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Abstract

Background: Currently, the patient satisfaction rate after receiving TKA is around 80% to 90% and there is
still room for further improvement. With the aim to provide reference for improving TKA surgery,
stereophotogrammetry was used in this study to evaluate knee joint kinematics.

Methods: Multiple MRI images of knee joints flexed at 0, 10, 20... to 100 degrees were scanned in bilateral
knees of 45 asymptomatic adult volunteers. After three-dimensional alignment of the femur, the
displacement and rotation angles of the tibia flexed at different angles were measured. Contributing
factors were tested using One-way ANOVA and chi-square test in SPSS 24.

Results: 1)No contributing factors was found to influence rotation axis; 2) Within the range of motion at
0-100° of flexion, the rotation axis exhibited no significant displacement relative to the femur. 3) On the
horizontal plane, the lateral rotation angle of knee joint axis was 4.91°+1.84°(3°~7°) relative to
transepicondylar axis (TEA) and 7.84°+2.09° relative to posterior condylar axis (PCA); on the coronal
plane, the valgus angle of knee joint axis was 3.38°+0.82°(2.5°~5°) relative to tibial plateau, and 6.53°
+0.91°(5°~8°) relative to the perpendicular line of the lower limb force line.

Conclusion: No contributing factors were found, but the rotation axis of the knee joint is more laterally
rotated and valgus than previously thought. These findings may explain the research result of some
current literatures, and may provide theoretical rationale for further improvement of knee prosthesis
design.

Introduction

Total knee arthroplasty (TKA) has been proved to be a successful surgery and it can substantially
improve the quality of life in patients with end-stage knee joint diseases. The patient satisfaction rate has
been improved from 81% to 85% from 1990 to 2012[23], at a relatively moderate speed. Currently, the
satisfaction rate among patients receiving TKA is around 80% to 90%[5,15,23], but there is still room for
further improvement. In recent decades, numerous studies have been carried out to explore knee joint
kinematics with the aim to improve the related patient satisfaction rate, and the knee joint rotation axis
was one of the subjects of these investigations. It has been generally believed in academic circles that
the position of the knee joint rotation axis relative to the femur shifts with the change of the flexion angle
of the knee joint, and the motion trajectory is J-shaped [2,8,12,18]. In addition, the concept of femoral
rollback has been widely recognized for a long time and is commonly described in current literature
reports [7,11,14,25,27].

To find clues for further modification of TKA related design, our study team developed a
stereophotogrammetry technique that combined MRI imaging and programming technique for
conducting in vivo studies of knee joints in healthy individuals. Our study results better described the true
kinematics of knee joints than the above two conclusions, thus they may provide theoretical rationale for
further improvement in knee joint surgical techniques and prosthesis design.
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Materials And Methods

Data collection and Statistical analysis

From January 2020 to November 2020, MRI imaging data of bilateral knee joints was collected from 45
healthy adult volunteers. This study was reviewed and approved by the Ethics Committee of the hospital,
and all volunteers participating in the study signed the informed consent.

All the volunteers were scanned in a supine position using the Siemens Skyra 3.0T MRI system. Each
volunteer was first required to straighten one of his or her knee joints to have the full-length of the lower
limb scanned from the femoral head to the ankle joint. The voxel element was a cube with a side length
of 3mm, and the volume data was labeled as VLMtemp3. The volunteers were then asked to flex their
knees at angles ranging from 0, 10, 20 ...to 100 degrees, respectively, so as to specifically scan the knee
joints respectively. The voxel element was a cube with a side length of 0.5mm, and the volume data were
labeled as VLMO, VLM10, VLM20... to VLM100. All the volume data were exported from the console in the
format of DICOM file.

For length measurements, the distance from the center of the femoral head to the center of the knee was
defifined as the femoral length. The total limb length was defined as the distance between the center of
the femoral head to the center of the ankle.

One-way ANOVA was used to analyze the correlation between knee joint rotation axis and BMI, age, femur
length, and total length of lower limbs, and chi-square test was used to test the correlation between knee
joint rotation axis and gender. P<0.05 were considered significant. We used SPSS version 24 for all
analyses.

The three-dimensional position and rotation of tibia relative to femur during knee joint flexion were
measured

Herein, the concept of central alignment needs to be first explained, as it will be frequently mentioned in
the sections below. If an object is centrally aligned in volume VLM1 and volume VLM2, it means that this
object in VLM1 and VLM2 will be completely overlapped if the volume center of VLM1 is overlapped with
that of VLM2.

All measurement operations were conducted by using Matlab software; please refer to the appendix for
measurement methods.

In order to reduce the workload, most of the measurement operations were automatically completed by
the computer based on the in-house codes written in advance.

