
Secondly, the observed kinematics are potentially 
influenced by muscle activity, as previously described by 
Victor and colleagues8. This highlights the importance 
of evaluating various activities during fluoroscopic 
assessment9. However, the extent to which this effect is 
consistent across different implants is uncertain.

Thirdly, the analytical method can also introduce 
differences in kinematics. Historically, the position 
of the femoral point nearest to the tibial tray has 
been used as reference for analyzing in-vivo knee 
kinematic10,11. However, this strategy does not consider 
the congruency between the insert and the femoral 
component. Alternatively, the analytical method 
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Purpose: Numerous papers present in-vivo knee kinematics data following total knee arthroplasty (TKA) from 
fluoroscopic testing. Comparing data is challenging given the large number of factors that could potentially affect the 
reported kinematics. This paper aims to understand the effects of some of the most pertinent factors: 

1. What is the role of post-cam interaction and implant geometry in total knee kinematics? 
2. Do tibiofemoral kinematics vary with different activities? 
3. Is there a correlation between landmark-based and contact points kinematics?

Methods: Thirty patients who underwent TKA between 2014 and 2016 were assessed at a minimum follow-up period 
of six months. Given the use of three different posterior stabilized implants in the hospital, the first ten patients per 
implant who attended follow-up consultations and demonstrated a minimum of 90° knee flexion, were included in the 
study. The tibiofemoral kinematics during both open kinetic chain flexion-extension and closed kinetic chain exercises, 
such as rising from a chair and squatting, were examined using fluoroscopy. Single-plane fluoroscopic analysis (2D) 
was used to record the data, which was subsequently converted to 3D implant positions to evaluate the tibiofemoral 
contact points and landmark-based kinematic parameters.   
Results: Significantly different anteroposterior translations and internal-external rotations were observed between the 
considered implants. Comparing the activities, a significantly more posterior position was observed for both the medial 
and lateral compartments in the closed chain activities during mid-flexion. A strong and significant correlation was 
found between the contact points and landmark-based analysis methods. However, large individual variations were 
also observed, yielding a difference of up to 25% in anteroposterior position between both methods.   
Conclusion: In conclusion, all three evaluated factors significantly affect the obtained tibiofemoral kinematics. 
Level of Evidence: Diagnostic, Level IV Case series

Keywords: Knee kinematics, total knee arthroplasty, posterior-stabilized total knee prosthesis, fluoroscopy, post-cam 
engagement.

INTRODUCTION

Several research groups have already described in-
vivo knee kinematics. However, a comparison of these 
studies is frequently challenging due to the substantial 
methodological variations observed across different 
studies1–3. Primarily, the implant type plays an 
important role in the kinematic pattern due to specific 
design properties. Consequently, conceptually similar 
implants can largely differ in their kinematics4-7. 
In addition, for the posteriorly stabilized design 
investigated in previous papers4-7, the effect of post-
cam engagement on kinematics remains unclear.
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A total of thirty TKA patients (10 male and 20 
female) were included with a mean age of 63.9 years 
(SD 8.8) and a mean BMI of 27.1 kg/m² (SD 5.2). 
All had TKA performed between 2014 and 2016 
for the preoperative diagnosis of osteoarthritis. The 
surgeries were performed by one of four senior knee 
surgeons (JV, NA, GVD, PD) utilizing a standardized, 
measured resection technique as outlined in a previous 
publication12. During this period, three different 
posterior-stabilized implant types were used for TKA. 
The first ten patients per implant, who attended follow-
up consultations and were able to bend their knee at 
least 90°, were included in the study and received one 
the following implant types (Figure 1)13:

-	 Implant 1: anatomical multi-radius posterior 
stabilized design (Journey™ II Bi-Cruciate 
Stabilized knee system, Smith & Nephew, 
Memphis, TN, USA)
-	 Implant 2: single-radius posterior stabilized 
design (Unity™ knee system (Corin Ltd, 
Cirencester, UK)
-	 Implant 3: a size-optimized multi-radius 
posterior stabilized design (Persona® knee system, 
Zimmer-Biomet, Warsaw, IN, USA)

as outlined in the paper by Grood and Suntay uses 
anatomical landmarks to determine knee kinematics. 
This method is described in the guidelines provided by 
the International Society for Biomechanics (ISB) and 
is frequently advocated for ex-vivo testing9. However, 
there is a lack of knowledge regarding the relationship 
between the different analysis methods. 

