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Abstract
Purpose  To investigate intraoperative kinematics during passive flexion using a surgical navigation system for knees under-
going posterior stabilized (PS) total knee arthroplasty (TKA) with an asymmetric helical post-cam design using navigation 
system.
Methods  In total, 45 knees with both pre- and postoperative kinematic data available were included in the study. Intraopera-
tive kinematic measurements were performed during the course of surgery using the software incorporated in the naviga-
tion system. Measurements were performed at the following two time points: (1) before TKA procedure and (2) after TKA 
implantation. Among the kinematic parameters studied, anterior/posterior translation and axial rotation during flexion were 
subjected to the analysis.
Results  Before surgery, physiologic anterior/posterior translational pattern of the tibia during flexion (rollback of the femur) 
was found in only 15.6% of the knees. After TKA implantation, postoperative kinematic measurement showed no significant 
change in the tibial translational during knee flexion. Similarly, with regard to rotation, non-physiologic external tibial rota-
tion in early flexion was observed in the majority of the knees before surgery, and this abnormal kinematic pattern remained 
after the TKA procedure.
Conclusions  The intraoperative three-dimensional motion analysis using a navigation system showed that the physiologic 
kinematic pattern (anterior translation and internal rotation of the tibia during flexion) of the knee was distorted in osteoar-
thritic knees undergoing TKA. The abnormal kinematic pattern before surgery was not fully corrected even after implantation 
of the PS TKA designed to induce natural knee motion; however, no clear relationship between the intraoperative kinematic 
pattern and knee flexion angle at one year was demonstrated, and the effect of knee kinematics on postoperative knee func-
tion and patient’s satisfaction is still unclear.

Keywords  Total knee arthroplasty · Surgical navigation · Posterior stabilized · Knee kinematics · Anterior–posterior 
translation · Internal–external rotation

Introduction

It has been reported that osteoarthritic knees undergoing 
total knee arthroplasty (TKA) exhibit non-physiologic knee 
kinematics [1], and the surgical outcomes are better when 

kinematics of the operated knee more closely resemble a 
physiologic motion pattern [2, 3]. Therefore, it is clinically 
important to examine the kinematics of the TKA-implanted 
knee and see how the normal kinematics are restored in the 
postoperative condition.

To date, a number of studies dealing with kinemat-
ics of TKA-implanted knees have been conducted using 
a variety of methods. Among them, the most frequently 
used methodology is image analysis by matching the two-
dimensional (2D) image of the fluoroscopic image with a 
three-dimensional (3D) computer-assisted design (CAD) 
image of the implant (2D/3D image registration) [4–7]. 
However, this analytical methodology requires substantial 

 *	 Takatoshi Morooka 
	 morooka0818@gmail.com

1	 Department of Orthopaedic Surgery, Hyogo College 
of Medicine, 1‑1 Mukogawa‑cho, Nishinomiya City, 
Hyogo 663‑8501, Japan

2	 Graduate School of Engineering, University of Hyogo, 2167 
Syosya, Himeji, Hyogo 671‑2280, Japan

http://crossmark.crossref.org/dialog/?doi=10.1007/s00590-018-2318-4&domain=pdf


676	 European Journal of Orthopaedic Surgery & Traumatology (2019) 29:675–681

1 3

time and additional radiological exposure and does not 
allow for intraoperative assessment.

An alternative method for 3D kinematic analysis is the 
use of a computer navigation system. There have been a 
number of studies that examined intraoperative kinemat-
ics using a navigation system [8–15]. In general, these 
studies showed non-physiologic kinematic patterns in 
osteoarthritic knees undergoing TKA and the postop-
erative kinematics were influenced by the preoperative 
motion pattern. Therefore, physiologic kinematics could 
not be restored even after TKA implantation. Regarding 
the effect of knee kinematics on postoperative knee func-
tion, reported results are variable [10–12] and clinical 
significance of intraoperative kinematic measurement has 
not been clarified.

