

One of the most important goals of TKA is to improve the
functional range of flexion to the minimum 90° flexion that
is required for normal daily activities. Factors influencing
range of flexion after TKA can mainly be classified as
intra-capsular and extra-capsular factors. Among extra-
capsular factors the importance of pre-operative motion for
post-operative results has been previously recognized [1-
5]. Similarly, we reported that pre-operative tightness of
the extensor mechanism was an important factor for
decreasing the post-operative knee flexion angle [6]. On the
other hand, intra-capsular factors, including implant de-
sign, ligament balancing, flexion—extension gap balance,
height of joint line, and patella resurfacing have been also
discussed by many authors [7-12]. Among such factors,
although soft tissue balancing has been recognized as the
essential surgical intervention for improving the outcome
of TKA [13, 14], the direct relationship between soft tissue
balance and post-operative outcomes has never been clar-
ified. As another concept of joint condition, posterior
condylar offset has recently been described as a determi-
nant for flexion [15-17]. A mean reduction in flexion of
12° was reported to be found with every 2 mm decrease in
offset [15]. Although posterior condylar offset is thought to
be related to flexion gap, this relationship has not been
discussed.

In recognition of this, we introduced a CT-free naviga-
tion system and have already reported a significant
improvement in the accuracy of implantations in relation to
the mechanical axis in our patient population [18, 19]. In
addition, we used a new tensor enabling soft tissue balance
assessment throughout the range of motion while repro-
ducing post-operative joint alignment with the patellofe-
moral (PF) joint reduced, and the tibiofemoral joint aligned
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[20] using the CT-free navigation system to clarify intra-
operative knee joint kinematics under physiological con-
dition and their relevancy for post-operative outcomes. We
also recently clarified the characteristics of joint gap
kinematics in posterior-stabilized (PS) TKA under physi-
ological and reproducible joint conditions [18] again using
the tensor with a computer-assisted navigation system. In
the present study, we focused on the value of the tensor
with a computer-assisted navigation system in improving
clinical outcomes by investigating the relationship between
various intra-operative joint gap values and the post-oper-
ative flexion angle. This is the first report trying to describe
direct evidence of the influence of the intra-operative joint
gap on post-operative knee flexion angles in patients
undergoing PS TKA.

Materials and methods

The subjects were 25 consecutive patients (25 osteoar-
thritic knees) who underwent primary PS TKA between
October 2002 and May 2003. Those with valgus deformity
and severe bony defects were excluded. The patient
population comprised 25 women with a mean age of
71.5 £ 7.3 years. The average coronal plane alignment was
8.2 £ 7.2° in minimal varus pre-operatively. Surgeries
were performed by the same senior author (N.T.) using
PS TKA (PFC Sigma, DePuy Inc., Warsaw, USA). In all
cases, the CT-free navigation system (Vector Visi0n®,
Brain LAB, Heimstetten, Germany) was used to obtain the
accuracy of implantations with a standardized navigated
TKA technique [15], and to measure the accurate flexion
angle of the knee during the intra-operative joint gap
measurement together with the newly developed tensor.

Surgical procedure

An air tourniquet was inflated with 280 mmHg in all cases
during surgery. The knees were exposed with a medial
parapatellar arthrotomy, and the surgeon fixed the classical
cutting block to the desired orientation guided by the
navigation system before the bony resection. The posterior
cruciate ligament was sacrificed at the beginning of the
procedure. The proximal tibial osteotomy was perpendic-
ular to the tibial axis in the coronal plane with 3° posterior
inclination in the sagittal plane. The tibial bony cut was
made at 10 mm below the least compromised articular
cartilage at the lateral tibial plateau. After the osteotomy,
bony defect at the eroded medial tibial plateau was not
observed in any cases. Following the bone resections, 0s-
teophytes were removed, the posterior capsule was released
from the posterior aspect of the femur, and then, a ligament
imbalance in the coronal plane was corrected using the

@ Springer

same spacer block at knee extension by appropriate soft
tissue releases for the medial structures of the knee.

Intra-operative measurement with a new TKA tensor

We have previously demonstrated the basic design of the
new TKA tensor [17]. The new tensor consists of three
parts: upper seesaw plate, lower platform plate and extra-
articular main body. Two plates are connected to the extra-
articular main body by the offset connection arm through
medial parapatellar arthrotomy, which allows the PF joint
reduction during the measurement. The platform plate is
fixed to the center of proximal tibia after the osteotomy.
The seesaw plate has a post at the center proximally to fit
the inter-condylar space and the cam of the femoral trial
prosthesis of PS TKA. This post and cam mechanism
controls the tibiofemoral translation in the coronal and
sagittal planes, reproducing the joint constraint and align-
ment after the prostheses are implanted. This combination
of the tensor and femoral trial prosthesis enables soft tissue
balance measurement throughout the range of motion,
which is also affected by the placement and geometry of
the implanted prosthesis (Fig. 1). The surgeon can evaluate
soft tissue balance under a constant joint distraction force
between the seesaw plate and the platform plate from
30 1b. (13.6 kg) to 80 Ib. (36.3 kg), using a specially made
torque drive. In the preliminary in vitro experiment, the
error for joint distraction force was demonstrated to be
within +3%.

