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Bicruciate retaining knee arthroplasty, although has shown improved functions and patient satisfaction compared to other designs
of total knee replacement, remains a technically demanding option for treating severe cases of arthritic knees. One of the main chal-
lenges in bicruciate retaining arthroplasty is proper balancing of the soft tissue during the surgery. In this study biomechanics of soft
tissue balancing was investigated using a validated computational model of the knee joint with high fidelity definitions of the soft
tissue structures along with a Taguchi method for design of experiments. The model was used to simulate intraoperative balancing
of soft tissue structures following the combinations suggested by an orthogonal array design. The results were used to quantify the
corresponding effects on the laxity of the joint under anterior-posterior, internal-external, and varus-valgus loads. These effects
were ranked for each ligament bundle to identify the components of laxity which were most sensitive to the corresponding surgical
modifications. The resulting map of sensitivity for all the ligament bundles determined the components of laxity most suitable for
examination during intraoperative balancing of the soft tissue. Ultimately, a sequence for intraoperative soft tissue balancing was

suggested for a bicruciate retaining knee arthroplasty.

1. Introduction

Total knee arthroplasty (TKA) is a standard of care for end-
stage knee arthritis, in which the diseased surfaces of the
knee joint are replaced with prosthesis in order to elimi-
nate pain and restore mobility. Proper functioning of the
TKA requires restoration of the anatomical joint lines and
adequate balancing of tensions of the remaining soft tissue
structures. Adjusting the soft tissue constraints in a TKA is a
challenging technical task especially for particular designs of
prosthesis that allow preservation of the cruciate ligaments.
Current soft tissue balancing techniques for the ACL-
sacrificing designs of total knee replacement are based on
providing equal rectangular extension and flexion space for
creating constant and uniform tensions on the medial and
collateral ligaments (MCLs and LCLs) [1]. Using blocks and
spacers, or even the implants themselves, coupled with stress
testing, is simple, quick, and always available for soft tissue
balancing. This method is, unfortunately, rather imprecise,

very subjective, and particularly difficult to use accurately
in flexion due to the rotational freedom of the hip joint
[2]. To assist ligament balancing in TKA, several devices are
available, including tensors [3-5], spacers [4], and electric
instruments [6, 7] as described in previous papers. However,
all the current methods for balancing the ligament tensions
are focused on only the frontal plane for creating the desired
varus-valgus stability and producing an even distribution
of the compressive forces on the medial and lateral com-
partments of the joint. Laxity of the joint, defined as the
magnitude of displacement or rotation under an applied
force or rotational moment applied manually by the surgeon
or through a device, can be considered as an indicator of
proper or improper soft tissue tensions. Even though soft
tissue balancing also directly affects important translational
and rotational constraints of the joint in the anterior-
posterior (AP) and internal-external (IE) directions, espe-
cially when the cruciate ligaments are preserved, an appro-
priate procedure for fine-tuning the ligament tensions by



taking into consideration all components of the joint laxity
has not been investigated.

The bicruciate retaining knee arthroplasties preserve
both of the cruciate ligaments and have theoretical benefits
over other designs for improved kinematics, range of motion,
patient satisfaction, and the general “feel” of a normal knee
[8-12]. Particularly for cases of knees with suboptimal
integrity of the cruciate ligaments, recent prosthesis design
can potentially take advantage of the remaining soft tissues
for more improved functions [13]. Cruciate retaining pros-
theses also preserve more bone stock (that can be used for
revision surgery), and unlike the PCL retaining prostheses
they do not produce the unfavorable paradoxical motions
[14, 15]. Being a technically demanding procedure, in spite
of all the potential advantages, the bicruciate retaining option
has not been favorable, even for cases when patients have cru-
ciate ligaments with good functional integrity [16]. Retaining
both of the cruciate ligaments by preserving their insertion
on the tibia can limit the exposure and subsequently make
the procedure more difficult. The procedure can be even
more challenging if bone deformities have to be corrected
during the operation. The joint lines must be anatomically
restored and soft tissues should be balanced correspondingly
in order to reestablish stability and balance while avoiding
abnormal tensioning of the retained ligaments.