The purpose of this paper is to address the indicated 
lacunae in current knowledge by evaluating:

1.	 what the role is of post-cam interaction and 
implant geometry in total knee kinematics,
2.	 if tibiofemoral kinematics vary with different 
activities and 
3.	 if there is a correlation between landmark-
based and contact points kinematic analyses.

 
METHODS

Patient Population

The study was performed at Ghent University Hospital, 
Belgium. This study obtained approval from the 
Institutional Review Board (IRB) with the reference 
number B670201419601, along with informed consent 
from all participating patients.

 

Implant 1 Implant 2 Implant 3

flexion facets

0%

100%
Normalized
AP position
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Fig. 1 — Geometry and orientation of implants studied in this paper 
with indication of normalized AP dimension on sagittal views for the 

tibial inserts. 
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components was constructed based on tibial and 
femoral landmarks. The flexion facets of the femoral 
component were determined, and spherical shapes 
were fitted through both condyles. The medial and 
lateral centers of the spheres serve as reference 
points for describing mediolateral and anteroposterior 
translations. Dimensions perpendicular to the box 
geometry are used to describe the mediolateral and 
distal-proximal translations of the femoral component. 
The proximal-distal direction of the tibia is defined as 
normal to the tibial tray. Also, the anteroposterior and 
mediolateral directions were based on the geometric 
characteristics of the tray. In the anteroposterior 
position, the zero point is assigned to the most 
posterior location of the tibial tray. Based on these 
implant coordinate systems, a joint coordinate system 
was subsequently established. The mediolateral axis 
of the femur and the proximal-distal axis of the tibia 
were thereby used as the fixed axes. Afterwards, the 
translations were normalized using the maximum 
dimensions of the tibial tray in the corresponding 
direction (Figure 1)15. While all six degrees of freedom 
were assessed, this study primarily emphasizes the 
evaluation of the anteroposterior (AP) translation 
in both compartments of the knee and the internal-
external (IE) rotation relative to the flexion angle. 
The rotation was determined based on the previously 
mentioned axes, specifically the angle between the 
mediolateral and anteroposterior axis.  

In the contact points methodology (CP), the 
analyses were conducted using the implant’s position 
(stl files) derived from the 2D to 3D conversion. 
First, a uniform mesh was selected with sufficiently 
small triangles (average edge length = 0.4 mm and 
triangle area = 0.07 mm²). Second, the contact points 
were determined utilizing the iterative closest point 
algorithm in MATLAB. This algorithm identifies the 
closest point from each surface A point to a point 
on surface B. The result is a heat mat, from which 
the contact points was defined as the center of 
gravity using the closest 200 mm² 16. As in the GS-
methodology, the AP translation was subsequently 
normalized (Figure 1).

The contact area can be calculated for each case. 
However, the resulting contact points locations were 
sometimes found to be widely dispersed. This was 
due to the inaccurate mediolateral position of single 
plane fluoroscopy14. As a result, the average implant 
position was calculated with respect to the overall 
AP and ML widths of the polyethylene insert. This 
resulted in %AP and %ML translations between 0 
and 100%. This method allows for investigating the 

Functional activity scoring of the patient’s movements 
was performed using the Knee Injury and Osteoarthritis 
Outcome Score (KOOS) and Knee Society Score 
(KSS). The findings from this assessment were then 
correlated with the kinematic data, as reported in13.

Test protocol

Sagittal plane images were captured at eight frames per 
second using a static fluoroscopy machine (Siemens 
Axion Luminos dRF)13. The patients performed three 
activities, covering both open and closed chain, 
weight bearing activities:

-	 FE: open chain flexion-extension movement 
against gravity, while seated on a chair.