After all bony resections and soft tissue releases were
completed appropriately using a spacer block, the tensor
was fixed to the proximal tibia and the femoral trial

upper seesaw plate

Fig. 1 New TKA Tensor (antero-lateral view). The new tensor
consists of an upper seesaw plate, lower platform plate, and an extra-
articular main body. Two plates are connected to the extra-articular
main body by the offset connection arm through medial parapatellar
arthrotomy, which allows PF joint reduction during measurement.
The relationship between the tensor and trial femoral prosthesis
allows joint gap measurement throughout the full range of motion
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prosthesis was fitted. The joint distraction force was set at
40 1Ib. (18.1 kg), because the joint gap at full extension
with 40 Ib. of joint distraction force corresponded most
closely to the insert thickness in the preliminary clinical
study. The joint distraction force was loaded several times
until the joint gap maintained a certain value to reduce the
error due to the creep elongation of the surrounding soft
tissues. Joint gap assessments were carried out at four
different knee flexion angles of 0° (extension), 45° (mid-
range flexion), 90° (flexion) and 135° (deep flexion), which
were monitored by the navigation system. The joint gap
(mm) was measured first with patella everted as performed
with conventional tensors and then with the PF joint re-
duced. For the soft tissue balance measurement with the PF
joint reduced, a patellar trial prosthesis was inserted, and
the medial parapatellar arthrotomy was repaired by tem-
porary stitches both proximally and distally to the offset
connection arm of the tensor. During the measurement, an
assistant surgeon held the thigh to align the knee in the
sagittal plane in an attempt to eliminate the external load
on the knee at each flexion angle.

Examined parameters

Before and 2 years after surgery, knee flexion angles
were evaluated for each patient. Intra-operative joint
gaps with both PF joint reduced and everted were as-
sessed at extension gap (0°), mid-range gap (45°), flexion
gap (90°), and deep flexion gap (135°). Each value of
joint gap, the PF joint reduced and everted, was com-
pared between each knee flexion angle. Each joint gap
value was compared between the PF joint reduced and
everted.

According to joint gap kinematics (Fig. 1), various
altered values of the intra-operative joint gap were cal-
culated as the value of the PF joint reduced and everted
joint gap; 135-90°, 135-45°, 135-0°, 90—45°, 90-0°, and
45-0°. Each joint gap change value was used to assess
the correlation between the pre- and post-knee flexion
angle.

Posterior femoral condylar offset was evaluated for each
patient on post-operative lateral radiographs by measuring
the maximum thickness of the posterior condyle projected
posteriorly to the tangent of the posterior cortex of the
femoral shaft. Posterior condylar offset was used to assess
the correlation with each joint gap change value.

Statistical analysis

All values were expressed as mean =+ standard error of
the mean (SE). The results were analyzed statistically
using a statistical software package (Statview 5.0, Aba-
cus Concepts Inc, Berkeley, CA, USA). The comparisons

of the joint gaps among different flexion angles were
done using the repeated measures analysis of variance
(ANOVA). Post hoc analysis was performed by Fisher’s
PLSD test. The joint gap was, respectively, compared
between patellar everted and reduced using the paired
Student’s ¢ test. Correlations among each parameter were
analyzed using linear regression. Differences and corre-
lations of P < 0.05 were considered statistically signifi-
cant.

Results
Analysis of feasibility and validity of the measurement

No displacement of the tensor from the tibia was observed
during measurements. The average time required for
measurement was 12.4 + 2.1 min. The mean differences
between repeated measurements for the joint gap were
0.11 mm (95% confidence interval, —0.6 to 0.28 mm). The
accuracy of this measurement was estimated to be
+0.3 mm in the joint gap.

Examined parameters

The follow-up duration was 25.1 £ 0.3 months and no
patient was lost during follow-up evaluation. Pre- and post-
operative knee flexion angle averaged 113.7 +2.3° and
118.8 = 2.3°, respectively. Pre-operative flexion angle was
positively correlated with post-operative flexion angle
(R =0.407, P =0.017), consistent with the previous re-
ports [1-5]. Posterior condylar offset was 26.8 + 0.7 mm.
Post-operative flexion angle was positively correlated with
posterior condylar offset (R = 0.460, P = 0.028), consis-
tent with the previous report [15].