A systematic procedure that can successfully adjust soft
tissue tensions in a bicruciate retaining knee replacement
can be largely useful for improving TKA outcomes through
preservation of native soft tissue structures. Coming up
with such procedure requires thorough understanding of the
complex relationships between soft tissue tensions and their
effects on joint laxity and stability. To help investigate pos-
sible soft tissue balancing scenarios, a computational model
of the knee joint can provide the necessary means for sim-
ulating surgical modifications in the soft tissue structures.
For computational models of the knee joint, there is a broad
range of options in terms of the choice of the numerical
solver and also the fidelity of the shape and mechanical
properties of the various structural elements. A rigid body
dynamics model of the knee joint with rigid articular sur-
faces and multiple-bundle spring element representing the
ligamentous structures [17] can be a proper choice for study-
ing the effects of structural changes to the joint laxity, espe-
cially if the simulation has to be reasonably fast to simulate
hundreds of different loading scenarios. When such a model
is used along with the methods for design of experiments
(DOE) namely the Taguchi’s method [18], the impacts of
changes in the soft tissue tensions can be quantified systemat-
ically. Following Taguchi’s approach, discrete values (levels)
are assigned to each model parameter and the corresponding
effects of each parameter on joint laxity are assessed by
conducting simulations according to the selected design of an
orthogonal array [18]. The use of fractional factorial design
of orthogonal arrays enables assessment of sensitivity of a
system to a large number of input parameters, while reducing
the experimental effort. Over the traditional method of
changing one parameter at a time, the advantage of this
approach is that the potential problems associated with selec-
tion of a single “base line” condition can be avoided [19].
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This is particularly an important point in modeling biologi-
cal systems that inherently have large parameter variabilities.

The objective of this study was to use a validated compu-
tational model of the knee joint with high fidelity ligament
definitions, along with a design of experiments approach,
to evaluate the effects of variations in soft tissue tensions
on the anterior-posterior, internal-external, and varus-valgus
laxity characteristics of the knee joint. The findings were
used to suggest a sequential plan for systematic balancing
of soft tissue tensions in a bicruciate retaining total knee
replacement.

2. Materials and Methods

2.1. Articular Geometry. In a bicruciate retaining design of
total knee replacement, in comparison to cruciate sacrificed
prostheses, the design of the articular geometry can be closer
to the natural anatomy, relying on the retained soft tissues
(in ideal well-balanced conditions) to contribute in stability
and kinematics similar to a natural knee joint [20]. Based
on this hypothesis, in this study the shape of the implant
surfaces was constructed based on articular geometry of the
natural knee joint. This led to a more congruent medial
compartment to provide stability and a less congruent lateral
compartment to promote physiological anterior-posterior
shift and internal-external pivoting of the lateral compart-
ment. This resemblance to the natural configuration in
theory can help restore the physiological functions of the
knee joint [21]. For the purpose of model construction, the
articular surface of the femur was extracted from cartilage
surface geometry. For the tibial articular surface, the shape
of the articulation was constructed as a combination of the
tibial and meniscal surfaces. The menisci were modeled by
merging the anterior and posterior horns of the menisci at
their terminal points of motion at extension and full flexion
angles, following the details described in previous literature
[20]. The patella was not included in the modeling, since
during surgery the knee cap is flipped over to one side for
exposure of the joint, and the patella is not expected to
contribute to the passive laxity of the joint in absence of the
quadriceps forces in the intraoperative situation.

2.2. Model Construction. A validated computer model of
the knee joint, previously constructed to investigate the
biomechanical functions [20], was utilized for the purpose
of this study. The model used in this study was previously
validated against patterns of motion of the joint and the
experimental measures of the ligament tensions [20, 21]. The
following provides the description of the elements and
construction of the model. The geometry of the model for
the shapes of the articular surfaces and the attachment sites
of the ligaments were obtained from laser scanning of a dis-
sected cadaveric specimen. The surface geometries of the
articular surfaces of the tibia and femur were generated as
stereolithography (STL) mesh files in IMInspect Version 8.0
(InnovMetric, Quebec, QC, Canada). MSC.ADAMS/View
2003 (MSC.Software, Santa Ana, CA) was used to construct
the model and to simulate the laxity of the joint at multiple
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FiGure 1: Connectivity maps of the bundles of the ACL (a) and the PCL (b) [22, 23]. The tibial and femoral 2D coordinate systems were
identified for each attachment. Locations of the attachments of the ligament bundles were defined with respect to these coordinate systems