-	 SQ: closed chain, unassisted squatting 
exercise from full extension to the maximum flexion 
possible and rising again.

-	 CH: rising from a chair and sitting back on the 
chair. The chair height was adjusted to the patient’s 
height, resulting in a flexion angle of 90 degrees while 
seated. 

All movements were repeated three times, and the 
case with the highest contrast images and widest 
captured range of motion was selected for analysis.  
Subsequently, the fluoroscopic videos were cropped 
into frames relevant to our study. 

Using the 2D fluoroscopic images, a 3D 
reconstruction of the implants’ position was 
subsequently determined by means of a validated 
2D to 3D conversion technique (using the open 
source JointTrack software, University of Florida, 
Gainesville, FL, USA). In this method, computer-
aided design (CAD) models are superimposed onto 
the fluoroscopic images using their silhouettes to 
derive transformation matrices of the CAD models 
within the image space. This yields an estimate of 
the position of the femoral component and tibial tray. 
This process was validated at our center and displayed 
errors below 0.6 degrees and 0.4 mm for all degrees of 
freedom except for the mediolateral translation14. The 
position of the polyethylene insert was derived from 
the position of the tray by matching their respective 
geometries, since we only considered fixed bearing 
implants. These positions were subsequently loaded 
in an in house-developed MATLAB (MathWorks Inc., 
MA, USA) program that calculated the tibiofemoral 
kinematics using both landmark-based and contact 
points methodologies. 

The landmark-based methodology (GS) is based 
on the paper of Grood and Suntay15. An implant 
coordinate system associated with both prosthetic 
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kinematics of the implant for different implant sizes. 
Using these obtained positions, the contact points and 
post-cam engagements were determined. Here, post-
cam engagement is defined as a distance smaller than 
1 mm between the post and the cam. 

To keep the overview, the subsequent sections 
of this paper will primarily focus on presenting the 
landmark-based results, unless explicitly indicated 
otherwise. 

Statistical analysis 

Statistics were conducted using IBM SPSS version 
22 (IBM Corp., Chicago, IL, USA). A one-way 
ANOVA test with Bonferroni correction was used to 
evaluate the difference in kinematics for intervals of 
10 degrees of flexion. This analysis was performed for 
the GS-method, comparing either different implants 
for a specific movement or different movements 
for a specific implant. The level of significance was 
set at 0.05 for all the statistical tests. To assess the 
correlation between the landmark-based and contact 
points methodologies, a Pearson correlation test and 
linear regression were used. In order to estimate the 
minimum required sample size, a power analysis 
was conducted using α = 0.05 and effect size = 
1.9, which was calculated based on the difference 
in anteroposterior translation in the lateral tibial 
component17. The analysis determined that a minimum 
group size of 7 was required to detect significant 
differences between the two groups with a power of 
0.96. Therefore, a group size of 10 was selected for 
each implant type.  
  

RESULTS 

Mean kinematic patterns  

An overview of the position (presented as mean and 
standard deviation) for the anteroposterior translation 
and internal-external rotation in the medial and lateral 
compartments for different degrees of flexion is 
described in Table I. Overall, the lateral compartment 
consistently exhibited a more posterior position in 
comparison to the medial compartment, independent 
of the implant type or activity. 

Factor 1: Implant type 

The following results are mainly described for the 
flexion-extension movement during the full range of 
motion. The results for the squatting exercise and the 
chair test are shown in Tables I and II. 

Significant differences were observed among 
the different implants, particularly concerning the 

anteroposterior position of the medial condyle. 
For example, the medial condyle of implant 2 was 
positioned significantly more posteriorly compared to 
the other implants (Tables I and II). This applies to 
almost all movements and throughout the entire range 
of motion. Notably, throughout all movements in full 
extension, a significant more posteriorly positioned 
medial condyle of implant 3 was observed (Figure 
2a). When comparing implants 1 and 3, a significantly 
more anterior position is described for implant 1 
up to mid-flexion. However, beyond mid-flexion, 
both implants have a similar kinematic pattern, 
characterized by a posterior femoral rollback. 

