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Abstract
Purpose

According to a previous study, asymmetrical kneeling, such as sitting sideways, does not exhibit
asymmetrical movements. Rotational analyses of each femur and tibia help explain why rotational knee
kinematics while sitting sideways do not exhibit asymmetrical movement. We aimed to assess the rotation of
the femur and tibia in normal knees while sitting sideways.

Methods

Each volunteer sat sideways under fluoroscopy. Two-dimensional and three-dimensional registration
techniques were used. After evaluating the femoral rotation angle relative to the tibia at each flexion angle,
the femoral and tibial sole rotation angles at each flexion angle were compared between the ipsilateral and
contralateral knees.

Results

While sitting sideways, both knees showed femoral external rotation relative to the tibia with flexion. In the
ipsilateral knees, the femurs exhibited an external rotation of 26.3 + 8.0°, from 110° to 150° of flexion.
Conversely, the tibia exhibited an external rotation of 12.2 * 7.8°, from 110° to 150° of flexion. From 110° to
150° of flexion, femoral external rotation was significantly larger than tibial external rotation. In the
contralateral knees, the femurs exhibited an internal rotation of 23.8 + 6.3°, from 110° to 150° of flexion
(110°, p < 0.001; 120°, p < 0.001; 130°, p < 0.001; 140°, p < 0.001; and 150°, p < 0.001). Contrastingly, the
tibia exhibited an internal rotation of 30.4 + 8.8°, from 110° to 150° of flexion, which was significantly larger
than femoral internal rotation (110°, p = 0.002; 120°, p < 0.001; 130°, p < 0.001; 140°, p < 0.001; and 150°, p <
0.001).

Conclusions

Although bilateral knees exhibited femoral external rotation relative to the tibia while sitting sideways, the
ipsilateral and contralateral knees showed femoral and tibial sole rotations in opposite directions. In
particular, the contralateral knees might show a strained movement because both femurs and tibias
exhibited internal rotation with flexion. Patients who have undergone guided-motion total knee arthroplasty
(TKA) or medial-pivot TKAs might be advised to avoid sitting sideways.

Categories: Orthopedics
Keywords: axial rotation, normal knee, kinematics, kneeling, sitting sideways

Introduction

With the diversification of activities of daily living (ADL), people desire various knee motions, such as
walking, stair activity, squatting, kneeling, and sitting cross-legged. In addition, previous studies have
reported that the kinematics of normal knees differ depending on the activities [1-7]. During walking, a
lateral pivot motion is generally observed [5]. By contrast, during squatting and kneeling, a medial pivot
motion has been observed with flexion [3,4]. Furthermore, while sitting cross-legged, a lateral pivot motion
followed by a medial pivot motion has been observed [4]. Therefore, the evaluation of each activity is
important.

During sitting activities, such as sitting on the floor, praying, holding tea ceremonies, and gardening, a
kneeling motion is mandatory. In addition, there are several types of kneeling styles, such as seiza-sitting
and sitting sideways. Knee kinematics during seiza-sitting has indicated a sharp femoral external rotation
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with a medial pivot [4]. While sitting sideways, the ipsilateral knees exhibit external femoral rotation and a
medial pivot motion with flexion, whereas the contralateral knees exhibit internal femoral rotation and a
lateral pivot motion with flexion. However, a previous study demonstrated that bilateral knees show femoral
external rotation and the contralateral knees do not show lateral pivot motion. In other words, normal knees
exhibit external femoral rotation during asymmetrical kneeling. Moreover, lateral pivot motion was not
observed, even in the contralateral knees, during asymmetrical kneeling. Even in asymmetrical kneeling, the
knees do not exhibit asymmetrical movement [8]. To investigate why the rotational knee kinematics while
sitting sideways do not exhibit asymmetrical movement, rotational analyses of each femur and tibia are
essential.

In this study, we aimed to examine the rotation of the femur and tibia in normal knees while sitting
sideways. We hypothesized that the sole rotation would differ between the femur and tibia.

This article was previously posted to the medRxiv preprint server on April 27, 2020.

