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The effect of weight-bearing
status on kinematics and cruciate
ligament force in normal knees
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Evaluating WB status during normal knee flexion activities is important for optimizing surgical
procedures and postoperative rehabilitation. This study aimed to clarify the effects of weight-bearing
(WB) on in vivo knee kinematics and cruciate ligament forces in normal knees. Fluoroscopic imaging

in the sagittal plane was used while volunteers performed squatting and active-assisted knee flexion.
Tibiofemoral kinematics were measured using a two-dimensional/three-dimensional registration
technique. Forces in the anterior cruciate ligament (anteromedial/posterolateral; aACL/pACL) and the
posterior cruciate ligament (anterolateral/posteromedial; aPCL/pPCL) were analyzed. Anteroposterior
translation (APT) of low contact points (LCPs) in WB and non-weight-bearing (NWB) conditions showed
no anterior translation from extension to mid-flexion. The medial APT of LCPs in the NWB was more
posterior than in WB. Medial stabilized articular surface and/or a surgical technique may help restore
native knee kinematics across WB conditions.

Keywords Normal knee, Kinematics, Weight-bearing status, Cruciate ligament force, High knee flexion
activities

Previous studies have reported that patients dissatisfied with their knees after knee arthroplasty often complained
during weight-bearing (WB) activities'”’. Therefore, evaluating the effects of WB is clinically important. Studies
that investigated WB effects at mid-range flexion on the kinematics in knees after arthroplasty demonstrated
that medial or lateral contact points are more posteriorly located under WB than during non-weight-bearing
(NWB) conditions® !, In anterior cruciate ligament (ACL)-sacrificed total knee arthroplasty (TKA) knees, such
as those with cruciate-retaining TKA (CR-TKA), paradoxical anterior motion of the femur relative to the tibia
has been observed during NWB activities'*!°. Fujimoto et al. suggested this anterior motion during NWB is due
to the absence of the ACL!®. Additionally, Moewis et al. reported that anterior translation of the femur relative to
the tibia during both NWB and WB activities may be associated with insufficient PCL tension!'®!”. By contrast,
knees with preserved or substituted ACLs, such as unicompartmental knee arthroplasty (UKA), bicruciate-
retaining TKA (BCR-TKA), and bicruciate-substitute TKA (BCS-TKA) demonstrated reduced paradoxical
anterior motion®1. It is also well established that WB activities stabilize the knee joint through increased joint
loading, particularly via muscle contraction!®~!°. However, a previous in vivo cadaveric study reported that
knees in open-kinetic-chain positions were more anteriorly located than in closed-kinetic-chain positions®.

1Department of Orthopaedic Surgery, Faculty of Medicine, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku,
Tokyo 113-8655, Japan. 2Department of Orthopaedics, Tokyo Teishin Hospital, 2-14-23 Fujimi, Chiyoda-ku, Tokyo
102-8798, Japan. *Faculty of Informatics, Shonan Institute of Technology, 1-1-25 Tsujido-Nishikaigan, Fujisawa,
Kanagawa 251-8511, Japan. “Department of Health and Sport Sciences, Osaka University Graduate School of
Medicine, 2-2 Yamada-oka, Suita, Osaka 565-0871, Japan. *Department of Orthopaedic Biomaterial Science,
Osaka University Graduate School of Medicine, 2-2 Yamada-oka, Suita, Osaka 565-0871, Japan. ®Department of
Orthopaedic Surgery, Saitama Medical University, 38 Morohongo, Moroyama-cho, Iruma-gun, Saitama 350-0495,
Japan. "Department of Orthopaedic Surgery, Saitama Medical Center, Saitama Medical University, 1981 Kamoda,
Kawagoe, Saitama 350-8550, Japan. 8Department of Molecular Medicine Arthritis Research, The Scripps Research
Institute, La Jolla, CA 92037, USA. °Shiley Center for Orthopaedic Research & Education at Scripps Clinic, La Jolla,
CA 92121, USA. %Master Course of Health Sciences, Graduate School of Health Sciences, Morinomiya University of
Medical Sciences, 1-26-16, Nankokita, Suminoe, Osaka 559-8611, Japan. “email: kkouno_tki@yahoo.co.jp