Regarding the lateral condyle, implants 1 and 2 
showed a similar anteroposterior location during the 
entire range of motion (Figure 2b). A similar behavior 
was demonstrated for implant 3 in early to mid-flexion. 
Starting from mid-flexion (50°), implant 3 showed a 
significantly more anterior position compared to the 
other aforementioned implants. 

For internal-external rotation, no significant 
differences were observed between implants 2 and 3 
through the full range of motion. Implant 1 was more 
rotated externally during the entire range of motion 
compared to the other aforementioned implants, with 
a significant difference in full extension (implant 1 
versus 3), 20 degrees of flexion and 110 degrees of 
flexion (implant 1 versus implant 2) (Figure 2c and 
Table 2). External rotation for implants 1 and 2 started 
with the unlocking of the knee between 0 and 10/20° 
(Figure 2c). 

Besides the kinematic description, differences were 
observed between the implants in terms of post-cam 
engagement (Figure 3). The moment of engagement 
depended on the activity performed and the implant 
used. During the flexion-extension movement, implants 
1 and 2 engaged first at 50 degrees of flexion, whereas 
implant 3 engaged at 70 degrees of flexion. Following 
the post-cam mechanism, a substantial posterior 
translation of both the medial and lateral condyles was 
observed across all the implants (Figure 2).  

Factor 2: Activity type 

Regarding the anteroposterior position of the medial 
and lateral condyles, the kinematic patterns for all 
the implants were similar during both closed-chain 
exercises (SQ and CH) (Table III). During the open 
chain flexion-extension in a sitting position, a more 
anterior position in the mid-flexion region was 
observed (Figure 4). This pattern is seen mainly in 
implants 1 and 3. In implant 2, the medial condyle was 
located significantly more posterior during squatting 
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Flexion Implant 1 Implant 2 Implant 3

[degrees] FE SQ CH FE SQ CH FE SQ CH

M
ed

ia
l A

P 
tra

ns
la

tio
n 

[%
]

-10 34.8 (3.6)
0 48.3 (2.3) 48.5 (2.4) 36.4 (1.6) 36.4 (2.8) 37.9 (4.8) 32.7 (2.4) 33.9 (4.0) 32.2 (3.2)

10 50.6 (4.0) 53.6 (7.3) 50.2 (3.8) 37.6 (5.6) 35.7 (3.7) 38.2 (3.0) 39.2 (3.1) 41.8 (4.5) 40.2 (4.6)
20 52.7 (4.3) 50.6 (5.1) 49.5 (4.9) 37.7 (4.0) 35.2 (4.2) 38.6 (2.7) 45.4 (3.8) 45.3 (3.4) 44.2 (3.2)
30 54.8 (4.5) 50.7 (5.6) 48.8 (5.7) 40.2 (3.5) 35.4 (5.2) 38.9 (2.9) 48.4 (3.7) 45.6 (4.4) 45.5 (4.4)
40 55.2 (4.3) 48.9 (4.6) 47.8 (5.2) 42.2 (3.3) 36.2 (3.4) 39.2 (3.6) 49.7 (4.1) 46.1 (4.9) 44.4 (5.3)
50 54.0 (3.3) 47.6 (5.0) 47.1 (4.9) 43.2 (3.5) 37.4 (3.3) 39.7 (3.5) 50.6 (3.6) 45.3 (4.4) 44.6 (4.4)
60 51.6 (2.8) 46.9 (3.9) 46.4 (4.1) 41.4 (3.8) 38.5 (3.7) 40.1 (3.0) 51.8 (4.2) 44.5 (4.0) 44.3 (4.9)
70 48.5 (2.8) 46.1 (3.5) 46.2 (2.6) 37.9 (4.5) 36.7 (4.2) 39.2 (3.8) 52.4 (3.8) 42.9 (3.1) 44.0 (4.2)
80 44.6 (3.8) 45.0 (2.4) 44.4 (1.6) 33.6 (4.0) 32.8 (2.9) 34.9 (3.9) 49.9 (3.0) 43.2 (2.7) 44.3 (2.8)
90 40.4 (3.8) 41.0 (2.1) 29.8 (5.1) 29.6 (3.4) 27.1 (3.5) 45.0 (2.1) 42.5 (2.7)
100 35.9 (3.3) 25.0 (5.4) 23.8 (1.7) 39.5 (2.9) 38.5 (2.7)
110 31.8 (2.9) 20.8 (4.4) 18.6 (1.5) 33.2 (3.9)
120 18.3 (5.1) 12.5 (3.1)