Materials And Methods

Twelve knees from six volunteers were examined. Approval from the institutional review board was obtained
through documentation, and all volunteers provided written informed consent to participate in the study.
All values are expressed as mean * SD.

During the fluoroscopy, each volunteer sat sideways at a natural pace [8]. They practiced the motion several
times for a few minutes before recording. The right and left knee motions were recorded separately. The
sequential motion was captured as a series of digital radiography images (1024 x 1024 x 12 bits/pixel, 7.5-Hz
serial spot images as a DICOM file) using a 17-inch (43 cm) flat panel detector system. Furthermore, all
images were processed using dynamic-range compression, thereby enabling edge-enhanced images. To
estimate the spatial position and orientation of the knee, a two-dimensional/three-dimensional (2D/3D)
registration technique was employed [4,9].

Moreover, 3D bone models were created using CT and used as computer-aided design (CAD) models. The
estimation accuracy for the relative motion between 3D bone models was < 1° in rotation and € 1 mm in
translation [4].

Alocal coordinate system was produced for the bone model, as described in a previous study [10]. Knee
rotations were described using the joint rotational conventions of Grood ES and Suntay W] [11]. The femoral
rotation angle relative to the tibia was evaluated [4,8]. External and internal rotations were denoted as
positive and negative, respectively. The rotational angles of the femur and tibia were then calculated. In the
global coordinate system, the vertical line from the tibial origin was established as the Y-axis. The line that
passed through the centers of the medial and lateral eminences and the ankle center was projected onto the
plane perpendicular to the Y-axis. This projection was established along the Z-axis. The line perpendicular
to both the Y- and Z-axes was established as the X-axis (Figure 7).
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FIGURE 1: The global coordinate system.

A vertical line from the tibial origin was established as the Y-axis. A line passing through the centre of medial and
lateral eminences and the ankle centre was projected onto the plane perpendicular to the Y-axis, and the
projection was established along the Z-axis. A line perpendicular to both Y- and Z-axes was denoted as the X-axis.

The femoral and tibial rotations relative to the global coordinate system were defined as the femoral and
tibial sole rotations, respectively. In the AP view, clockwise and anticlockwise rotations of the right and left
knees, respectively, were defined as external rotations and represented as positive (Figure 2).

Right knee Left knee

FIGURE 2: Femoral and tibial sole rotation.

In the AP view, clockwise and anticlockwise rotations of the right and left knees, respectively, were defined as the
external rotation and represented as positive.

AP: Anteroposterior.

The femoral and tibial sole rotation angles at each flexion angle were compared between the ipsilateral and

contralateral knees.
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Demographic
Age (years)
Body height (cm)
Body weight (kg)

BMI (kg/m?)

Statistical analyses

Results were analyzed using SPSS version 24 (IBM Corp., Armonk, NY, USA) with repeated-measures
ANOVA and post hoc pairwise comparisons (Bonferroni test). Statistical significance was set at p < 0.05.
Moreover, a power analysis using EZR [12] indicated that 11 knees would be required to achieve an alpha of
0.05 and a power of 0.8.

Results
Volunteer’s demographics

All volunteers were Japanese men, whose mean age at the time of examination was 37.3 + 7.6 years, mean
height was 169.9 # 5.2 cm, mean weight was 64.2 + 5.2 kg, and mean body mass index was 22.2 # 1.1 kg/m?
(Table 1) [8]. The volunteers did not have any previous relevant surgical history or trauma that could affect
their range of movement.

Mean + SD
37376
169.9+5.2
642152

222+11

TABLE 1: Volunteer’s demographics.

Femoral flexion and rotation relative to the tibia

While sitting sideways, the ipsilateral knees were gradually flexed from 98.4 + 6.8° to 150.8 + 4.5°, and the
contralateral knees were gradually flexed from 101.7 + 6.2° to 155.2 + 4.8°.

In the ipsilateral knees, the femurs exhibited an external rotation of 13.7 + 3.5° relative to the tibia, from
110° to 150° of flexion. In the contralateral knees, the femurs exhibited an external rotation of 5.8 + 6.8°
relative to the tibia, from 110° to 150° of flexion (Figure 3). From 120° to 150° of flexion, the femoral
external rotation in contralateral knees was significantly smaller than that in ipsilateral knees (120°, p =
0.008; 130°, p = 0.001; 140°, p < 0.001; and 150°, p < 0.001).

degree
40

20
15

External rotatio

110 120 130 140 150 degree
Flexion angle

——|psilateral knee —=Contralateral knee

FIGURE 3: Rotation angle while sitting sideways.