Scientific Reports|  (2025) 15:40019 | https://doi.org/10.1038/s41598-025-23577-9 nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-23577-9&domain=pdf&date_stamp=2025-10-11

www.nature.com/scientificreports/

Anterior translation
o
(9]

Kage et al. demonstrated that WB knee flexion angle correlates more strongly with patient-reported outcome
measures (PROMs) than NWB condition in TKA?!. Additionally, the angular difference between NWB and
WB conditions are associated with PROMs?!. These findings highlight the importance of evaluating WB status
during normal knee flexion activities to optimize surgical procedures and postoperative rehabilitation.

In normal knees, the ACL shortens and the posterior cruciate ligament (PCL) elongates with increasing
flexion?*?3, Previous study has demonstrated that cruciate ligament forces in UKA, BCR-TKA, and preoperative
osteoarthritis (OA) knees were higher than those in normal knees?*. However, the effect of WB on cruciate
ligament forces also remains unknown.

The purpose of this study was to clarify the effects of WB on in vivo knee kinematics and cruciate ligament
force in normal knee during high-flexion activities. We hypothesized that normal knees maintain anteroposterior
stability and cruciate ligament function due to preservation of the ACL and PCL, and therefore, WB status would
not affect in vivo kinematics or cruciate ligament forces.

Results

Rotational kinematic changes (Fig. 1)

The WB and NWB knees flexed from — 6.7 +4.9° to 154.4+4.2°, and from — 1.2 +4.2° to 141.4 + 3.2°, respectively.
WB knees demonstrated significantly greater extension and flexion ranges than NWB knees (p<0.01 for
minimum and maximum flexion).

In WB knees, the femur displayed steep external rotation (10.0+3.7°) relative to the tibia from 0° to 40° of
flexion, reaching 20.4 + 6.3° on average. By contrast, in NWB knees, the femurs displayed steep external rotation
(13.4£4.6°) relative to the tibia from 90° to 140° of flexion, reaching 21.4+6.9° on average. WB knees exhibited
more external rotation than NWB knees from 10° to 110° of flexion.

Regarding varus-valgus alignment, WB knees showed no significant angular deviation. NWB knees showed
2.4+1.6° varus alignment up to 40° of flexion, followed by 2.2 + 3.3° valgus alignment up to 140° of flexion. From
40° to 80° of flexion, NWB knees indicated a significant varus position compared to the WB knees.

Translational kinematic changes

Anteroposterior translation (APT) of surgical epicondylar axis (SEA) (Fig. 2)

Up to 30° of flexion, the medial side of WB and NWB knees indicated 10.4+5.5% and 5.6+3.9% anterior
movement, respectively. Beyond 30° of flexion, WB knees showed 10.2+7.3% posterior movement, while NWB
knees showed 17.7+7.3% posterior movement from 30° to 110° of flexion, followed by 4.6+5.6% anterior
movement. WB knees were more anteriorly located than NWB knees up to 120° of flexion. On the lateral side,
WB knees displayed a total posterior translation of 63.2+11.9%. NWB knees displayed posterior translation up
to 10° and beyond 50° of flexion (4.4 +3.0% and 54.1+10.7%), with no significant movement from 10° to 50° of
flexion. WB knees were more posteriorly located than NWB knees from 20° to 70° of flexion.

APT of low contact points (LCPs) (Fig. 3)
The medial side of WB indicated a total of 22.5+11.3% posterior movement. While the medial side of NWB
knees showed 20.7 +£6.6% posterior movement up to 90° of flexion, followed by 4.5 +5.1% anterior movement.
WB knees were more anteriorly located than NWB knees from 10° to 120° of flexion. At 140° of flexion, WB
knees were more posteriorly located than NWB knees.