La
te

ra
l A

P 
tra

ns
la

tio
n 

[%
]

-10 37 (2.4)
0 42.9 (5.7) 43.6 (4.9) 37.5 (3.9) 39.2 (3.2) 39.3 (4.3) 35.4 (3.1) 33.8 (3.7) 35.8 (3.3)
10 45.6 (7.6) 45.9 (11.3) 42.3 (7.2) 39.7 (4.2) 43.6 (9) 38.9 (4.0) 41.6 (2.2) 42.3 (4.2) 42.1 (2.4)
20 47.1 (8.3) 42.2 (9.9) 40.5 (9.1) 40.6 (3.9) 41.6 (8.6) 38.2 (4.1) 47.5 (3.4) 46.4 (3.6) 46.1 (3.3)
30 48.5 (8.9) 41.5 (8.5) 38.8 (9.3) 42.1 (4.3) 40.6 (7.6) 37.4 (4.3) 50.0 (4.8) 45.4 (3.3) 46.7 (4.9)
40 47.7 (8.2) 38.2 (8.1) 36.8 (8.8) 43.4 (4.5) 40.4 (7.4) 37.4 (5.1) 50.1 (4.9) 45.5 (3.6) 44.0 (4.3)
50 45.8 (6.6) 36.3 (6.9) 35.5 (7.8) 42.8 (4.5) 39.8 (6.6) 36.7 (4.9) 50.3 (4.1) 43.8 (3.3) 44.0 (4.7)
60 43.4 (5.5) 34.7 (6.4) 34.3 (6.4) 40.3 (4.4) 39.3 (4.7) 36.5 (4.4) 49.7 (3.8) 43.0 (2.9) 42.7 (4.4)
70 39.7 (4.0) 33.8 (6.0) 34.2 (3.7) 36.5 (4.3) 37.1 (4.0) 35.0 (4.2) 48.9 (3.9) 41.8 (2.3) 42.0 (3.8)
80 35.0 (4.3) 31.6 (4.8) 34.6 (3.3) 32.0 (5.0) 32.7 (4.4) 30.5 (3.7) 45.4 (3.5) 41.6 (1.6) 40.7 (3.1)
90 30.2 (4.6) 28.0 (5.5) 27.2 (4.8) 26.9 (4.8) 26.5 (3.8) 40.9 (3.0) 41.2 (1.4)
100 26.0 (4.6) 21.8 (4.7) 22.8 (5.0) 36.1 (2.8) 35.6 (2.3)
110 21.6 (4.6) 17.5 (4.9) 18.9 (6.0) 28.8 (3.5)
120 9.5 (3.2) 14.2 (6.5)

In
te

rn
al

 [>
0]

 / 
ex

te
rn

al
 [<

0]
 ro

ta
tio

n 
[d

eg
re

es
]