The markers indicate femoral rotation relative to the tibia. *, significant differences between the ipsilateral and
contralateral knees (p < 0.05).

Femoral and tibial sole rotation angles

In the ipsilateral knees, the femurs exhibited an external rotation of 26.3 * 8.0° from 110° to 150° of flexion.

Conversely, the tibia exhibited an external rotation of 12.2 # 7.8°, from 110° to 150° of flexion (Figure ).
From 110° to 150° of flexion, the femoral external rotation was significantly larger than the tibial external
rotation (110°, p < 0.001; 120°, p < 0.001; 130°, p < 0.001; 140°, p < 0.001; and 150°, p < 0.001).
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FIGURE 4: Sole rotation of the femur and tibia in the ipsilateral knees
while sitting sideways.

The markers indicate femoral and tibial rotation relative to the global coordinate system. The anteroposterior view
of each flexion angle is shown. *, significant differences between the femur and tibia (p < 0.05).

In the contralateral knees, the femurs exhibited an internal rotation of 23.8 + 6.3° from 110° to 150° of
flexion. In contrast, the tibia exhibited an internal rotation of 30.4 + 8.8°, from 110° to 150° of flexion (Figure
5). This was significantly larger than the femoral internal rotation (110°, p = 0.002; 120°, p < 0.001; 130°, p <
0.001; 140°, p < 0.001; and 150°, p < 0.001).
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FIGURE 5: Sole rotation of the femur and tibia in the contralateral knees
while sitting sideways.

The markers indicate femoral and tibial rotation relative to the global coordinate system. The anteroposterior view
of each flexion angle is shown. *, significant differences between the femur and tibia (p < 0.05).

Discussion

The most important finding of the current study was that although both the ipsilateral and contralateral
knees exhibited femoral external rotation relative to the tibia with flexion, the femoral and tibial sole
rotations differed between the ipsilateral and contralateral knees. In the ipsilateral knees, both the femur
and tibia exhibited external rotation with flexion. Furthermore, femoral external rotation was significantly
greater than tibial external rotation during flexion. This difference in external rotation was attributed to the
femur's external rotation relative to the tibia. By contrast, in the contralateral knees, both the femur and
tibia exhibited internal rotation with flexion. Additionally, tibial internal rotation was significantly larger
than femoral internal rotation during flexion. This difference in internal rotation was attributed to the
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external rotation of the femur relative to the tibia. Although both knees exhibited femoral external rotation
relative to the tibia while sitting sideways, the rotational mechanism differed between the ipsilateral and
contralateral knees.

With the recent diversification of ADL, patients who undergo TKA also desire to sit with a deep knee bend.
Several studies have demonstrated that knees after TKA exhibit femoral external rotation [13-15]. Niki Y et
al. reported that seiza-sitting after TKA appeared safe in terms of component dislocation [14]. Furthermore,
Nakamura S et al. has reported that ball-and-socket joint articulation enables patients to kneel safely
without dislocation [15]. In contrast, medial pivot TKA was recently introduced based on normal knee
kinematics, with reportedly good or excellent clinical outcomes [16-21]. Patients who undergo medial pivot
TKA are advised to avoid asymmetrical sitting, such as sitting sideways, because the contralateral knee is
capable of exhibiting a lateral pivot motion with femoral internal rotation. A previous study demonstrated
that both knees showed femoral external rotation; additionally, the contralateral knees did not show lateral
pivot motion [8]. This suggests that normal knees exhibit femoral external rotation during asymmetrical
kneeling. Moreover, lateral pivot motion may not be observed in the contralateral knees during
asymmetrical kneeling. The rotation of the ipsilateral knees while sitting sideways is relatively similar to
that of normal knees during symmetrical kneeling [3,4]. By contrast, the rotational movement of the
contralateral knees while sitting sideways was minimal. In addition, the femur and tibia exhibited internal
rotation with flexion in the contralateral knees. Therefore, although patients who underwent conventional
TKAs might not need to avoid sitting sideways, those who underwent guided-motion TKAs or medial-pivot
TKAs might want to avoid kinematic conflict while sitting sideways.