and on their corresponding X-Y planes.
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FiGure 2: Connectivity maps of the bundles of the superficial bundles of the MCL (sMCL) (a), the lateral collateral ligament (LCL) (b)
[23, 24], and the deep bundles of the MCL and the posteromedial capsule (PMC) (c) [25]. The tibial and femoral coordinate system was
identified for each attachment. Locations of the attachments of the ligament bundles were defined with respect to these coordinate systems

and on their corresponding X-Y plane.

flexion angles under various external loads. Six main liga-
ment groups were considered including the anterior cruciate
ligament (ACL), the posterior cruciate ligament (PCL), the
lateral collateral ligament (LCL), the superficial and deep
bundles of the medial collateral ligament (sMCL and dMCL),
and the posteromedial capsule (PMC). To determine the
attachment locations of the origin and insertion of the indi-
vidual ligament bundles, the bundle connectivity maps of the

attachment sites of the ligaments reported in the literature
[22, 23, 26, 27] were scaled to the digitized footprints of the
ligament attachments (Figures 1 and 2). The ACL and PCL
were modeled with 10 and 9 spring elements, respectively, to
better capture the complex kinematics of the ligaments [17]
compared to the two-bundle models used in some of the
analytical studies [28, 29]. The sMCL and LCL were modeled
with 4 bundles, and the dMCL and PMC were modeled with



2 bundles each (Figure 2). A nonlinear force-displacement
relationship (1) to (5) was used to define the deformation
of the spring elements as described in the literature [28].
In these equations, “f” is the ligament tension, “e” is the
ligament strain, “k” is a stiffness parameter,“c” is a constant
term (=0.03), “L” is the length of the ligament and “L,” is

»

zero length of the ligament, “L;” is the ligament length at full

extension, and the reference strain “¢;” is the corresponding
strain at full extension:

2

fle) = ik% when 0 < & < 2¢, (1)
f(e) = k(e —¢) when ¢ > 2c, (2)
f(e)=0 whene<0, (3)
(L -Ly)
e= I (4)
_ (Li—Lo)
& = 7140 . (5)

The stiffness characteristic of each ligament group (k)
was set as the average values found in the literature [28, 30—
32], assuming that stiffness was equally distributed among
all bundles within a ligament division. The reference strains
of the ligament bundles (¢;) were selected from the literature
[32, 33]. For the ACL and PCL, the tibial attachments of the
ligaments were divided into anterior, posterior, and middle
regions. For the sMCL, dMCL, LCL, and PMC, the ligaments
were divided into the anterior and posterior subregions. The
reference strains of the ligament bundles located within each
of these sections were given the same values. The selected
values for the model parameters are listed in Table 1. To
model the wrapping effects of the MCL around the edge of
the tibial plateau [34], spheres of 1 mm in diameter were
attached to the midpoint of the MCL spring elements of
the model, and rigid contacts were defined between these
spheres and the medial aspect of the tibial bone. Diameter of
I mm for the spheres was determined by trial and error as
appropriate size for detecting contact between the corre-
sponding surfaces in the simulations. A view of the model
constructed in MSC.ADAMS/View is shown in Figure 3.

2.3. Model Parameters. To investigate the effects of variations
of the soft tissue structures on the laxity and stability
characteristics of the joint, the ligament bundles were defined
parametrically. A MATLAB computer program (MathWorks,
Natick, MA, USA) was developed to generate MSC.ADAMS/
View Script for changing the model parameters, running
the simulations, and extracting the kinematics results. The
intraoperative modifications in the soft tissue tensions were
simulated by changing the reference strains of the ligaments
in the model. To account for uncertainties in the locations
of the attachment sites and the mechanical properties of
the ligaments in the analysis, the ligament attachments and
stiffness of the ligaments were also defined parametrically.
For each ligament attachment, a 2D XY coordinate sys-
tem was defined on a flat plane fitted to the corresponding
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FIGURE 3: A view of the computational model of the knee joint
was constructed in MSC.ADAMS/View. The model consists of (1
and 2) the geometries of the articular surfaces of the femur and the
tibia, (3) the surface of the medial aspect of the tibia that interacted
with the MCL to simulate wrapping of the bundles, (4) the anterior
and posterior cruciate ligaments, (5) the MCL and PMC, and (6)
the LCL (for ligament name abbreviations refer to description of
Table 1.)