-10 -0.6 (3.5) -2.2 (3.4) 2.6 (1.2) -1.6 (3.1) 1.6 (3.3) 1.1 (3.5) 1.6 (6.3)
0 -4.2 (6.0) -2.6 (1.0) -3.9 (5.2) 1.1 (3.7) 3.3 (4.1) 2.0 (5.0) 2.4 (3.0) 3.6 (3.9) 3.2 (3.2)
10 -3.5 (6.9) -3.6 (6.9) -5.9 (5.5) 1.8 (6.1) 5.3 (4.2) 2.4 (4.5) 2.3 (3.4) 2.3 (2.5) 2.1 (3.3)
20 -4.3 (6.9) -5.8 (6.3) -6.4 (5.2) 2.3 (5.0) 4.1 (4.3) 1.5 (5.1) 2.0 (4.2) 2.6 (4.0) 2.1 (3.4)
30 -4.5 (7.1) -6.2 (6.7) -7.3 (5.7) 1.1 (4.9) 3.0 (4.9) -0.3 (4.6) 1.6 (4.3) 1.8 (4.4) 1.9 (3.3)
40 -5.0 (6.3) -7.7 (6.6) -8.0 (5.6) 0.3 (5.2) 4.3 (7.4) -0.8 (4.4) 0.6 (4.8) 1.2 (2.9) 0.6 (3.3)
50 -5.8 (5.6) -7.4 (7.2) -8.6 (5.3) -0.6 (5.1) 3.2 (7.0) -2.2 (4.9) -0.3 (4.1) 0.6 (2.1) -0.1 (2.7)
60 -6.4 (5.2) -8.0 (6.0) -8.8 (5.0) -1.1 (5.4) 1.8 (6.0) -3.3 (4.5) -1.9 (4.1) -0.1 (2.0) -1.1 (2.7)
70 -6.2 (5.5) -8.1 (6.3) -8.7 (3.6) -1.3 (6.9) 1.9 (6.4) -4.3 (5.2) -2.7 (4.7) 0.0 (2.5) -1.4 (2.5)
80 -6.6 (6.6) -8.9 (5.9) -7.0 (3.1) -1.6 (7.4) 1.6 (5.7) -4.8 (5.2) -3.5 (5.3) 0.2 (2.3) -2.4 (2.8)
90 -8.0 (7.7) -8.5 (6.1) -8.4 (5.1) -2.1 (7.7) 0.1 (6.4) -1.5 (5.7) -2.4 (4.3) 0.8 (2.6) -3.6 (2.3)

100 -8.1 (5.8) -5.1 (2.4) -6.1 (1.6) -2.2 (7.3) 1.9 (5.9) -10.4 (0) -1.8 (4.2) -0.9 (2.8)
110 -6.9 (8.4) -4.3 (1.5) -2.3 (7.4) 3.0 (6.2) -3.1 (5.4) -3.3 (4.4)
120 -11.3 (5.5) -7.0 (4.8) 3.3 (8.1)

Table I. — Overview of mean (SD) anteroposterior position and internal-external rotation through the range of motion for a given implant and 
activity. Results are displayed when available to more than 50% of the study population. 

compared to flexion-extension between 30 and 50 
degrees of flexion.  

Internal-external rotation was similar for different 
performed activities, and applies uniformly to all 
implant types. 

Significant disparities became apparent in the 
engagement of the post-cam mechanism across 
the performed activities. Notably, the engagement 

occurred earlier in the open chain exercise compared 
to the closed chain exercise involving weight bearing 
(Figure 3).

Factor 3: Analytical method  

A comparison between the mean anteroposterior 
position, determined through the landmark-based 
method, and the position obtained from the contact 
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method remained relatively stationary (resulting in a 
difference of 27.47% and 1.17% for the GS and CP 
methods, respectively, as illustrated in Figure 6).   

DISCUSSION

The most important finding of this study was that 
the implant design, the performed activity and the 
used analytical method all affect the in-vivo knee 
kinematics of posteriorly stabilized knee prostheses. 
Consequently, the interpretation of fluoroscopic data 
should be approached with caution, considering the 
impact of these factors.  

Firstly, the results show that implant design 
affects tibiofemoral kinematics. For AP translation, 
the differences are more pronounced in the medial 

points method, demonstrated a robust and statistically 
significant correlation (Pearson correlation coefficient 
of 0.8066, p<0.001). A linear model was applied to 
the collected data points, incorporating all implants, 
performed activities, and flexion angles. The model 
revealed an intercept of 9.565 and a slope of 0.764, 
represented by the solid line in Figure 5. A standard 
deviation of 4.89% was observed in the normalized 
anteroposterior translation, as illustrated by the 
dotted lines in Figure 5. The chair test in implant 2 
demonstrated the most substantial difference between 
the two measuring methods for the anteroposterior 
translation. As the flexion decreased towards extension, 
the lateral contact points exhibited a rapid anterior 
movement, whereas the landmark utilized in the GS 

   

 
a cb

Fig. 2 — Effect of implant type on the anteroposterior position (medial (A) and lateral (B)) and internal-external rotation 
(C) during open chain flexion-extension movement. 