Average joint gaps were 10.6, 16.4, 19.6, and 21.7 mm
with the patella everted, and 10.7, 16.8, 16.9 and 11.1 mm
with the patella reduced at 0, 45, 90 and 135° of flexion,
respectively (Table 1). There were significant increases in
the joint gap during the initial 45° of knee flexion with both
the patellar everted and reduced. In the measurement of
patellar eversion, the joint gap continuously showed sig-
nificant increases during knee flexion of more than 45° of
flexion. In contrast, the joint gap decreased during knee
flexion of more than 90° with the patella reduced. Signif-
icantly lower gaps were found at 90° and 135° of flexion
with PF joint reduction compared to those with patella
everted (Fig. 2).

Average joint gap changes were 2.1, 5.3, 11.3, 3.2, 9.2
and 6.0 mm with the patella everted, and -5.8, 5.7, 0.4,
0.1, 6.2 and 6.1 mm with the patella reduced at each range
of motion between 135-90, 135-45, 135-0, 90-45, 90-0
and 45-0° of flexion, respectively (Table 2).
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Table 1 Joint gap with patellar eversion and reduction

Table 2 Joint gap change value with patellar eversion and reduction

(Mean = SE, mm)

(Mean = SE, mm)

Flexion Patellar eversion Patellofemoral Flexion Patellar eversion Patellofemoral
joint reduction joint reduction
0° 10.6 £ 0.5 10.7 £ 0.5 135-90° 2.12 £ 0.60 -5.76 £ 0.69
45° 16.4 = 0.6 ** 16.8 £ 0.9 ** 135-45° 5.28 +0.82 -5.68 = 0.90
90° 19.6 = 0.8 ** 16.9 = 0.8 1 135-0° -6.3 + 0.81 0.40 = 0.53
135° 21.7 £ 0.9 ** 11.1 £ 0.6 ** 1  90-45° 3.16 £ 0.45 0.08 = 0.60
Statistical difference between each angle (* P < 0.05, ** P < 0.01 vs. 90-0° 9.17 £ 0.68 6.16 = 0.62
the less angle) 45-0° 6.00 = 0.56 6.08 + 0.67

Statistical difference between patellar eversion and paterofemoral
joint reduction (1P < 0.01 vs. patellar eversion)

é Patellar Eversion T
22 T é Patellofemoral Joint Reduction ] /+
20 J.
E 18 1 __T
= /H e o N
216 ()
5 I I
= -
5 14 JI/
=
12 JI i
i)
10
8 T T T T

o 45 9 135
Knee flexion angle (°)

Fig. 2 Joint gap kinematics in PS TKA. The average joint gap
increased during knee flexion from full extension to 45° of flexion,
changing to decrease during deep knee bend with PF joint reduction.
In contrast, the joint gap with the patellar eversion continuously
showed a significant increase even with more than 60° of flexion. (7
P < 0.01 vs. patellar eversion)

Correlation between each joint gap change value
and knee flexion angle

Joint gap change value (90-0°) (R = -0.484, P = 0.019)
with PF joint reduced, not everted, showed inverse corre-
lation with post-operative knee flexion angle (Fig. 3a). It is
of note that joint gap change value (135-90°) by reducing
PF joint (R = 0.51, P = 0.013) showed positive correlation
with post-operative knee flexion angle (Fig. 3b). However,
there were no correlations in all other pairings between
joint gap change value and flexion angle. Thus, all signif-
icant correlations were limited to the knee condition with
PF joint reduced.

Correlation between joint gap change value
and posterior condylar offset

Joint gap change value (90-0°) (R =-0.62, P = 0.002)
with PF joint reduction, not everted, showed inverse
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correlation with posterior condylar offset (Fig. 4). How-
ever, there were no correlations in all the other pairings
between offset and joint gap change value.