As the computer could not automatically distinguish the respective MRI data representing the femur, tibia
and soft tissue, the central alignment of tibia/femur in the volume data from the same volunteer scanned
at different knee flexion angles had to be completed manually. In order to maximize the accuracy of the
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alignment, the following measures were implemented in this study: 1) a position resolution of 0.5mm
was adopted to ensure optimally high definition MRI images; 2) When a certain volume of VLM1 was
rotated to ensure the tibia in VLM1 and VLM2 have the same three-dimensional orientation, two slices
with marked features of tibia were initially explored among the images taken on the coronal plane
(perpendicular to the X-axis) in VLMT1; if another two slices with the same features of tibia could be
identified in VLM2, meanwhile the inter-plane spaces of the two volume were equivalent, it would indicate
that the direction of tibia has been aligned in the X-axis images. Alignment of the direction of tibia in the
Y-axis (perpendicular to the sagittal plane) images and Z-axis (perpendicular to the horizontal plane)
images was also performed in the same manner, thus precise consistency between the three-dimensional
orientation of the tibia of VLM1 and VLM2 could be ensured (Figure 1). this method is also used to align
femur;3) After the direction of tibia was aligned in VLM1 and VLM2, a distinctive slice was identified
among VLM1 X-axis images and its counterpart plane was found in VLM2 and the difference in the
sequence numbers of the two slices would represent the relative position of tibia in VLM1 and VLM2 in X-
axis direction. Similarly, the relative positions of tibia in VLM1 and VLM2 in Y- and Z-axis directions could
be determined. This method is also used to determine the relative position of the femur in VLM1 and
VLM2. 4) As to the location of FPtibia2 (Figure 2 and the appendices) in VLM90_Femur, FPtibia2 was
initially precisely located in VLMO_Tibia, and then the coordinate of FPtibia2 in VLM90_Femur was
calculated based on the parameters of VLM90_Tibia_transfer_Femur. Note: FPtibia2 in VLM90_Femur
should not be manually positioned as this manipulation is subjected human error due to variations in
tibial direction in VLM90_Femur and VLMO_Tibia.

Results

Relevant data was measured in bilateral knees of 45 asymptomatic adult volunteers, the characteristics
of them was summarized in Table 1.

If the femur is centrally aligned in VLMX_Tibia(X=10,20...100) and VLMO_Tibia, the trajectories of
different feature points of tibia is shown in the figure above (Figure 2). Rotate VLMO_Tibia so that the
planes on which the trajectories of all feature points locate are parallel to the sagittal plane (Figure 3),
and seen from the sagittal plane, the movements of all the feature

points form an approximately circular motion. It can be seen that after VLMO_Tibia is rotated from the
direction displayed in Figure 2 to that in Figure 3, the rotation axis of all feature points is parallel to the Y-
axis. Based on the rotation parameters, the direction of the rotation axis in Figure 2 (VLMO_Tibia) can be
inferred. In this study, the relationship between the direction of rotation axis and the references used to
determine the direction of the femoral prosthesis during TKA is shown in Table 2.

Taking BMI, age, femur length, and lower limb length as dependent variables, analyze their influence on
various parameters of the rotation axis, and the results are shown in Table 3.

Discussion
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This study did not find any factors influencing the direction of the rotation axis, but surprisingly, the
results showed that the rotation axis was more laterally rotated and valgus than generally thought. In
addition to the measurement results presented in Table 2, another more intuitive evidence was provided
to prove that the rotation axis is not parallel to TEA (Figure 4). Most of the previous studies that explored
how to align femoral prosthesis horizontally had tacitly accepted the hypothesis that TEA was parallel to
the rotation axis[1,4,6]. Although there have been a few studies exploring the relationship between
rotation axis and TEA, this hypothesis has not been explicitly denied due to the limit in the precision of
the measurement methods,[19]; whereas in this study, imaging evidence was provided for the first time to
deny this hypothesis in an intuitive way(Figure 4), moreover, the angle between the rotation axis and TEA
was quantitatively measured (Table 2).

During knee joint flexion and extension, the tibia may undergo mild degrees of inversion/eversion and
internal/external rotation. It was observed that varus/valgus and internal/external rotation caused most
of the feature points to swing around the circular arc formed by the rotational motions (Figure 2 and
Figure 3). But after temporal swinging, these points would quickly return to the circular arc to restore the
rotation axis—no continuous motions would be made in any certain direction, and the radius of rotation
would not be continuously reduced/increased. Our results showed that little-to-no changes occurred to
the rotation axis when the knee joint was flexed within the range of 0-100 degrees and that the femoral
rollback was not readily noticeable or did not exist at all within this range of motion, although very limited
supporting evidence could be identified from the literature[22].