Since July 2014, we have been using a posterior sta-
bilized (PS) type TKA (Vega, B/Braun, Germany). The 
design concept of this implant system is to induce physi-
ologic knee flexion kinematics with posterior femoral 
rollback and internal tibial rotation beyond 40° of flexion 
by contact between the post and cam of the asymmetrical 
helical design (Fig. 1). Although this concept is theoreti-
cally reasonable, it has not been confirmed whether the 
knees implanted with this implant exhibit physiologic 
motion pattern in vivo.

The purpose of this study was to intraoperatively evalu-
ate the 3D knee flexion kinematics during the sequence 
of TKA procedure using the Vega implant system. It was 
hypothesized that knees with osteoarthritis undergoing 
TKA lose physiologic motion pattern, and TKA with the 
aforementioned implant system would restore normal 
kinematics.

Materials and methods

The study protocol was approved by the Institutional 
Review Board, and a written informed consent was 
obtained from all the patients.

Study subjects

The study subjects were comprised of a consecutive series 
of patients who underwent primary TKA with PS-type 
TKA (Vega) from July 2014 to August 2015. This implant 
system (Vega) was the primary option for osteoarthritic 
knees except for those with severe instability or bony 
deficiency. During the study period, in total, 75 TKAs 
were performed by the principle investigator of this study 
(T.M.), and TKA of this type (Vega) was indicated for 51 
of those 75 knees. A CT-free navigation (OrthoPilot Ver-
sion 4.2) system was used in the surgery.

Among the 51 knees, sequential kinematic data were 
not fully available in 6 of the 51 knees. Consequently, 
kinematic data derived from the remaining 45 knees (in 
45 patients) were subjected to the analysis of this study. 
There were 9 males and 36 females, and the mean age 
of patients at the time of surgery was 73.6 years (range 
57–83 years). In all knees, preoperative weight-bearing 
radiograph showed varus osteoarthritis with radiological 
changes corresponding to Kellgren–Lawrence Grade III 
or IV.

Surgical procedure

The surgeries were conducted in all patients by the same 
surgeon (T.M.) under general anesthesia. The surgical 
technique of the navigation surgery was in accordance 
with the procedure instructed by the supplier.

First, the tracker pins were inserted and fixed to the 
femur and tibia. Subsequently, registration was performed 
by obtaining kinematic data of the hip, knee, and ankle 
joints, as well as the location of the anatomic bony land-
marks. The knee was approached through the medial para-
patellar arthrotomy.

In the TKA procedure, following assessment of integ-
rity of the anterior and posterior cruciate ligaments (ACL/
PCL) on macroscopic examination [16], the ACL and PCL 
were resected. Then, the initial osteotomy was conducted 
for the proximal tibia (“tibia-first” technique). After the 
soft tissue balancing, planning for the osteotomy on the 
femoral side was made so that the extension and flexion 
gaps could meet. Based on the planning, the distal/ante-
rior/posterior femoral osteotomies were performed. The 

Fig. 1   Implant system used in the study



677European Journal of Orthopaedic Surgery & Traumatology (2019) 29:675–681	

1 3

rotational position of the tibial component was determined 
by relying on the Akagi line as an index [17]. Femoral 
and tibial components were fixed with cement, while the 
patella was not replaced in any knees during the study 
period.

Kinematic analysis using the navigation system

Intraoperative kinematics were analyzed using the soft-
ware incorporated in the navigation system. The computer 
navigation system (OrthoPilot, B/Brown, Germany) used 
in our practice is equipped with software (Kobe version) 
that enables intraoperative 3D motion analysis. In the 3D 
kinematic assessment, the coordinate systems were estab-
lished for the femur and tibia based on the kinematic and 
anatomic registration data following the formula incorpo-
rated in the navigation system [1, 8, 12]. For determining 
translation in the anterior/posterior direction and angle 
of internal/external rotation during flexion, the coordi-
nate system (anterior/posterior and medial/lateral axes) 
on the horizontal plane of the femur was projected onto 

the tibial articular plane vertical to the longitudinal axis 
of the tibia, and measurement and calculation for anterior/
posterior translation and internal/external rotation during 
extension/flexion motion were conducted.