Discussion

Appropriate alignment of knee implants and soft tissue
balance are essential for the success of TKA [21-23]. The
goal of TKA is to achieve a stable and well-aligned tibio-
femoral and PF joints. Recently, computer-assisted and
robot-assisted surgeries have been developed and reported
to improve the accuracy of osteotomies in TKA [24-26].
We similarly introduced a CT-free navigation system and
have already reported that the navigation system allowed a
significant improvement in the accuracy of implantations in
relation to the mechanical axis in our patient population
[18, 19]. In contrast, the management of soft tissue balance
during surgery remains difficult, leaving it much to
the surgeon’s feel and experience. In fact, although we
attempted to get a good alignment balancing during
implantation in these series, the measurement resulted in a
mean imbalance of 9 mm with the patellar everted between
0 and 90° of flexion. To assess detailed soft tissue bal-
ancing and to overcome the imbalance in the future, we
developed a new tensor for TKA procedures enabling soft
tissue balance assessment throughout the range of motion
while reproducing post-operative joint alignment with the
PF joint reduced and the tibiofemoral joint aligned [17].
Although soft tissue balancing has been recognized as an
essential surgical intervention for improving the outcomes
of TKA [13, 14], the direct relationship between soft tissue
balance and post-operative outcomes has never been clar-
ified. Using the tensor with a computer-assisted navigation
system, in the previous study, we first evaluated and clar-
ified the characteristics of joint gap kinematics reproducing
the joint condition most relevant to that after PS TKA [27].
Three phases were distinguishable during knee motion. The
joint gap after PS TKA is considered to be affected by
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Fig. 3 Correlation between joint gap change value with PF joint
reduced and post-operative knee flexion angle. a Joint gap change
value (90-0°) with PF joint reduced showed inverse correlation with
post-operative knee flexion angle. b Joint gap change value (135-90°)
by reducing PF joint showed positive correlation with post-operative
knee flexion angle

tension in the posterior joint structures and the extensor
mechanisms of the knee during full extension and deep
flexion, respectively. Therefore, in the present study, we
aimed to clarify its clinical value and relevancy to outcome
by focusing on the post-operative flexion angle.

In the present study, the results showed significant
correlation between some of the parameters of joint gap
change value and post-operative flexion angle, not with the
PF joint everted but with the PF joint reduced. The results
indicate that the joint condition with the PF joint reduced is
more stable and reliable than that with the PF joint everted,
revealing that soft tissue balance assessment with the PF
joint reduced may have the potential to help predict post-
operative outcome.

The data analysis included some useful information di-
rectly relevant to the post-operative clinical setting. Joint

36 |

Posterior condylar offset

20 +——————7T 71 T T T T T T~ T T
0 2 4 6 8 10 12

Joint gap change value (90-0)
Y = 32.526 - .744 * X; R"2 =.389

Fig. 4 Correlation between joint gap change value during 90° to 0°
flexion angle and posterior condylar offset. Joint gap change value
(90-0°) with PF joint reduction showed inverse correlation with
posterior condylar offset

gap value during 90° to 0° flexion angle with PF joint
reduced showed inverse correlation with post-operative
knee flexion angle. In our patient population, a larger
flexion gap led to a poorer flexion angle. We thus specu-
lated that an enlarged flexion gap may be related to a larger
posterior bone resection. As we expected, there was an
inverse correlation between the joint gap change value (90—
0) and posterior condylar offset. These results may indicate
that a smaller posterior condylar offset leads to a larger
flexion gap, resulting in restriction of flexion angle. Al-
though appropriate balancing of the flexion and extension
gap has been recognized as a key procedure in TKA [28],
posterior cruciate ligament resection leads to an increase in
the size of the flexion gap [29-31]. Even if this intra-
operative assessment post-resection of bone shows a larger
flexion gap than expected, the size of the femoral compo-
nent cannot be altered in any of the present designs of
implants for primary TKA. In the future, this suggests a
need for a femoral component that can change size up after
the bone is resected.

In addition, a decreased joint gap value during 90° to
135° flexion angle by reducing the PF joint showed an
inverse correlation with the post-operative knee flexion
angle. These results indicate that a larger tightness of the
extensor mechanism including PF joint leads to a poorer
knee flexion angle. Many factors influencing the degree of
flexion after TKA have been investigated, and the impor-
tance of pre-operative motion for post-operative results is
already recognized. As the previous reports shows, the
pre-operative flexion angle is positively correlated with
post-operative flexion angle. However, the present results
indicate that the intra-operative assessment of joint gap
under physiological conditions with the PF joint reduced
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and the tibiofemoral joint aligned is one of the factors that
can predict the post-operative flexion angle and help im-
prove the surgical technique so that appropriate soft tissue
balance is achieved.

We performed an intra-operative assessment of joint gap
kinematics using our new tensor in PS TKA performed
with a navigation system. We clarified that the intra-
operative joint gap kinematic assessment with the PF joint
reduced has the possibility to predict the post-operative
flexion angle and thus allows evaluation of surgical tech-
nique throughout the range of knee motion. This may lead
to improved functional outcomes after TKA. Additionally,
we believe that this intra-operative joint gap kinematics
measurement under physiological and reproducible joint
conditions can provide more useful information for pros-
thetic design and selection, which could compensate for
joint gap discrepancy.
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