The main reason made this result seemingly counterintuitive was that the shapes of the medial and
lateral condyles of the femur on sagittal plane were not circular, so it is hard to imagine how the tibia
moves in a circular motion relative to the femur. Further investigations were made in this study to verify
the experimental results. It was revealed that the motion of the knee joint was quite complex (Figure 5), so
the impacts of the sagittal plane shape of the medial and lateral condyles of the femur on the motion of
the knee joint should not be overestimated. Therefore, objective results could not be yielded based on the
methodology of inferring the motion of rotation axis via accurately measuring the shape of the medial
and lateral condyles of the femur on the sagittal plane, although this method has been used in some
recently published studies [18,20,21,22]. Medial displacement of tibia during knee flexing (Figure 4) may
partially accounts for the lateral displacement of the tibiofemoral joint contact area. In this study, we
found that the size of the joint space and joint contact area changed in a subtle and complicated way
with the increase of knee flexing angle. This phenomenon, may explain the paradox that the shape of the
sagittal planes of the medial and lateral femoral condyles is not circular while tibia moves in circular
motion relative to the femur —the shape of femoral condyles on the sagittal plane is not a crucial factor.

Based on the above discussion, it can be concluded that the femoral prosthesis shall meet the following
requirements to reproduce the tibial motion pattern of a healthy knee within the range of motion of 0-100
degree: 1) its rotation axis has been fixed to preclude rollback; 2)its rotation axis is everted at 6.53°+0.91°
relative to the perpendicular line of the lower limb force line, externally rotated at 7.84°+2.09 relative to the
PCA; In comparison, the currently canonical TKA surgical technique (Campbell’s Operative Orthopedics,
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13th Edition) adopts the following criteria for implanting femoral prostheses: the rotation axis of the
femoral prosthesis is perpendicular to the lower limb force line on the coronal plane and parallel to TEA
on the horizontal plane. Obviously, the current surgical technique may result in changes in the rotation
axis of the knee joint after TKA, that is, approximately 6°of varus on the coronal plane and 5°of internal
rotation on the horizontal plane)(Table 2).

A literature retrieval has been conducted among studies published in recent years on the correlation
between internal/external rotation of femoral prosthesis and patient satisfaction rate. Many researchers
believe that internal rotation of femoral prosthesis has greater negative impacts on the surgery and
during the surgery, a slight angle of external rotation is preferred so as to avoid internal
rotation[3,9,10,13,26]. On the contrary, no articles had been identified that suggested greater negative
effects of external rotation of femoral prosthesis. This phenomenon could be explained by the result of
this study, that is, the rotation axis was already internally rotated at approximately 5° when the femoral
prosthesis was implanted in parallel to the TEA on the horizontal plane using the current surgical
technique; if the internal rotation angle of the femoral component was further increased, the changes in
the direction of the rotation axis after the surgery would be enhanced, which would increase the risks of
postsurgical complications and decrease patient satisfaction rate. If the femoral prosthesis was
implanted at a slight increased angle of external rotation, the changes in the direction of the rotation axis
after the surgery would be minimized so as to improve the surgical efficacy. In addition, our results
suggest that the radius of rotation of the lateral femoral condyle should be designed to be larger than
that of the medial condyle because this may restore the valgus of the rotation axis in the coronal plane
while avoiding excessive valgus of the articular surface. Nevertheless, the trochlear position in the
femoral prosthesis should also be adjusted accordingly, which warrants further studies in the future.

In this study, the motion of tibia relative to the femur was quantitatively measured, and the following
conclusions were drawn :1) The rotation axis has no significant displacement relative to the femur when
the knee flexion angle was kept at least within the range of 0-100 degree; 2) the currently prevailing
surgical technique for TKA and the correspondingly designed knee prosthesis may cause varus and
internal rotation of the rotation axis; 3) the method of extrapolating the position of the axis of rotation
through accurately measuring the sagittal plane shape of the medial and lateral condyles of the femur
has yielded no accurate results.
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Tables

Table 1 Subject characteristics

Gender Male Female Both

Number of volunteers ~ 27/45(60.0%) 18/45(40.0%) 45 (100.0%)

Age (yrs) 49.41+16.1 45.6119.3 47.9%17.5
BMI 24.611.59 22.1+1.86 23.612.1

Femur length(cm) 52.9+3.43 48.3+3.88 51.0£4.26
Lower limb length(cm)  89.3+6.58 83.8+3.82 87.116.24

Table 2 Relationship between rotation axis direction and femoral prosthesis references during TKA
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On the horizontal Male(54 knees)  Female(36 knees) Both(90 knees) P

plane value(between
genders)
TEA 4.88° 4.96° 491° 0.816
+1.86°(3°~7°)*  +1.76°(3°~7°)* +1.84°(3°~7°)*
PCA 7.78° 7.94° 7.84° 0.385