attachment site, with its origin at the centroid of the attach-
ment area (Figures 1 and 2). Changes made to the attachment
location of one ligament were applied simultaneously to all
bundles associated with that ligament with respect to its
2D coordinate system. In total, 40 parameters were used
to model the 6 groups of ligaments. For each ligament, 4
parameters defined the attachment locations on the tibia
(TX, TY) and femur (FX, FY) (parameters 1 to 20 in Table 2).
When the location of an attachment of a ligament was
modified, the length of the bundle in the force-displacement
equations (4) was updated in order to keep the ligament
strain unaffected. Six parameters were used to define the
stiffness (k) of different ligaments (parameters 20 to 26 in
Table 2). The reference strains of the ligament bundle regions
were defined by 14 parameters (parameters 27 to 40 in
Table 2). The ACL and PCL ligament bundles were grouped
into three different sections (anterior, middle, and posterior),
and the sMCL, dMCL, and PMC were grouped into two
different (anterior and posterior) regions.

2.4. Simulating the Laxity Tests. The model was run in qua-
sistatic mode with dynamic equilibrium option in MSC.
ADAMS/View. Rigid-frictionless contacts were defined
between the articular surfaces of the tibia and femur, assum-
ing that friction has minimal effects under very light com-
pressive forces during intraoperative laxity assessments.
Grood and Suntay’s convention was used to define the joint
coordinates system [35] (Figure 4), and the anterior-poster-
ior, internal-external, and varus-valgus laxities were defined
as the total magnitude of translation or rotation of the joint
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TasLE 1: Ligament bundle definition and the values assigned to their stiffness and reference strains in the computational model of the knee
joint [32, 33]. (Abbreviations: ACL: anterior cruciate ligament; PCL: posterior cruciate ligament; sMCL: superior bundles of the medial
collateral ligament; dAMCL: deep bundles of the medial collateral ligament; LCL: lateral collateral ligament; PMC: posterior-medial capsule).

Ligament ACL PCL sMCL dMCL LCL PMC
5 Y s 5 Y g 5 & 5 &8 5 g 5 &
5 o= 3 5 o= 3 5 3 5 o 5 S 5 8
= E 0z g g 2 = 3 %8 E 3 £
bundle group < = ~ < = ~ < 2 JER < ~ << &
Number of bundles 4 3 3 3 3 3 2 2 2 2 2 2
Stiffness (N) 5000 9000 2750 1000 2000 1000
Initial strain (¢;) 0.160  0.100  0.100 —0.068 -0.169 -0.169  0.180  0.180 0.030 0.050  0.050 0.030

Anterior-
posterior (AP)
translation

Flexion-

extension
(FE)
Varus-
valgus (VV)
rotation
Tibia Internal-external

(IE) rotation

FIGURE 4: Directions of the rotations and translations according to
Grood and Suntay’s coordinate system definition [35].

under the corresponding external loads [36]. These loads
simulate the intraoperative scenarios where the surgeon
applies loads to the joint either manually or uses a device to
assess the laxity and stability of the joint.

Each simulation began with the knee at zero flexion and
the femur in a fixed position, and a sinusoidal drawer force
with amplitude of 100 N applied along the anterior-posterior
axis of the joint and to the centre of the tibial plateau. The
internal-external laxity test was simulated next by applying
an 8 Nm amplitude sinusoidal moment to the tibia and about
its long axis. The simulation continued by a varus-valgus
laxity test through applying a 30 Nm amplitude sinusoidal
moment to the tibia and about the anterior-posterior axis
of the joint. During each laxity test, only the flexion angle
was kept fixed and the rest of the degrees of freedom were
left unconstrained. The flexion angle of the joint was then
incrementally increased by 30 degrees and all three laxity tests
described above were repeated at the new joint position. The
simulation was repeated for 60°, 90°, and 120° of flexion.
The output of the model in terms of the response displace-
ments along and about the clinical axes of the joint was
automatically extracted and analyzed using a program
developed in MATLAB programming language.

