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Abstract
Purpose  A new CR TKA design with concave medial and convex lateral tibial polyethylene bearing components was 
introduced recently to improve functional outcomes. This study aimed to investigate in-vivo articular contact kinematics in 
unilateral asymmetrical tibial polyethylene geometry CR TKA patients during strenuous knee flexion activities.
Methods  Fifteen unilateral CR TKA patients (68.4 ± 5.8 years; 6 male/9 female) were evaluated for both knees during sit-
to-stand, single-leg deep lunges and step-ups using validated combined computer tomography and dual fluoroscopic imaging 
system. Medial and lateral condylar contact positions were quantified during weight-bearing flexion activities. The Wilcoxon 
signed-rank test was performed to determine if there is a significant difference in articular contact kinematics during strenu-
ous flexion activities between CR TKA and the non-operated knees.
Results  Contact excursions of the lateral condyle in CR TKAs were significantly more anteriorly located than the contralat-
eral non-operated knee during sit-to-stand (3.7 ± 4.8 mm vs − 7.8 ± 4.3 mm) and step-ups (− 1.5 ± 3.2 mm vs − 6.3 ± 5.8 mm). 
Contact excursions of the lateral condyle in CR TKAs were significantly less laterally located than the contralateral non-oper-
ated knee during sit-to-stand (21.4 ± 2.8 mm vs 24.5 ± 4.7 mm) and single-leg deep lunges (22.6 ± 4.4 mm vs 26.2 ± 5.7 mm, 
p < 0.05). Lateral condyle posterior rollback was not fully restored in CR TKA patients during sit-to-stand (9.8 ± 6.7 mm 
vs 12.9 ± 8.3 mm) and step-ups (8.1 ± 4.8 mm vs 12.2 ± 6.4 mm). Lateral pivoting patterns were observed in 80%, 73% and 
69% of patients during sit-to-stand, step-ups and single-leg deep lunges respectively.
Conclusion  Although lateral femoral rollback and lateral pivoting patterns were observed during strenuous functional daily 
activities, asymmetric contact kinematics still persisted in unilateral CR TKA patients. This suggests the specific investigated 
contemporary asymmetrical tibial polyethylene geometry CR TKA design evaluated in this study does not fully replicate 
healthy knee contact kinematics during strenuous functional daily activities.
Level of evidence  III.

Keywords  Total knee arthroplasty · Total knee replacement · In-vivo kinematics · Contact analysis · Functional activity · 
Lunge

Introduction

Cruciate retaining total knee arthroplasties (TKAs) were 
designed to improve proprioception, restore femoral rollback 
and reproduce physiological knee biomechanics through 

the preservation of the posterior cruciate ligament (PCL) 
[22, 26]. It was suggested that CR TKA has the potential to 
improve functional outcomes and patient satisfaction [20]. 
However, in-vivo fluoroscopic analyses have demonstrated 
that CR TKA does not fully restore healthy knee kinematics 
in terms of femoral rollback, axial femoral rotation and knee 
joint rotational center [5, 28].

An asymmetrical tibial polyethylene bearing geometry 
CR TKA design was recently introduced to optimize knee 
biomechanics. However, there is a paucity of data available 
in the literature regarding the ability of the contemporary CR 
TKA design to fully restore native knee kinematics during 
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functional daily activities. This study hypothesized that the 
newly designed asymmetrical tibial polyethylene bearing 
geometry CR TKA with its novel design features has the 
potential to restore in-vivo articular contact kinematics of 
the healthy knee during strenuous functional daily activi-
ties including step-ups, single-leg deep lunges and sit-to-
stand utilizing a validated dual fluoroscopic imaging system 
(DFIS).

Methods

Patients

Fifteen well-functioning unilateral CR TKA patients were 
included in this study with the institutions’ Internal Review 
Board approval (Table 1). Patients underwent unilateral CR 
TKA (Journey II Total Knee System, Smith and Nephew, 
Memphis, TN, USA). The average follow-up time was 
24.5 months (± 12.6, range 13–42). All patients in this study 
presented no radiographic signs of osteoarthritis in the con-
tralateral non-operated knee. At the latest follow-up, there 
was no postoperative implant malalignment on radiographs 
in this cohort of patients. All patients demonstrated a satis-
factory range of knee motion during a physical examination, 
with an average range of motion for knee flexion of 98.4° 
(SD 6.8°). All patients in this study also had an intact knee 
ligament and meniscal condition in the contralateral non-
operated knee.