This study had some limitations. First, it analyzed the knee joint kinematics of only healthy Japanese men.
The knee kinematics of women, other races, and patients with osteoarthritis may differ. Second, in this
study, the right and left knee motions were recorded separately because it was impossible to record bilateral
knees in a flat panel. Therefore, our findings cannot be applied to simultaneous knee motion while sitting
sideways.

Conclusions

Although bilateral knees exhibited femoral external rotation relative to the tibia while sitting sideways, the
femoral and tibial sole rotations were in opposite directions in the ipsilateral and contralateral knees. In
particular, the contralateral knees might show a strained movement because both femurs and tibias
exhibited an internal rotation with flexion. The patients who underwent guided-motion TKAs or medial-
pivot TKAs might want to avoid kinematic conflict while sitting sideways.

Additional Information
Author Contributions

All authors have reviewed the final version to be published and agreed to be accountable for all aspects of the
work.

Concept and design: Kenichi Kono, Shoji Konda, Shuji Taketomi, Masashi Tamaki, Hiroshi Inui, Sakae
Tanaka, Tetsuya Tomita

Acquisition, analysis, or interpretation of data: Kenichi Kono, Shoji Konda, Takaharu Yamazaki, Tetsuya
Tomita

Drafting of the manuscript: Kenichi Kono

Critical review of the manuscript for important intellectual content: Kenichi Kono, Shoji Konda,
Takaharu Yamazaki, Shuji Taketomi, Masashi Tamaki, Hiroshi Inui, Sakae Tanaka, Tetsuya Tomita

Supervision: Shuji Taketomi, Masashi Tamaki, Hiroshi Inui, Sakae Tanaka, Tetsuya Tomita

Disclosures

Human subjects: Consent was obtained or waived by all participants in this study. Osaka University
Institutional Review Board issued approval 13106. Animal subjects: All authors have confirmed that this
study did not involve animal subjects or tissue. Conflicts of interest: In compliance with the ICMJE uniform
disclosure form, all authors declare the following: Payment/services info: All authors have declared that no
financial support was received from any organization for the submitted work. Financial relationships: All
authors have declared that they have no financial relationships at present or within the previous three years
with any organizations that might have an interest in the submitted work. Other relationships: All authors
have declared that there are no other relationships or activities that could appear to have influenced the
submitted work.

Acknowledgements

2024 Kono et al. Cureus 16(5): €59678. DOI 10.7759/cureus.59678 60of 7


javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)

Cureus

Part of SPRINGER NATURE

We are grateful to Dr. Teruya Ishibashi, Dr. Tomofumi Kage, and Dr. Takahiro Arakawa for their cooperation
in this research. We also thank the volunteers who participated in this study.

References

1.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Komistek RD, Dennis DA, Mahfouz M: In vivo fluoroscopic analysis of the normal human knee. Clin Orthop
Relat Res. 2003, 69-81. 10.1097/01.b10.0000062384.7982.8.3b

Hemmerich A, Brown H, Smith S, Marthandam SS, Wyss UP: Hip, knee, and ankle kinematics of high range
of motion activities of daily living. ] Orthop Res. 2006, 24:770-781. 10.1002/jor.20114

Moro-oka TA, Hamai S, Miura H, et al.: Dynamic activity dependence of in vivo normal knee kinematics . |
Orthop Res. 2008, 26:428-434. 10.1002/jor.20488

Kono K, Tomita T, Futai K, Yamazaki T, Tanaka S, Yoshikawa H, Sugamoto K: In vivo three-dimensional
kinematics of normal knees during different high-flexion activities. Bone Joint J. 2018, 100-B:50-55.
10.1302/0301-620X.100B1.B]J-2017-0553.R2

Koo S, Andriacchi TP: The knee joint center of rotation is predominantly on the lateral side during normal
walking. ] Biomech. 2008, 41:1269-1273. 10.1016/j.jbiomech.2008.01.013