3D flexion kinematics were measured before TKA pro-
cedure (Pre-op) and after implantation of the prostheses 
(Post-TKA). At the time of the kinematic measurement, 
the joint capsule was tentatively sutured and closed. The 
knee kinematics were recorded for non-weight-bearing 
passive flexion in a supine position. During the measure-
ment, the knee was taken through range of motion from 
the maximum extension to maximum flexion while the cal-
caneal region was lifted by the surgeon without constraint 
and the thigh was held by the assistant with the hip kept at 
a 90° flexion position (Fig. 2a).

The 3D spatial relationship between the femur and tibia 
during the range from maximum extension to maximum 
flexion was recorded with an increment of 10° of knee 
flexion (Fig. 2b). Regarding the analytical parameters, 
anterior/posterior translation and internal/external rota-
tion of the femur in relation to the tibia during the flexion 
sequence were calculated and analyzed.

Fig. 2   Intraoperative kinematic 
measurement using the naviga-
tion. a The knee is flexed from 
maximum extension to maxi-
mum flexion without constraint 
while keeping the hip position 
at 90° of flexion. b Six-degree-
of-freedom motion of the femur/
tibia is recorded with an incre-
ment of 10° of flexion angle 
using the navigation system
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Data analysis

In order to classify the patterns of flexion kinematics 
among the study subjects, a hierarchical cluster analysis 
was applied to the obtained data. In the analytical pro-
cess, kinematic data at 10° increments from 10° to 100° 
were subjected to the analysis because there were defi-
cits in kinematic data outside of this motion range (< 10° 
and > 100°) in some subjects due to contracture. Similarity 
between each of the cases was assessed using averaged 
squared distance, and the Ward’s method was employed as 
the criterion in the agglomerative hierarchical clustering 
[18]. R version 3.3.0 was used for the analysis. Difference 
in kinematic pattern between the subgroups based on ACL 
status was analyzed using the Chi-squared test. For com-
parison between pre- and postoperative kinematic results, 
the Mann–Whitney U-test was used for the analysis. In the 
comparison of pre- versus postoperative kinematic results, 
the tibial translation and rotation values beyond 40° of 
flexion (after the post-cam engagement) were subjected 
to the analysis. A post hoc power analysis was performed 
for the pre- and postoperative comparison. Consequently, 
the statistical power was calculated to be 99% for a sample 
size of 45 to detect the significant difference with α level 
of 0.05. In addition, the effect of intraoperative kinematics 
on postoperative knee function was examined by assessing 
the correlation between the range of translation/rotation 
during flexion and flexion angle of the knee at 1 year based 
on Spearman’s rank correlation. P < 0.05 was considered 
statistically significant. The analysis was performed using 
SPSS (version 19, SPSS Inc.).

Results

Anterior–posterior translation

(1)	 Pre-op (Fig. 3a).

Motion pattern in the anterior/posterior translation dur-
ing passive flexion before intra-articular surgical procedure 
could be classified into the following three groups using the 
hierarchical cluster analysis.

Group A, where the femur translated posteriorly in rela-
tion to the tibia from the initial period of flexion (i.e., 
physiologic posterior femoral rollback associated with 
flexion was observed);
Group B, where the femur exhibited reversed translational 
pattern in the initial flexion phase followed by posterior 
femoral rollback.

Group C, where the femur translated anteriorly in the 
initial flexion phase without appreciable anterior/pos-
terior motion during the subsequent flexion.
Group A, B and C included 7, 18 and 20 knees, respec-
tively. Consequently, group A knees with physiologic 
translational motion pattern accounted for 15.6% of 
all subjects (7 of the 45 knees), while non-physiologic 
motion patterns in groups B and C knees were identified 
in 40% and 44.4% of the study subjects.