All CR TKA prostheses were implanted by a single sur-
geon. All surgeries were performed with a standard medial 
parapatellar approach, aiming for a neutral mechanical coro-
nal limb alignment. Only the deep fibers of medial collateral 
ligament were released routinely to correct varus alignment. 
The femur was cut at 5° of valgus with 3° of external rota-
tion. On the tibial side, care was taken to use a retractor to 

recreate the anatomic slope (as per manufacturer recommen-
dation). Component trialing was performed to ensure bal-
anced flexion and extension gaps. Third-generation cemen-
tation technique was used, cleaning the bone thoroughly 
through the use of pulse lavage, vacuum mixing of cement, 
and pressurized injection with cement gun.

Dual fluoroscopic imaging analysis

Patients underwent computer tomography (CT) scans (Sen-
sation 64; Siemens; Germany) from pelvis to ankles bilater-
ally to generate 3D surface models of the CR TKA and the 
contralateral native knee. All patients performed sequen-
tial, step-ups, single-leg deep lunges and sit-to-stand (STS) 
under synchronized DFIS surveillance (BV Pulsera, Phil-
lips Medical, USA) [3, 13]. The two-dimensional dynamic 
fluoroscopic images and the three-dimensional (3D) TKA 
Computer-Aided Design (CAD) models were imported into 
a customized program in MATLAB (MathWorks®, Natick, 
MA, USA) [27]. The position of each TKA component in 3D 
space was determined with a previously published protocol 
[3, 14] by performing optimal matching of TKA CAD model 
projections with the dynamic fluoroscopic TKA images 
(Fig. 1). The accuracy of the DFIS is 0.9 mm (SD 1.1 mm) 
in translation and 0.6° (SD 0.8°) [16]. The repeatability of 
the DFIS technique is less than 0.8 mm and 0.6° in position 
and orientation for the measurement of in-vivo kinematics 
in static and dynamic positions [16].

The medial and lateral anterior–posterior positions of 
the femoral condyles were measured by tracking the low-
est point on the medial and lateral femoral condyles with 
respect to the tibia [9]. A coordinate system (origin in 
the center of the tibial plateau) on the tibial plateau was 
created to allow the quantitative description of contem-
porary CR TKA articular contact kinematics (Fig. 2). The 
mean contact position of the CR TKA and contralateral 

Table 1   Demographic data of cruciate retaining total knee arthro-
plasty (TKA) patients

N = 15 Average ± standard deviation (range)

Age (years) 68.4 ± 5.8 (60.5–80.6)
Gender 6 male, 9 female
Operated side 4 left, 11 right
Mass (kg) 80.1 ± 20.2 (51.8−113.4)
Height (cm) 161.5 ± 13.6 (129.5−180.3)
BMI (kg/m2) 31.2 ± 9.9 (19.6−60.9)
Follow-up (month) 14.5 ± 12.6 (0.7−42.2)
Femoral component size 4.9 ± 1.5 (3.0−8.0)
Poly-thickness medial (mm) 9.9 ± 1.3 (9.0−13.0)
Poly-thickness lateral (mm) 9.9 ± 1.3 (9.0−13.0)
Tibia component size 4.1 ± 1.5 (2.0−7.0) Fig. 1   Dual fluoroscopic imaging system (DFIS) approach used for 

registration of 3D models on fluoroscopic silhouettes
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non-operated knees during functional activities were pro-
jected on the tibial plateau surfaces [9, 15].

3D component orientation analysis

Femoral and tibial component alignment was defined in 
concordance with previous literature [23]. In terms of the 
femoral component, the valgus angle was defined as the 
angle in the coronal plane from the axis formed by the 
lowest points on each of the condyles of the native femur 
[23]. For the tibial component, valgus was defined as the 
angle in the coronal plane from the axis formed by the 
centers of the circles fitted to the tibial plateau to the axis 
formed by the centers of the circles fitted to the tibial pla-
teau [23].

Statistical analysis

The Wilcoxon signed-rank test was performed to deter-
mine if there is a significant difference in articular contact 
kinematics during strenuous flexion activities between the 
contemporary CR TKA design and the non-operated knees 
(α = 0.05) [21]. A multiple linear regression model was 
employed to assess the effect of 3D component orientation 
on in-vivo articular contact kinematics.