+2.17°(5°~12°)%  +1.9.6°(5°~12°)* +2.09°(5°~12°)*

On the coronal plane

Perpendicular line of 6.52° 6.56° 6.53° 0.753
the lower limb force +0.96°(5°~8°)**  +0.83°(5°~8°)** +0.971°(5°~8°)**

line

Tibial plateau 3.37° 3.39° 3.38° 0.571

+0.89°(2°~5°)**  +0.70°(2.5°~4.5°)**  +0.82°(2°~5°)**

* A positive number indicates lateral rotation of the rotation axis relative to the reference

*# A positive number indicates valgus of the rotation axis relative to the reference

Table 3 P values between parameters of rotation axis and contributing factors

On the horizontal plane BMI Age Femur Lower limb
length length

Angle with TEA 0.904 0.792 0.300 0.645

Angle with PCA 0.192 0.151 0.725 0.505

On the coronal plane

Angle with the perpendicular line of the lower limb 0.505 0.216 0.995 0.663

force line

Angle with tibial plateau 0.105 0.582 0.281 0.162
Figures
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Figure 1

1X-Z In MRl images of knee joints, the X, Y and Z-axis are perpendicular to the coronal, sagittal and
horizontal planes, respectively. The circles mark the feature areas of the tibia, indicating that the slices of
A and C of the tibia are the same, and that of B and D are the same. And the slice interval between A and
B is equal to that between C and D. A) Slice of VLMO_Tibia B) Slice of VLMO_Tibia C) Slice of
VLMS50_Tibia D) Slice of VLM50_Tibia
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Figure 2

In this study, the VLMO_Tibia was employed as the reference to observe the positions of several feature
points relative to the femur. Inverted white triangle: FPtibia1, tibial insertion of posterior cruciate ligament
(PCL) Blue circle: FPtibia2, located in the middle of the anterior margin of tibial plateau Yellow triangle:
FPtibia3, located in the middle of the lateral margin of tibial plateau Red asterisk: FPtibia4, located in the
middle of the medial margin of tibial plateau
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Figure 3

The VLMO_Tibia after rotation and the projections of the feature points at different angles of view. With
the increase in the degree of knee flexion, none of the feature points showed a significant tendency of
decrease in the radius of rotation. It seemed that the motion trajectory of these feature points was largely
restricted to a circular motion, while being impacted from time to time by the inversion/eversion and
internal/external rotation of the tibia. Such impacts were temporary and non-persistent, as the motion
trajectory of these feature points would quickly return to the vicinity of the circle. A) A MRl image
perpendicular to Z-axis and the projections of the feature points B) A MRI image perpendicular to Y-axis
and the projections of the feature points C) A locally magnified Y-axis image with the rotation center of
each feature point displayed. D) A MRl image perpendicular to X-axis and the projections of the feature
points Inverted white triangle: FPtibia1, tibial insertion of posterior cruciate ligament (PCL) Blue circle:
FPtibia2, located in the middle of the anterior margin of tibial plateau Yellow triangle: FPtibia3, located in
the middle of the lateral margin of tibial plateau Red asterisk: FPtibia4, located in the middle of the
medial margin of tibial plateau
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Figure 4

Another method to determine the direction of the axis of rotation The lateral femoral condyle in slice A
and slice C are equal in size, but the tibia in slice A was larger than that in slice C, indicating that in the
direction of TEA, the tibia moves medially when the knee was flexed, so the rotation axis was not parallel
to TEA. The lateral condyle of the femur in slice B and slice D are equal in size, and the tibia in the two
slices were also of the same size, which was due to the fact that the rotation axis was parallel with the Y
axis. (The direction of femur in VLMO_Femur, VLM90_Femur and VLMO_Tibia were in the same direction).
A) Rotate VLMO_Femur (inverted at 2 degrees) so that the TEA is parallel to the Y-axis; at this point, this
sagittal slice passes through the lateral femoral condyle B) Rotate VLMO_Femur (first inverted at 5
degrees and then medially rotated at 3 degrees) so that the roration axis is parallel to the Y-axis; at this
point, this sagittal slice passes through the lateral femoral condyle C) Rotate VLM90_Femur (inverted at 2
degrees) so that the TEA is parallel to the Y-axis; at this point, this sagittal slice passes through the lateral
femoral condyle D) Rotate VLM90_Femur (first inverted at 5 degrees and then medially rotated at 3
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degrees) so that the roration axis is parallel to the Y-axis; at this point, this sagittal slice passes through
the lateral femoral condyle LCK Lateral condyle of femur TiTibia FHEFibular head

Figure 5

The greater the flexing angle of the kneeg, the closer the tibia-femur contact area to the posterolateral side
of the tibial plateau. The joint space varies greatly with different knee angles. The circles represent the
area closest to the tibial plateau from the medial/lateral femoral condyle A) VLM20_Tibia B)
VLMS50_Tibia C) VLM80_Tibia D) VLM20_Tibia E) VLM50_Tibia F) VLM80_Tibia, the lateral femoral
condyle has been separated from the tibial plateau
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