The lateral side of WB and NWB knees indicated 38.25+11.6% and 44.1+11.3% posterior movement with
flexion, respectively. WB knees were more posteriorly located than NWB knees from 10° to 70° of flexion.
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Fig. 1. Rotation angle and varus-valgus angle. *Significant differences between weight-bearing (WB) and non-
weight-bearing (NWB) knees (p<0.05).
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Fig. 2. Anteroposterior translation (APT) of surgical epicondylar axis (SEA). *Significant differences between
WB and NWB knees (p<0.05).
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Fig. 3. APT of low contact points (LCPs). *Significant differences between WB and NWB knees (p <0.05).

ACL forces (Fig. 4)

For both the anteromedial and posterolateral bundles of the ACL (aACL and pACL), forces decreased with
flexion in both WB and NWB knees. From 0° to 10°and from 50° to 80° of flexion, the aACL force was lower
in WB than in NWB. Similarly, from 0° to 30° of flexion, the pACL force in WB was lower than that in NWB.

PCL forces (Fig. 5)

For both the anterolateral and posteromedial bundles of the PCL (aPCL and pPCL), forces increased with flexion
in both WB and NWB knees. At 60° of flexion, the aPCL force in WB was smaller than that in NWB. In addition,
at 40° of flexion, the pPCL force in WB was also smaller than that in NWB. While from 70° to 100° of flexion,
the pPCL force in WB was larger than that in NWB.

Discussion
Contrary to our hypothesis, the kinematics and cruciate ligament force of normal knee were affected by WB
status.

The key findings of this study were that the APT of LCPs in WB and NWB conditions showed no anterior
translation from extension to mid-flexion. However, the medial position of the LCPs in NWB knees was located
more posteriorly than that in WB knees. In most of the CR-TKA knees, paradoxical anterior movement of femur
relative to tibia due to ACL deficiency was observed from extension to mid-flexion!*?*. By contrast, knees after
ACL-function-preserving arthroplasty, such as UKA, BCR-TKA, and BCS-TKA, showed less anterior translation
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Fig. 4. Force of the anteromedial and posterolateral bundles of the anterior cruciate ligament (aACL and
PACL). *Significant differences between WB and NWB knees (p <0.05).
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Fig. 5. Force of the anterolateral and posteromedial bundles of the posterior cruciate ligament (aPCL and
pPCL). *Significant differences between WB and NWB knees (p <0.05).

of the femur relative to the tibia®-!?. This emphasizes the importance of ACL function in maintaining native
anterior stability. Furthermore, several previous studies of CR-TKA and fixed-bearing PS-TKA showed that
the medial contact point was located more anteriorly in NWB than in WB conditions®*!34, However, in newly
updated PS mobile-bearing (MB) TKA, which provides stability during the mid-flexion phase and medial-pivot
TKA (MP-TKA), the medial contact point in NWB was more posteriorly located than that in WB!5; that is
similar to native knees. These facts suggest that the medial stabilized articular surface may also be important
to achieve the native knee kinematics during various WB conditions. A previous study also showed that the
femoral external rotation angle is smaller during extension than during flexion?’. Additionally, the medial side is
positioned more posteriorly in extension than in flexion?”. Quadriceps muscle force increases femoral external
rotation with flexion?®?? and is greater during WB than during NWB activities®®. This increased quadriceps
muscle force may, therefore, contribute to the observed medial APT differences.

WB knees exhibited greater external rotation than NWB knees from early flexion to high flexion. A
previous cadaveric study demonstrated that active knee flexion showed more external rotation than passive
knee flexion?, and that closed-kinetic-chain (CKC) knee flexion was more externally rotated than an open-
kinetic-chain (OKC) knee flexion?. These findings suggest that active and CKC motion during WB activities
promote pronounced femoral external rotation. Through femoral external rotation, the shear forces acting on
the patella are reduced, thereby lowering the risk of anterior knee pain. Previous studies have shown that NWB
knees exhibit greater external rotation than WB knees!'®18. In our study, NWB motion was performed as active-
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assisted knee flexion, whereas the study showing the opposite observation investigated active knee flexion-
extension. Because quadriceps force induces femoral external rotation®, it is possible that the quadriceps force
during active-assisted knee flexion was weaker than that during active knee flexion-extension. The axial rotation
in normal knees varies in kinematics depending on WB or NWB status. Intraoperative axial rotation resembles
NWB kinematics, with no significant movement followed by femoral extreme external rotation®>*?. Therefore,
assessment under NWB activities may be useful for comparing intraoperative and postoperative rotational
kinematics. However, WB conditions reflect actual activities; therefore, understanding the differences between
WB and NWB conditions is particularly important.