Fig. 3   Anterior/posterior femoral translation associated with knee 
flexion. The motion pattern in the anterior/posterior translation dur-
ing passive flexion before the intra-articular surgical procedure was 
classified into the following three groups using hierarchical cluster 
analysis: Group A with gradual posterior femoral translation with 
flexion (physiologic pattern), Group B with reversed translational pat-
tern in the initial phase of flexion with posterior translation during 
the late flexion phase, and Group C with initial reversed translational 
pattern without appreciable anterior/posterior motion during the sub-
sequent flexion. a Before intra-articular surgical invasion (Pre-op). b 
After implantation of the prosthesis (Post-TKA)
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(2)	 Post-TKA

Following TKA procedure, all knees in group A exhib-
ited translation pattern similar to that in group B with early 
reversed motion (anterior femoral translation) followed by 
gradual posterior femoral rollback during the subsequent 
flexion phase. By contrast, there was no appreciable change 
in translational pattern following TKA procedure in group 
B and C knees (Fig. 3b).

In the comparison of pre- versus postoperative transla-
tional results, the amount of posterior femoral translation 
during late flexion (beyond theoretical post-cum engage-
ment at 40° of flexion) was not significantly altered by TKA 
implantation with P values ranging from 0.31 to 0.82 in 
each group.

Axial rotation (Fig. 4).

(1)	 Pre-op

With regard to internal/external rotation, in the pre-TKA 
stage, the intraoperative motion assessment showed mild 
internal rotation of the femur in the initial stage of flexion 
followed by external femoral rotation with further flexion in 
40 of the 45 knees (88.9%). Since this motion pattern was 
observed in the majority of the knees, classification of the 
motion pattern was not feasible for axial rotation.

(2)	 Post-KTA

After the implantation of the prostheses, coupled rota-
tion during flexion exhibited a similar pattern to that of the 

preoperative condition with mild internal femoral rotation 
in the initial stage of flexion followed by external femoral 
rotation with further flexion. In the comparison of pre- ver-
sus postoperative rotational results, the amount of external 
femoral translation during late flexion beyond 40° of flexion 
was not significantly altered by TKA implantation with P 
values ranging from 0.13 to 0.85 in each group.

Status of the ACL/PCL and its correlation 
with flexion kinematics

On gross examination at surgery, the ACL appeared to be 
functional in 36 knees (80%) and non-functional in 9 knees 
(20%), while the PCL appeared intact in all knees. Regard-
ing the effect of ACL status on knee kinematics, all knees 
in group A with physiologic femoral rollback had functional 
ACL; however, statistical analysis showed no significant cor-
relation between the status of the ACL and translational pat-
tern during flexion (Table 1)

Correlation between intraoperative kinematics 
and postoperative flexion angle

Assessment was conducted for correlation between transla-
tion/rotation values during flexion and flexion angle of the 

Fig. 4   Internal/external femoral 
rotation associated with knee 
flexion before intra-articular 
surgical invasion (Pre-op) and 
after implantation of the pros-
thesis (Post-TKA)

Table 1   Relationship between kinematic pattern and ACL status

A group 
(n: 7)

B group 
(n: 18)

C group 
(n: 20)

P values

ACL functional 7 16 13
Non-functional 0 2 7 P  =  0.065
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knee at 1 year. In this analysis, range of translation/rotation 
values between 10° and 100° were adopted as kinematic 
parameters. Consequently, no significant correlation was 
demonstrated (ρ = 0.89 and 0.74 for translation and rota-
tion, respectively) between intraoperative kinematics and 
postoperative flexion.

Discussion

Previous biomechanical studies for physiologic knee motion 
have shown that the posterior femoral translation (posterior 
femoral rollback) and external femoral rotation in rela-
tion to the tibia occur associated with increasing flexion 
[19–22]. The present study revealed that this physiologic 
flexion kinematics were lost in the majority of knees with 
advanced osteoarthritis undergoing TKA. Regarding ante-
rior/posterior translation during flexion, the normal pattern 
(posterior femoral rollback) was retrained only in 15.6% of 
the knees before surgery. Even after implantation of the PS 
TKA system specifically designed for induction of natural 
knee motion, physiologic translational motion pattern was 
not fully restored after surgery. Similarly, the majority of the 
knees exhibited an abnormal rotational pattern during the 
early flexion phase before surgery, and this motion pattern 
remained following the TKA procedure.