2.5. Matrix of Simulations. Design of experiments (DOE)
was conducted based on 40 parameters defining all aspects of
the ligament bundles in the model, including their stiffness,
attachment locations, and reference strains. The Taguchi
standard orthogonal array L81(3%°) was used to investigate
the combined effects of the 40 model parameters at 3 levels,
by conducting 81 simulation runs [18]. The selected experi-
mental design permitted study of the main factors, assuming
synergistic interactions among the model parameters [18].
The three levels of variations for the parameters that defined
the reference strains of the ligaments were set as their nom-
inal and at +0.05 perturbations. A 0.05 change in the strain
of a ligament bundle of an average 20 mm in length cor-
responds to a 1 mm change in the length of the ligament,
which was assumed to be a reasonable controllable length
during intraoperative release of a ligament bundle. In order
to account for sensitivity of the model to the attachment
sites of the ligaments and the stiffness values, perturbations
of £1 mm and +5% were considered, respectively, assuming
that these are reasonable margins of uncertainty for these
parameters. The values of the three levels of the model
parameters used in the design of the matrix of experiments
are listed in Table 2. With these values the model was stable
numerically and there were no model convergence issues
for any combination of the parameters. Analysis of variance
(ANOVA) was conducted to determine the main effect of
each parameter on the laxity of the joint. For every laxity test,
the relative importance (RIM) of each model parameter was
calculated using (6) to (8):

SS4

RIMy = ——

TSS Relative Importance” of the parameter A,

(6)
SSu =27 - (ma; —m)*+27 - (mpr —m)*+27 - (ma3 —m)*

“Sum of squares” due to parameter A,

(7)
81 81 .
D=1 N
TSS = 3 (i —m)*, where m = =520
Z-:Zl(n m)°, where m o1
“Total sum of squares”, (8)

i+ “magnitude of the laxity of the joint”

for the ith rows of the matrix of experiment.
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In these equations m41, M4y, and mas are the mean laxity
measures for the three different levels of the parameter “A” in
the orthogonal array. Number 27 in (7) corresponds with the
number of times each level of parameter “A” was repeated in
the rows of the matrix of experiments. The ratio of sum of
squares over the total sum of squares (5) estimates the
approximate contribution of each parameter and is a mea-
sure of its relative importance [37]. Parameters with higher
relative importance (RIM) are those which if changed, they
would cause larger magnitude of effects on the correspond-
ing component of the joint laxity. In total 1215 laxity
simulations (81 53 3 = 1215) were run to assess the relative
importance of all model parameters corresponding to all
components of laxity (anterior-posterior, internal-external,
and varus-valgus) for 30° intervals of flexion angle (0°, 30°,
60°, 90°, and 120°).

3. Results

As a visual illustration of the effects of perturbations on
various components of laxity in an example, Figure 5 graph-
ically makes the comparison among model parameters in
terms of their effects on joint laxity in the anterior-posterior
direction at 120°. Tensions in the posterior bundles of the
PCL and the anterior bundles of the LCL had the most
effects on the anterior-posterior laxity of the joint at 120°
flexion, as graphically shown in this example plot (Figure 5),
and their corresponding RIM can indicate (5). The relative
importance factors (RIM) of all parameters defining the
reference strains of the ligaments in terms of their effects on
various components of the joint laxity are summarized in
Table 3. For each group of bundles, the corresponding RIMs
were compared among all components of laxity and linearly
scales and ranked from 1 to 5. The cells of the table with
higher ranks and darker color corresponded to the compo-
nents of laxity most affected by changes made to the tensions
of particular ligament bundles (Table 3).