Kozanek M, Hosseini A, Liu F, Van de Velde SK, Gill TJ, Rubash HE, Li G: Tibiofemoral kinematics and
condylar motion during the stance phase of gait. ] Biomech. 2009, 42:1877-1884.
10.1016/j.jbiomech.2009.05.003

Murakami K, Hamai S, Okazaki K, et al.: In vivo kinematics of healthy male knees during squat and golf
swing using image-matching techniques. Knee. 2016, 23:221-226. 10.1016/j.knee.2015.08.004

Kono K, Yamazaki T, Konda S, Inui H, Tanaka S, Sugamoto K, Tomita T: In vivo three-dimensional
kinematics of normal knees during sitting sideways on the floor. BMC Musculoskelet Disord. 2022, 23:326.
10.1186/512891-022-05267-z

Yamazaki T, Watanabe T, Nakajima Y, Sugamoto K, Tomita T, Yoshikawa H, Tamura S: Improvement of
depth position in 2-D/3-D registration of knee implants using single-plane fluoroscopy. IEEE Trans Med
Imaging. 2004, 23:602-612. 10.1109/tmi.2004.826051

Kawashima K, Tomita T, Tamaki M, Murase T, Yoshikawa H, Sugamoto K: In vivo three-dimensional motion
analysis of osteoarthritic knees. Mod Rheumatol. 2013, 23:646-652. 10.1007/s10165-012-0703-0

Grood ES, Suntay WJ: A joint coordinate system for the clinical description of three-dimensional motions:
application to the knee. ] Biomech Eng. 1983, 105:136-144. 10.1115/1.3138397

Kanda Y: Investigation of the freely available easy-to-use software 'EZR' for medical statistics . Bone Marrow
Transplant. 2013, 48:452-458. 10.1038/bmt.2012.244

Hamai S, Miura H, Higaki H, et al.: Kinematic analysis of kneeling in cruciate-retaining and posterior-
stabilized total knee arthroplasties. ] Orthop Res. 2008, 26:435-442. 10.1002/jor.20512

Niki Y, Takeda Y, Udagawa K, Enomoto H, Toyama Y, Suda Y: Is greater than 145{degrees} of deep knee
flexion under weight-bearing conditions safe after total knee arthroplasty?: a fluoroscopic analysis of
Japanese-style deep knee flexion. Bone Joint J. 2013, 95-B:782-787. 10.1302/0301-620X.95B6.30757
Nakamura S, Sharma A, Kobayashi M, et al.: 3D in vivo femoro-tibial kinematics of tri-condylar total knee
arthroplasty during kneeling activities. Knee. 2014, 21:162-167. 10.1016/j.knee.2013.08.016

Katchky AM, Jones CW, Walter WL, Shimmin AJ: Medial ball and socket total knee arthroplasty: five-year
clinical results. Bone Joint J. 2019, 101-B:59-65. 10.1302/0301-620X.101B1.B]J-2018-0434.R1

Schmidt R, Ogden S, Blaha JD, Alexander A, Fitch DA, Barnes CL: Midterm clinical and radiographic results
of the medial pivot total knee system. Int Orthop. 2014, 38:2495-2498. 10.1007/s00264-014-2444-5

Fitch DA, Sedacki K, Yang Y: Mid- to long-term outcomes of a medial-pivot system for primary total knee
replacement: a systematic review and meta-analysis. Bone Joint Res. 2014, 3:297-304. 10.1302/2046-
3758.310.2000290

Atzori F, Salama W, Sabatini L, Mousa S, Khalefa A: Medial pivot knee in primary total knee arthroplasty .
Ann Transl Med. 2016, 4:6. 10.3978/j.issn.2305-5839.2015.12.20

Karachalios T, Varitimidis S, Bargiotas K, Hantes M, Roidis N, Malizos KN: An 11- to 15-year clinical
outcome study of the Advance Medial Pivot total knee arthroplasty: pivot knee arthroplasty. Bone Joint J.
2016, 98-B:1050-1055. 10.1302/0301-620X.98B8.36208