Results

Clinical outcome scores

At an average follow-up time of 24.5 months (± 12.6, range 
13–42), the patient cohort reported the following patient-
reported outcome measures: KOOS-PS (61.8 ± 10.3), 
PROMIS SF Physical (40.1 ± 9.7), PROMIS SF Mental 
(49.2 vs ± 8.8) and Physical SF 10A (43.7 ± 10.3).

In‑vivo articular contact kinematics 
during sit‑to‑stand

Contact excursions of the lateral condyle in CR TKAs were 
significantly more anteriorly located than the contralateral non-
operated knee from 9° to 40° of knee flexion (4.0 mm [IQR: 
2.6; 5.6] vs − 7.3 mm [IQR: 5.0; 9.1], p < 0.05) as well as from 
76° to 90° of knee flexion (− 4.8 mm [IQR: − 2.1; − 8.1] vs 
− 11.2 mm [IQR: 6.9; 14.4], p < 0.05) during STS (Figs. 3, 
4). Articular contact excursions of the medial condyle were 
significantly more anteriorly located than the contralateral non-
operated knee (2.4 mm [IQR: 1.5; 3.7] vs − 6.8 mm [IQR: − .4; 
− 9.5], p < 0.05) throughout the entire range of flexion angles 
during STS (Figs. 3, 4). Lateral condyle posterior rollback was 
not fully restored in CR TKA patients (9.1 mm [IQR: 5.2; 
13.3] vs 12.9 mm [IQR: 6.6; 18.3]. Lateral pivoting patterns 
were observed in 80% (12/15) of patients.

In‑vivo articular contact kinematics during step‑ups

Similar to the articular contact excursions observed dur-
ing STS, contact excursions of the lateral condyle in CR 
TKAs were significantly more anteriorly located than the 
contralateral non-operated knee from 9° to 26° of knee flex-
ion (− 1.9 mm [IQR: 0.6; − 3.8] vs − 6.0 mm [IQR: − 3.1; 
− 9.0], p < 0.05) as well as from 34° to 51° of knee flexion 
(− 4.4 mm [IQR: − 1.3; − 6.8] vs − 9.2 mm [IQR: 4.0; 12.7], 
p < 0.05) during step-ups (Figs. 5, 6). CR TKA experienced 
significantly more femoral external rotation than the con-
tralateral non-operated knees (7.8 mm [IQR: 5.9; 10.1] vs 
2.5 mm [IQR: 0.5; 5.1], p < 0.05) during step-ups (Figs. 5, 
6). Lateral pivoting patterns were observed in 73% (11/15) 
of patients.

In‑vivo articular contact kinematics 
during single‑leg deep lunge

Articular contact excursions of the medial condyle were 
significantly more anteriorly located than the contralateral 

Fig. 2   Contralateral non-oper-
ated knee (left) and CR TKA 
(right) medial–lateral midlines 
as defined by the connection of 
the of two circles fitted to corre-
sponding the medial and lateral 
tibial condyles or tibial plateus 
and trays, respectively



655Knee Surgery, Sports Traumatology, Arthroscopy (2022) 30:652–660	

1 3

non-operated knee (3.9 mm [IQR: 2.3; 4.8] vs − 3.0 mm 
[IQR: 0.3; − 5.2], p < 0.05) throughout the entire range of 
knee flexion angles during single-leg deep lunges (Figs. 7, 
8). Contact excursions of the lateral condyle in CR TKAs 

were significantly less laterally located than the contralat-
eral non-operated knee (21.5 mm [IQR: 17.9; 24.4] vs 

Fig. 3   Median of excursion of 
condylar contact points from all 
patients shown on the medial 
and lateral polyethylene inserts 
of CR TKA patients at selected 
knee flexion angles during sit-
to-stand

Fig. 4   Lateral and medial 
condyle anterior–posterior (AP) 
excursion, lateral-medial (LM) 
excursion, and femoral axial 
rotation exhibited in CR TKAs 
and the contralateral non-oper-
ated knees during sit-to-stand. 
The solid lines represent the 
median and the shaded areas 
represent the interquartile 
ranges. Black bars on the 
horizontal axex (Knee Flexion) 
indicate statistical significance 
difference between limbs
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Fig. 5   Median of excursion of 
condylar contact points from all 
patients shown on the medial 
and lateral polyethylene inserts 
of CR TKA patients at selected 
knee flexion angles during 
step-ups

Fig. 6   Lateral and medial 
condyle anterior–posterior (AP) 
excursion, lateral-medial (LM) 
excursion, and femoral axial 
rotation exhibited in CR TKAs 
and the contralateral non-oper-
ated knees during step-ups. The 
solid lines represent the median 
and the shaded areas represent 
the interquartile ranges. Black 
bars on the horizontal axex 
(Knee Flexion) indicate sta-
tistical significance difference 
between limbs
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25.0 mm [IQR: 21.3; 27.7], p < 0.05) from 36° to 44° of 
knee flexion during single-leg deep lunges (Figs. 7, 8). 
Lateral pivoting patterns were observed in 69% (9/13) of 
patients.