The results were also rearranged and summarized to
identify the most sensitive laxity tests for each ligament of
the knee joint (Table 4). The average of the rankings of the
relative importance of the bundles in each ligament identi-
fied the overall most sensitive laxity tests. The laxity tests with
the average relative importance (RIM) of equal or greater
than 3 were selected as appropriate modes of intraoperative
examination for soft tissue adjustments (Table4). The
anterior-posterior component of laxity at 0° and 120°, the
internal-external component of the laxity at 30°, 60°, and
120°, and the varus-valgus component of laxity at 0° and 30°
were most sensitive to the variations in the ligament strains.

4. Discussion

Correct balancing of soft tissues is critical for successful total
knee arthroplasty procedures. Release and retension of the
ligaments are normally conducted during knee arthroplasty
surgery to avoid abnormal pulls of the soft tissue and to
produce even distribution of the contact forces on the medial
and lateral sides of the joint throughout the range of motion.

Sensitivity to initial strains at 120- degree flexion
12.9

12.8 1

A S ST N N R LN NPV RSO NPy

Anterior-posterior laxity (mm)
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FiGure 5: Effects of the changes in the reference strains of various
ligament bundles on the anterior-posterior (AP) laxity of the joint
at 120° flexion. The mean value of the laxity has been shown as
a dotted line. The posterior bundles of the PCL and the anterior
bundles of the LCL were found to have the highest impacts. (Abbre-
viations: a-: anterior bundles; m-: middle bundles; p-: posterior
bundles. Other abbreviations are described in Tables 1 and 3. For
ligament name abbreviations refer to the description of Table 1.)

This task is challenging for the PCL retaining types of the
prosthesis and even more technically demanding for bicruci-
ate retaining designs of the implant. This study investigated
the effects of variations in the ligament strains on multiple
components of laxity of the knee joint. The results suggest a
sequence for balancing the soft tissue tensions in bicruciate
retaining knee arthroplasty.

Most of the published experimental and analytical
reports are focused on specific ligaments and laxity under
particular loading conditions, and there is not enough data
in the literature for comparison with all the results found in
this study. However, in terms of effects of the reference
strains of the ligament on the joint laxity, there is consistency
between the results found in this study and the literature.
Fleming et al. investigated the effects of tension of the ACL
prosthesis on the AP laxity. Their report shows that the AP
laxity is sensitive to the tension of the ACL ligament in early
flexion [38]. If changing the reference strain of a ligament
under tension is assumed synonymous to changing the mag-
nitude of the ligament tension, agreement can be observed
between the findings of Fleming et al. and the high relative
importance values found in this study for the posterior
and middle bundles of the ACL at 0° flexion (Table 3).

The results of this study indicate that different laxity tests
and flexion angles might be necessary for optimal balancing
of the soft tissue constraints of the knee joint during knee
arthroplasty. The selection of ligaments with the most impact
on laxity (cells with larger RIM values and darker colors
in Table 3) varied substantially for different directions of
motion and different flexion angles. This was seen even
among different fiber bundles within the same ligament,
which can be related to different recruitment patterns
imposed to the bundles. For instance, the anterior-posterior
laxity of the joint at 0° (AP-00) is not greatly influenced by
changes in the strains of the anterior bundles of the ACL
(RIM = 2), as much as it is affected by changes in the strains
of the middle and posterior bundles (RIM = 4). As another
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TaBLE 3: For each individual ligament bundle the values of relative importance (RIM) calculated for various components of laxity were
compared and ranked from 1 to 5 in the table. Number 5 and black cells identify the loading condition for which changes in the corresponding
ligament bundle have the highest relative importance. Smaller numbers and lighter color cells correspond with smaller RIM. The AP, IE, and
VV on the left column refer to the anterior-posterior, internal-external, and varus-valgus axes, and the numbers in front of these letters
indicate the corresponding flexion angle (e.g., AP-30: anterior-posterior laxity test at 30° flexion). For ligament name abbreviations refer to

the description of Table 1.