Youm YS, Cho SD, Lee SH, Cho HY: Total knee arthroplasty using a posterior cruciate ligament sacrificing
medial pivot knee: minimum 5-year follow-up results. Knee Surg Relat Res. 2014, 26:135-140.
10.5792/ksrr.2014.26.3.135

2024 Kono et al. Cureus 16(5): €59678. DOI 10.7759/cureus.59678

7of7


https://dx.doi.org/10.1097/01.blo.0000062384.79828.3b
https://dx.doi.org/10.1097/01.blo.0000062384.79828.3b
https://dx.doi.org/10.1002/jor.20114
https://dx.doi.org/10.1002/jor.20114
https://dx.doi.org/10.1002/jor.20488
https://dx.doi.org/10.1002/jor.20488
https://dx.doi.org/10.1302/0301-620X.100B1.BJJ-2017-0553.R2
https://dx.doi.org/10.1302/0301-620X.100B1.BJJ-2017-0553.R2
https://dx.doi.org/10.1016/j.jbiomech.2008.01.013
https://dx.doi.org/10.1016/j.jbiomech.2008.01.013
https://dx.doi.org/10.1016/j.jbiomech.2009.05.003
https://dx.doi.org/10.1016/j.jbiomech.2009.05.003
https://dx.doi.org/10.1016/j.knee.2015.08.004
https://dx.doi.org/10.1016/j.knee.2015.08.004
https://dx.doi.org/10.1186/s12891-022-05267-z
https://dx.doi.org/10.1186/s12891-022-05267-z
https://dx.doi.org/10.1109/tmi.2004.826051
https://dx.doi.org/10.1109/tmi.2004.826051
https://dx.doi.org/10.1007/s10165-012-0703-0
https://dx.doi.org/10.1007/s10165-012-0703-0
https://dx.doi.org/10.1115/1.3138397
https://dx.doi.org/10.1115/1.3138397
https://dx.doi.org/10.1038/bmt.2012.244
https://dx.doi.org/10.1038/bmt.2012.244
https://dx.doi.org/10.1002/jor.20512
https://dx.doi.org/10.1002/jor.20512
https://dx.doi.org/10.1302/0301-620X.95B6.30757
https://dx.doi.org/10.1302/0301-620X.95B6.30757
https://dx.doi.org/10.1016/j.knee.2013.08.016
https://dx.doi.org/10.1016/j.knee.2013.08.016
https://dx.doi.org/10.1302/0301-620X.101B1.BJJ-2018-0434.R1
https://dx.doi.org/10.1302/0301-620X.101B1.BJJ-2018-0434.R1
https://dx.doi.org/10.1007/s00264-014-2444-5
https://dx.doi.org/10.1007/s00264-014-2444-5
https://dx.doi.org/10.1302/2046-3758.310.2000290
https://dx.doi.org/10.1302/2046-3758.310.2000290
https://dx.doi.org/10.3978/j.issn.2305-5839.2015.12.20
https://dx.doi.org/10.3978/j.issn.2305-5839.2015.12.20
https://dx.doi.org/10.1302/0301-620X.98B8.36208
https://dx.doi.org/10.1302/0301-620X.98B8.36208
https://dx.doi.org/10.5792/ksrr.2014.26.3.135
https://dx.doi.org/10.5792/ksrr.2014.26.3.135

	Sitting Sideways Causes Different Femoral-Tibial Rotations in Each Knee
	Abstract
	Purpose
	Methods
	Results
	Conclusions

	Introduction
	Materials And Methods
	FIGURE 1: The global coordinate system.
	FIGURE 2: Femoral and tibial sole rotation.
	Statistical analyses

	Results
	Volunteer’s demographics
	TABLE 1: Volunteer’s demographics.

	Femoral flexion and rotation relative to the tibia
	FIGURE 3: Rotation angle while sitting sideways.

	Femoral and tibial sole rotation angles
	FIGURE 4: Sole rotation of the femur and tibia in the ipsilateral knees while sitting sideways.
	FIGURE 5: Sole rotation of the femur and tibia in the contralateral knees while sitting sideways.


	Discussion
	Conclusions
	Additional Information
	Author Contributions
	Disclosures
	Acknowledgements

	References