3D component orientation analysis

The femoral component demonstrated 0.8° ± 1.4° of internal 
rotation, 1.6° ± 2.0° of valgus and 2.5° ± 1.6° of posterior 
tilt. The tibial component showed 0.7° ± 3.1° of external 
rotation, 1.7° ± 1.8° of valgus and 3.3° ± 2.7° of posterior 

Fig. 7   Median of excursion of 
condylar contact points from all 
patients shown on the medial 
and lateral polyethylene inserts 
of CR TKA patients at selected 
knee flexion angles during 
single-leg deep lunges

Fig. 8   Lateral and medial 
condyle anterior–posterior (AP) 
excursion, lateral-medial (LM) 
excursion, and femoral axial 
rotation exhibited in CR TKAs 
and the contralateral non-oper-
ated knees during single-leg 
deep lunges. The solid lines 
represent the median and the 
shaded areas represent the 
interquartile ranges. Black bars 
on the horizontal axex (Knee 
Flexion) indicate statistical 
significance difference between 
limbs
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tilt. There was no significant correlation between femoral 
component alignment and in-vivo articular contact kinemat-
ics during single-leg deep lunge (Table 2). Similarly, there 
was no significant correlation between tibial component 
alignment and in-vivo articular contact kinematics during 
single-leg deep lunge (Table 2).

Discussion

The most important finding of the present study is that the 
contemporary asymmetrical tibial polyethylene bearing 
geometry CR TKA design does not fully replicate healthy 
knee contact kinematics during strenuous functional daily 
activities.

The contemporary CR TKA design did not demonstrate 
the same magnitude of femoral rollback compared to the 
contralateral non-operated knee. This is in agreement with 
other studies in the literature, demonstrating that mimick-
ing the amount of femoral rollback that occurs during flex-
ion is difficult to achieve with CR TKA designs [10, 17, 
19]. Horiuchi et al. [11] evaluated a previous generation 
symmetrical CR TKA design (NRG CR TKA – Stryker 
Orthopaedics, Mahwah, New Jersey, USA) with a single 
anterior/posterior and medial/lateral radius to replicate 
physiologic femoral rollback. However, the study find-
ings demonstrated that the CR TKA design was unable to 
restore posterior femoral rollback during weight-bearing 
knee flexion. Mikashima et al. [18] investigated a sym-
metric CR TKA design (Foundation and 3D Knee – DJO 
Surgical, Austin, Texas, USA) with a posterior lateral sul-
cus to simulate anterior cruciate ligament (ACL) function, 
however, the study results showed that the knee replace-
ment did not restore native knee femoral rollback. As 
femoral rollback plays an important role in attaining high 

degrees of knee flexion [30], the retention of the PCL in 
the contemporary CR TKA has been suggested to improve 
knee kinematics [8]. Although our study demonstrated that 
physiological posterior femoral translation was retained 
the contemporary CR TKA design, the medial sulcus of 
the contemporary CR TKA may prevent additional poste-
rior translation of the femur during knee flexion.

The contemporary CR TKA design did not reach com-
parable levels of posterior femoral translations when com-
pared to the contralateral non-operated knee. However, con-
tact kinematics such as lateral femoral condyle rollback as 
well as lateral pivoting patterns more closely approximated 
in vivo kinematics of the native knee [25]. Several other 
previous CR TKA designs have attempted to accomplish 
these physiologic kinematics through asymmetric tibial 
inserts and manipulation of the femoral condyles radii [6, 
7], however, these knee implants failed to fully restore native 
knee kinematics and in some cases exhibited considerable 
pivoting variability. The improved lateral femoral anteropos-
terior rollback of the contemporary CR TKA design during 
the early phase of STS, single-leg deep lunge and steps-
ups may be attributed to the posterior sloping of the lateral 
tibial plateau. Similar to the native knee, the contemporary 
CR TKA design demonstrated the majority of its posterior 
displacement on the lateral component within the first half 
of the strenuous activities investigated in this study. In con-
trast to anteroposterior contact kinematics, the contemporary 
asymmetrical tibial polyethylene bearing geometry CR TKA 
demonstrated significant medial/lateral asymmetries of the 
lateral compartment throughout the entire range of flexion 
angles. This may be attributed to the lack of the ACL, with 
medial displacement of contact points on the lateral compo-
nent having been demonstrated in previous CR TKA designs 
[5, 25, 29]. Additionally, similar observations were made by 
Defrate et al. [7] in ACL-deficient patients.