Ligament ACL PCL sMCL dMCL LCL PMC
5 v g 5 v kel 5 g 5 kel 5 kel 5 8

Bundle region Z = £ < = £ < £ Z £ < £ < £

AP-00 4 4 fff?fZ?fi///f/A 1 353235135 v W

AP-30 1 1 1 2 1 1 1 1 1 1 1 1

AP-60 1 1 Lo 2

AP-90 1 1 1

AP-120

IE-00 1

1E-30 EE BT I F

IE-60 1 1 1 1 1

IE-90 1 1 1 1 1

IE-120 RN/ R

VV-00
VV-30
VV-60
VV-90
VV-120

example, considering the anterior-posterior laxity tests, the
highest ranks of the relative importance for the anterior
bundles of the PCL were at 30° and 90° of flexion (AP-30 and
AP-90), whereas for the middle and posterior bundles the
corresponding high sensitivity was observed at 0° and 120°,
respectively (AP-00 and AP-120). In some cases, the joint lax-
ity under a particular external load was uniformly affected by
variations in strains of all the ligament bundles. For instance,
the varus-valgus laxity of the joint at 0° (VV-00) was affected
by change in the strains of the anterior, middle, and posterior
bundles of the ACL and PCL.

The map of sensitivity provided for multiple laxity
components of the knee joint (Table 3) highlights some of
the components of the laxity that are leading candidates for
intraoperative examination during knee arthroplasty. Many
of the laxity tests were not identified with high RIM ranking
(RIM > 3) for any particular ligament bundle (e.g., AP-60
and VV-90) (Table 3). On the other hand, some of the laxity
tests were sensitive to strains of multiple ligament bundles:
the varus-valgus laxity at 0° flexion (VV-00) had the highest
sensitivity rank (RIM = 5) for all the ligament bundles,
except for the posterior bundles of the dMCL and the PMC.
The internal-external laxity at 120° (IE-120) also had the
highest sensitivity rank for most of the superficial and deep
bundles of the MCL. These highlight the importance of
incorporating these laxity tests (VV-00 and IE-120) in the
soft tissue balancing process. In total, 8 laxity tests were
identified with the highest sensitivity to the ligament strains
(Table 4). For the ACL only two laxities stood out with high

RIM (AP-00 and VV-00). On the other hand, the LCL was
highly sensitive to multiple components of laxity in different
planes and flexion angles (Table 4), which is expected to be
related to the geometric location of the LCL on the lateral side
of the joint and more mobility of the lateral compartment
under various applied forces and moments.

Based on the findings of this study (Tables 3 and 4) there
is an optimal sequence for adjusting strains of 14 ligament
bundles during surgery using the 8 selected laxity exam-
inations. The suggested plan for soft tissue balancing is
illustrated in Table 5. Going through the steps from the top
to the bottom of the table, the number of the unadjusted
ligament tensions reduces step by step until all the ligaments
are balanced. The strategy in planning the sequence lies in
gradually reducing the complexity starting from the com-
ponents of laxity that are sensitive to only a smaller number
of ligament bundles (i.e., AP-00 and IE-00), so that for the
next steps in the sequence the number of the unadjusted
ligaments are reduced for the tests that are sensitive to a larger
number of ligament bundles (IE-120 and VV-00).

A strength of the study is that it uses a novel computa-
tional modeling approach for investigating the biomechan-
ical effects of the soft tissue strains on laxity of the knee
joint. The use of the design of experiment method allowed
assessment of the effects of 40 model parameters based on
only 81 observations. It would have not been practical to
consider full-factorial combination of the model parameters,
which requires 3*° observations for 40 model parameters at
3 levels. For studying the contributions of the ligaments to
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TaBLE 4: Ranking of the components of laxity according to sensitivity to the reference strains for individual ligaments (1: the least sensitivity,
5: the highest sensitivity). The most sensitive laxity components (RIM > 2) are chosen on the right column. For definition of the abbreviations

used in this table refer to Table 3.

o (=}
Ligament g. E E § E 8. % $ oolx S 8. “OT’ Si ;OT <;.l . .
group IR B T B B B B RS ; ; g < ; Sensitive laxity tests
ACL BT 2 1 1 2 2 1 11 AP-00, VV-00
pcL 2 2 2 2 2 2 12 AP-120, TE-00, IE-120, VV-00
sMCL 2 1 2 2 2 2 2/ 12 TE-60, IE-120, VV-00, VV-30
aMcL 2 1 2 22 4 2 2 4 111 AP-120, TE-30, IE-120, VV-00
LCL 4 1 2 1 2 2 1 4 /) 2 1 AP-00, AP-120, IE-30, [E-120, VV-00, VV-30, VV-60
PMC 2 1 2 2 A 21 2 24 4 % 2 2 AP-120, TE-120, VV-00, VV-30, VV-60