   

 Fig. 3 — Post-cam engagement for different implants through the range of motion during different activities. The moment 
of post-cam engagement is indicated by the circle. 

	       (a) Implant 1	  		           (b) Implant 2	  		               (c) Implant 3
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the implant characteristics and consequently differs 
among the different implants. As the flexion angle 
increases, implant 2 exhibited the earliest engagement 
of its post-cam mechanism, followed by implant 1 
and then implant 3. Therefore, the timing of post-cam 
engagement plays a crucial role in the anteroposterior 
translation in all the implants. 

The moment of engagement corresponds to the 
initiation of a pronounced and controlled posterior 
translation, defined as the femoral rollback. Given the 
later engagement in implant 3, the tibiofemoral position 
is situated more anteriorly during deeper flexion. 
In contrast, at these flexion angles, the post-cam has 
already been engaged in the other implants, leading to 
a more posterior position. 

compartment  (Table I). This can be most likely attributed 
to the relationship between the knee kinematics and 
the implant geometry at the medial side. In general, 
stability is primarily enhanced through the design of 
the medial compartment, such as incorporating a deeper 
dish in the medial insert. Given that different implants 
may be developed based on varying design hypotheses, 
variations in anteroposterior kinematics are expected. 
Conversely, the lateral compartment is characterized 
by less constraint and therefore has less impact on the 
kinematics when performing the same activity. Clearly, 
it should be noted that this holds true until the post-cam 
engagement. From that point on, further movement is 
restricted by the implant design. 

The moment of post-cam engagement is based on 

cb
   

 
a

Fig. 4 — Medial (a) and lateral (b) normalized anteroposterior position and internal-external rotation through the range of 
motion for implant 1, shown by performed activity.

 
Fig. 5 — Correlation between the kinematics from the 

contact points method and the landmark-based method.
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an intermediate scenario between implants 2 and 3. 
Secondly, the activity performed affects the 

observed tibiofemoral kinematics. The activities 
investigated in this study can be categorized into two 
groups: open chain (flexion-extension) and closed 
chain (squatting and chair rising), characterized by 
weight bearing. The medial and lateral anteroposterior 
positions were not significantly different between both 
closed chain activities. On the other hand, a difference 
in kinematics is observed between open and closed 
chain activities, specifically in mid-flexion. During 

More specifically, engagement typically occurs 
between 50 and 90 degrees of flexion. This observed 
variation corresponds to the results published 
earlier4,6. The moment of engagement is directly 
associated with the positioning of both the post and 
the cam components (Figure 7). Implant 2 has a 
more posterior placement of the post, and thereby 
leading to an earlier engagement. Conversely, 
implant 3 has a delayed engagement attributed to the 
anterior position of the post in combination with the 
elevated position of the cam. Implant 1 represents 

(a) (b) 

 

(c) 