At mid-flexion, NWB knees indicated a significant varus alignment compared to WB knees, consistent with
previous cadaveric study?. In other words, OKC knee flexion indicated a significant varus alignment than CKC
flexion at mid-flexion?’. Because the NWB position results in slightly greater varus alignment than the WB
position in TKA, maintaining slight valgus alignment through kinematic alignment may better approximate
normal function than aiming for neutral alignment through mechanical alignment.

The APT of SEA indicated a similar kinematic trend to APT of LCPs, though the medial APT of SEA showed
slight anterior movement at early flexion. In other words, the medial movement of LCPs almost recreates that of
SEA. On the lateral sides, APT in WB showed more posterior translation of femur relative to than that in NWB
at mid-flexion. Nakazato et al. reported that tibial widening was independently correlated to lateral posterior
tibial slope (PTS) after anatomical rectangular tunnel ACL reconstruction (ACLR), as increased PTS can result
in posterior translation of the femur during WB activities, increasing ACL strain and injury risk®*. The lateral
PTS in this study was 9.4 £ 2.0°, which may contribute to large posterior translation of the femur observed
at mid-flexion. Accordingly, in rehabilitation after ACLR, patients with increased lateral PTS should exercise
caution with half-squatting at an early stage, while squatting with a forward-leaning posture is reccommended.

ACL forces decreased with flexion in both WB and NWB knees from early to mid-flexion. In this study, the
ACL forces in WB were smaller than those in NWB at early flexion. NWB exercises generally load the ACL
more than WB exercises owing to increased hamstring activity®®. This muscle contraction during WB activity
may reduce the role of the ACL in stabilizing the joint. Additionally, the femoral origin of the local coordinate
system, with respect to the tibia, in WB was more inferior, anterior, and medially located than that in NWB
(Supplementary Table S1-3), which induced ACL elongation. This femoral origin movement was similar to that
in a previous study’®. The ACL elongation at early flexion might affect the increasing ligament force. By contrast,
PCL forces increased with flexion in both WB and NWB knees from mid to deep flexion. The PCL force in WB
was smaller than that in NWB, it was only 60° of flexion. By contrast, the pPCL force in WB was larger than that
in NWB at mid-flexion. Hosseini et al. reported that especially pPCL strain during forward lunge was larger than
that during passive flexion at mid-flexion®. This pPCL elongation in WB might affect the increase of ligament
force.

This study has some limitations. First, volunteers performed only squatting and passive knee flexion, so other
activities of daily living, such as walking, kneeling, and stair activities, may yield different results. Second, we
evaluated only male Japanese. Other genders and ethnicities may indicate different results.

In conclusion, the APT of LCPs in WB and NWB conditions showed no anterior translation from extension
to mid-flexion, with the medial APT of LCPs in NWB condition more posteriorly located than in WB knees.
In TKA, a medially stabilized articular surface, such as medial-pivot design, or a medial stabilization surgical
technique, such as avoiding MCL release, may be important for achieving native knee kinematics under varying
WB conditions. In addition, WB exercises may be recommended to help preserve the cruciate ligaments.

Methods

This study included 20 Japanese male volunteers with no history of knee pain. All participants provided
informed consent, and the study was approved by The University of Tokyo Institutional Ethics Review Board.
The following methods were carried out in accordance with relevant guidelines and regulations.

Fluoroscopic imaging was performed in the sagittal plane while each volunteer performed squatting (WB)
and active assisted knee flexion motions (NWB) at a natural pace. The NWB motions were performed in a single
leg while sitting (Fig. 6). Participants practiced the motions several times prior to recording. The volunteers’
mean age was 34.5 £ 2.5 years, with an average height of 174.0 £0.1 cm and weight of 69.8+7.7 kg.