TaBLE 5: Suggested sequence for soft tissue balancing in a bicruciate retaining knee arthroplasty and the corresponding laxity tests. Cells
with “*” indicate the ligament bundle group that has not been adjusted yet in the process; “X” marks identify the ligament bundles that are
suggested to be adjusted in the corresponding step during the sequence. Empty cells correspond with the ligament bundles that have already
been adjusted in the previous steps of the sequence. (Abbreviations: a-: anterior bundles; m-: middle bundles; p-: posterior bundles. Other

abbreviations are described in Tables 1 and 3).

Laxity

Step tests

AP-00
IE-00
AP-120
IE-60
IE-30
VV-30
1E-120
VV-00

P m-ACL
> % | p-ACL

> % % |a-PCL
> % % |m-PCL

0 N N Ul R W N
M o% % ¥ % % % % % |aACL

> % % % |p-PCL

X % % % % |a-sMCL

M ¥% % % % ¥ % % |p-sMCL

< % % % x x |adMCL

< % % % % % % % |p-dMCL
M % ¥ % % % % |aLCL
M o% % % % % % % |aPMC

Mox % % % % % % % |pLCL
Mox % % % % % % x |p-PMC

the joint stability and kinematics, typically in vitro studies
are conducted on cadaver specimens using robotics manipu-
lators [39]. However, controlling the exact soft strains while
maintaining the other factors unchanged in the described
design of experiments is only practical in a numerical mod-
eling scheme.

One limitation of the study is that the geometry of
commercially available bicruciate retaining knee prostheses
was not included in the model. However, since bicruciate
knee prostheses have geometric congruency similar to the
articular surfaces of the natural knee joint, having a model
with a natural articular geometry is justified. The patella
was not included in the modeling, which is a reasonable
assumption, considering that in the intraoperative ligament
balancing, the knee cap is expected to be flipped over on a
side and therefore not contributing to the laxity of the joint.
Furthermore, the effects of differences in the shapes of the
bones and articular surface morphology were not considered
in this study, which can be justified considering that the
focus of the study was on investigating an optimal soft tissue
balancing technique in a model that represents an average
natural knee geometry. It is also important to note that this
study was focused on release of soft tissue as one of the most

important means for adjusting the balance of soft tissues.
However, other factors including component design and size,
component position and alignments, osteophyte resection,
and bone resection all can have direct effects on tightness or
looseness of the soft tissues and therefore can be included in
the soft tissue balancing process.

Another limitation is that the suggested sequence for
adjusting the ligament bundles and its effectiveness were not
tested on cadaveric specimens. Such a test would require
techniques for intraoperative assessment of the joint laxity
along and about three axes (anterior-posterior, internal-
external, and varus-valgus), for which an adequate surgical
tool is not currently available. Current soft tissue balancing
instruments are designed for only adjusting varus-valgus
laxities of the joint in the frontal plane. These tools can be
sufficient for when both of the cruciate ligaments are sacri-
ficed, but they cannot provide the required 3-axes measure-
ments for bicruciate retaining prostheses as discussed in this
study. Implementation of the suggested sequence requires
developing more advanced tools, perhaps in combination
with a computer assisted navigation system [40], for accurate
multiple-axes examination and balancing of soft tissue
constraints.
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5. Conclusions

In this study a computational modeling approach was used
to identify the most sensitive components of knee joint laxity
and to suggest a sequence for balancing ligament tensions
during knee arthroplasty when both of the cruciate liga-
ments are preserved. Findings of this study highlights the
importance of considering multiple degrees of freedom in
balancing soft tissues during knee arthroplasty, and moti-
vates development of new surgical tools for overcoming the
current technical challenges with bircruciate retaining knee
prosthesis.
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