Table 2   Correlation between 
3D implant orientation and 
in-vivo articular contact 
kinematics during the single-leg 
deep lunge

Lateral contact 
AP motion

Medial contact 
AP motion

Lateral contact 
LM motion

Medial contact 
LM motion

Axial rotation

Femoral component
 Internal rotation° α = 0.13

p = 0.51
α = 0.22
p = 0.33

α = 0.09
p = 0.67

α = 0.16
p = 0.54

α = 0.19
p = 0.38

 Valgus° α = 0.08
p = 0.60

α = 0.15
p = 0.58

α = 0.06
p = 0.83

α = 0.12
p = 0.47

α = 0.23
p = 0.21

 Anterior Tilt° α = 0.17
p = 0.44

α = 0.13
p = 0.66

α = 0.10
p = 0.40

α = 0.18
p = 0.33

α = 0.14
p = 0.43

Tibial component
 Internal rotation° α = 0.17

p = 0.41
α = 0.12
p = 0.68

α = 0.18
p = 0.23

α = 0.19
p = 0.19

α = 0.16
p = 0.37

 Valgus° α = 0.10
p = 0.53

α = 0.17
p = 0.51

α = 0.10
p = 0.49

α = 0.11
p = 0.55

α = 0.19
p = 0.30

 Posterior slope° α = 0.13
p = 0.71

α = 0.11
p = 0.80

α = 0.12
p = 0.34

α = 0.19
p = 0.31

α = 0.11
p = 0.56
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The results of the current study need to be interpreted in 
light of several potential limitations. Firstly, we analyzed 
the articular contact kinematics between CR TKA and the 
contralateral non-operated, as there was no preoperative 
data available for comparisons. However, all patients in 
this study presented no radiographic signs of osteoarthri-
tis in the contralateral non-operated knee. Secondly, all 
patients in the current study had a single asymmetrical 
tibial polyethylene bearing geometry CR TKA design 
with relatively short follow-up time. Thus, the findings 
of this study may not be generalized to different types 
of asymmetrical tibial polyethylene bearing geometry CR 
TKA system. Thirdly, the quantification of articular con-
tact kinematics utilizes the center of two circles of each 
tibial plateau for the native knee, while the center of the 
curves of the baseplate were used for the implanted side. 
In patients with poorly aligned (translation and/or rota-
tion) tibial baseplates, this may lead to inaccuracies as 
this would lead to the comparison of different landmarks. 
However, in addition to the proper alignment of all TKA 
components in our study cohort, this methodology has 
been used extensively in previous literature to quantify 
in-vivo articular contact kinematics in TKA patients [1, 
2, 5]. Fourth, although patient-reported outcome meas-
ures are becoming an increasingly important tool for the 
assessment of functional outcomes, this study did not 
have complete data for patient-reported outcome meas-
ures for all patients [4, 12, 23]. Therefore, future studies 
may investigate the effect of in-vivo knee kinematics on 
patient-reported outcomes. Lastly, this study is limited by 
a small sample size; however, many studies using dual 
fluoroscopic imaging technology have this limitation 
[23–25], most likely due to the challenges associated with 
the use of this experimental technique.

Conclusion

In conclusion, the specific contemporary asymmetrical tib-
ial polyethylene bearing geometry CR TKA design evalu-
ated in this study demonstrated significant asymmetries in 
anterior–posterior and medial–lateral translations of the 
femoral condyles in addition to a loss in femoral posterior 
rollback during strenuous functional activities, when com-
pared to the contralateral non-operated knees. This sug-
gests that the contemporary CR TKA design is not fully 
able to replicate healthy knee contact kinematics during 
strenuous functional daily activities. This information is 
useful for peri-operative counselling of patients undergo-
ing total knee arthroplasty with this contemporary CR 
TKA design.
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