Sequential motion was recorded as digital X-ray images (1024 x 1024 x 12 bits/pixel, 7.5-Hz serial spot images
as a DICOM file) using a 17-inch flat panel detector system (ZEXIRA DREX-ZX80, Toshiba, Tokyo, Japan).
Images were processed using dynamic range compression to enhance edge visibility. Knee spatial position and
orientation were estimated using a two-dimensional (2D)/three-dimensional (3D) registration technique®®.
This technique was based on a contour-based registration algorithm that uses single-view fluoroscopic images
and 3D computer-aided design (CAD) models**. 3D bone models were generated using computed tomography
(CT: Aquilion ONE, 320-slice CT scanner, slice thickness 1 mm, Canon, Tokyo, Japan) before surgery and used
them for CAD models. The CAD models were reconstructed using software (ZedView, LEXI, Tokyo, Japan).
The estimation accuracy for relative motion between 3D bone models was < 1° in rotation and < 1 mm in
translation®. The local coordinate system in the bone model was produced according to a previous study’. Knee
rotations were described using the joint rotational convention of Grood and Suntay”’. The femoral rotation and
varus-valgus angle relative to the tibia; APT of the surgical epicondylar axis (SEA), defined as the line connecting
the medial sulcus (medial side) and lateral epicondyle (lateral side) of the femur on a plane perpendicular to
the tibial mechanical axis; and APT of femoral LCPs on the proximal tibial plane were analyzed at each flexion
angle (Fig. 7)*!. The proximal tibial plane was defined as the plane that originally adjusted medial inclination
and posterior slope. Intraclass correlation coefficients to measure intra- and interobserver reliability were 0.99
and 0.99 for detecting the medial sulcus and 0.98 and 0.99 for detecting the lateral epicondyle. External rotation
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Fig. 6. Fluoroscopic imaging in the sagittal plane. WB: weight-bearing, NWB: non-weight-bearing.

WB NWB

Fig. 7. APT of the lowest contact points (LCPs) of the femur on the proximal tibial plane during weight-
bearing (WB) and non-weight-bearing (NWB) knee flexion.

was denoted as positive, and internal rotation as negative. Valgus was defined as positive, and varus as negative.
Positive or negative values of APT were defined as anterior or posterior to the axis of the tibia, respectively.

Both bundles of the ACL and PCL were identified using the osseous landmarks on the preoperative CT and
magnetic resonance imaging (MRI: Vantage Centurian ZGO, fat-suppressed proton density-weighted images,
Canon, Tokyo, Japan)?>#2-#4. The accuracy of the attachment area was within 0.7 + 0.1 mm*. Each cruciate
ligament force was calculated using commercially available software (VivoSim v1, Advanced Mechanical
Technology Inc., Watertown, MA, USA; https://amti.biz/index .aspx). The path of each ligament was assumed
to be a straight line, and the effects of the ligament-bone contact were neglected. Each ligament was assumed
to be elastic, and its properties were described using a nonlinear force-strain relationship (Videos 1 and 2)*-%7.
The stiffness values of the model ligaments were derived from previously published data*’-*° and were further
adjusted to match knee-joint laxity measurements from intact and ACL-deficient knees reported in cadaveric
studies?®>0. Cruciate ligament forces at each flexion angle were computed for each squatting cycle. All values
were expressed as means + standard deviations.

Statistical analysis

Statistical analyses were conducted using IBM SPSS Statistics for Windows, Version 29.0 (IBM Corp.,
Armonk, NY, USA) *°'7. Repeated-measures analysis of variance (ANOVA) with Bonferroni post-hoc pairwise
comparison tests evaluated differences in rotational kinematics, APTs, and cruciate ligament forces. Statistical
significance was set at p < 0.05. A paired t-test was used to compare knee flexion angles. A priori power analysis
was conducted using G*Power (version 3.1.9.7; Heinrich Heine University, Diisseldorf, Germany)®! prior to the
study. The analysis determined that a minimum of eight knees was required to achieve an alpha level of 0.05, a
power of 0.95, and an effect size of 0.25.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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