The 3D kinematics of the knee are thought to be deter-
mined by the tension of the soft tissues of the knee as well 
as the surface geometry at the joint contact area. Although 
the surface geometry is optimized and PCL function is sub-
stituted by the PS TKA implantation, those changes were 
not enough to restore the physiologic flexion kinematics.

In the present study, an implant of novel design aiming 
to reproduce physiologic kinematics was used; however, 
contrary to the study hypothesis, the implantation of TKA 
of this type failed to fully normalize the kinematic pattern. 
Whether improvement in surgical procedure and prosthetic 
design can accomplish reproduction of physiologic motion 
pattern for osteoarthritic knees with substantial deformity 
and destruction needs to be further investigated in future 
studies.

There have been several studies reporting the results of 
intraoperative kinematic assessment during TKA procedure 
using a navigation system [1, 9–15, 23–25]. Siston et al. 
investigated the flexion kinematics of knees implanted with 
PS TKA, and showed abnormal anterior (paradoxical) femo-
ral translation until 60° of flexion and reduction of screw-
home motion after surgery [1]. Casino et al. conducted the 
intraoperative kinematic assessment for PS rotating plat-
form TKA and reported abnormal femoral translation up to 
60° and no appreciable postoperative change in rotational 
kinematics [23]. In addition, several studies compared the 
kinematics of PS TKA and TKAs of other types [9, 12, 24]. 

These studies have shown that knees implanted with PS TKA 
with post-cam mechanism exhibited more anterior–posterior 
translation compared to posterior cruciate-retaining TKA. 
In general, those previous studies have shown paradoxical 
anterior femoral translation up to 60°–70° of flexion and 
non-physiologic rotational pattern with flexion after TKA. 
In addition, close correlation between pre- and postoperative 
kinematics is a common feature depicted in those studies. 
The results of the present study agreed with those previous 
study results. Although the PS prosthesis used in the study 
was designed to induce physiologic flexion kinematics, the 
intention of the design concept was not fully attained.

There are several limitations included in this study. First, 
the kinematic measurement of the knee was performed in 
non-physiologic conditions such as under general anesthesia, 
use of a tourniquet, and non-weight-bearing motion with the 
patient in a supine position. Therefore, kinematics during 
postoperative activities under weight bearing, such as walk-
ing, were not reproduced in this measurement condition. 
Second, the software used in the study for kinematic analy-
sis has not been fully validated. Although there have been a 
number of studies reporting kinematics of TKA-implanted 
knees based on navigation assessment, accuracy and repro-
ducibility of this measurement system are yet to be con-
firmed. In addition, several factors, such as errors involved in 
the intraoperative registration, may affect the measurement 
consistency and accuracy [26]. Third, the sample size of 
each group was small and variation of the results among the 
study subjects was large. Therefore, it was difficult to con-
duct a reasonable statistical analysis. A larger sample size 
seems required to draw a statistically validated conclusion. 
Fourth, subject grouping based on the kinematic pattern was 
performed using a hierarchical cluster analysis. Although 
application of an objective statistical method to grouping 
is a strength of this study, grouping using this method is 
specific to each data set (i.e., preoperative or postoperative 
data set). Consequently, postoperative changes from one 
category (preoperative) to another category (postoperative) 
could not be assessed with this analytical design. Finally, 
this study lacks data presentation for detailed clinical out-
comes, though it is important to examine the effect of the 
intraoperative kinematic pattern on postoperative knee func-
tion and patient’s satisfaction.

Conclusions

The intraoperative 3D motion analysis using a navigation 
system showed that physiologic kinematic pattern (anterior 
translation and internal rotation of the tibia during flexion) 
of the knee was substantially distorted in osteoarthritic knees 
undergoing TKA. The abnormal kinematic pattern before 
surgery was not fully corrected even after implantation of 
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the PS TKA designed to induce natural knee motion; how-
ever, no clear relationship between the intraoperative kin-
ematic pattern and knee flexion angle at one year was dem-
onstrated, and the effect of knee kinematics on postoperative 
knee function and patient’s satisfaction is still unclear.
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