 
Figure 1. Overview of anteroposterior translation for the medial (a) and lateral (b) compartment for 
implant 2, shown by analytical method. (c) Distance maps indicating the effect of small translation of 
lateral femoral condylar center (-1.17% / GS) on shift of contact points (-27.47% / CP) for a highly 
conform implant (implant 2). 
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Fig. 6 — Overview of anteroposterior translation for the medial (a) and lateral (b) compartment for implant 
2, shown by analytical method. (c) Distance maps indicating the effect of small translation of lateral femoral 
condylar center (-1.17% / GS) on shift of contact points (-27.47% / CP) for a highly conform implant (implant 2).
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Thirdly, the applied analytic method also affects the 
reported kinematics. To the best of our knowledge, this 
is the first study that compares the contact points method 
and the landmark-based method. Using the contact 
points is considered to offer a more comprehensive 
understanding of the actual implant design, as it 
explicitly incorporates the geometry and conformity 
of the components. Consequently, significant shifts 
in the location of the contact points can be observed 
even with minimal rotations and translations of the 
components, potentially emphasizing the significance 
of design characteristics, like the shape of the insert. 
However, our study revealed that this analysis method 
is sensitive to slight variations in the conversion 
from 2D to 3D. Nevertheless, the accuracy of our 
single-plane fluoroscopy aligns with previous 
findings reported in the literature21,22. Individually, 
this method is less useful. However, this method 
provided valuable information when investigating 
the kinematics of a specific movement within a 
cohort of patients with same implant. In contrast, 
the landmark-based method, which is independent 
of implant conformity, seems to be more pertinent 
for assessing the movement of the bone segments. 
This alternative method provides valuable insights 
into the loads transferred to the soft tissue envelop, 
encompassing both interacting segments. Moreover, it 
is less susceptible to inaccuracies stemming from the 
2D-3D conversion process, as it allows for separate 
evaluation of the joint kinematics in different degrees 
of flexion. Therefore, the use of the landmark-based 
method to evaluate  out-of-plane translations is not 
recommended. In contrast, for in-plane translations, 
this method is reliable. Both the contact points method 
and the landmark-based method shows a strong 
correlation. However, a notable standard deviation of 
25% was observed for anteroposterior translation. This 

this range of motion, the closed chain activities lead to 
a more posterior positioning of the components in both 
compartments, which is consistent with the findings 
reported by Shimizu and colleagues9. Biomechanically, 
the posterior position increases the patella lever arm 
of the extensor mechanism, to address the higher 
requirements of closed-chain exercises18. Insight 
into the tibiofemoral shear forces and patellofemoral 
contact forces in intact, healthy knees provided by the 
work of Smidt and Dahlkvist helps to understand this 
observed difference19,20. Closed-chain activities are 
associated with higher forces compared to open chain 
activities, thereby possibly pushing the femur more 
posteriorly relative to the tibia. However, it should be 
noted that our analyses only identified differences in the 
mid-flexion range. Nevertheless, this can be attributed 
to the specific characteristics of the posteriorly 
stabilized total knee implants examined within our 
study population. Near extension, knee kinematics 
are determined by the congruency between the tibial 
and femoral components. For example, implant 1 is 
designed to prevent posterior femoral overhang in full 
extension. Moreover, the design of the implant withhold 
the anteroposterior translation of the compartments, 
minimizing the influence of external forces on the 
joint. Likewise, the knee kinematics in deep flexion 
are determined by the post-cam engagement, leading 
to the absence of significant differences in that position 
between the activities. As earlier described, closed 
chain activities are associated with a more posterior 
tibiofemoral position. This postpones the post-cam 
engagement compared to the open chain activities. This 
is primarily described for implants 1 and 3 and less 
for implant 2. This can be due to the combination of a 
relative early post-cam engagement and a single radius 
design of implant 2, which maintains the tibiofemoral 
congruency with increasing flexion angles. 

 
Fig. 7 — Overview of post-cam positioning in the different implants of this 
study. The bottom shows the posterior placement of the post. The top shows 

the different geometry.
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The differences between three modern posteriorly 
stabilized knee prosthesis are primarily located in the 
medial compartment. Secondly, the performed activity 
significantly impacts the tibiofemoral kinematics. 
Particularly, the kinematic pattern proceeds 
differently for closed chain than for open chain 
activities during mid-flexion. Furthermore, closed 
chain activities are associated with a delayed post-cam 
engagement. A third factor crucial to consider, is the 
analytical method used in a kinematic study based on 
fluoroscopic data. In our study, a strong correlation is 
observed between the landmark-based and the contact 
points method, although not uniquely linked to each 
other. The landmark-based focuses solely on the bone 
movements, while the contact points also accounts 
for the conformity of the components. Therefore, the 
importance of the contact points method will grow in 
the future given the availability of different inserts for 
one type of implant.  
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