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Abstract
Purpose  The purpose of this study was to compare two types of posterior-stabilized (PS) mobile-bearing (MB) total knee 
arthroplasties (TKAs). The hypothesis was that no major differences were going to be found among the two TKA designs.
Methods  Two cohorts of patients who were divided according to implant design (Cohort A, new design gradually reducing 
radius PS MB TKA; Cohort B, traditional dual-radius PS MB TKA) were analyzed by means of intraoperative navigation. 
All operations were guided by a non-image-based navigation system that recorded relative femoral and tibial positions in 
native and implanted knees during the following kinematic tests: passive range of motion (PROM), varus–valgus stress test 
at 0° and 30° (VV0, VV30) and anterior/posterior drawer test at 90° of flexion (AP90).
Results  There were no significative differences in kinematic tests between the two implants. Cohort A, however, showed a 
different post-implant trend for VV0 and VV30 that were lower than the pre-implant ones, as expected, while for Cohort B, 
the trend is opposite. However, the gradually reducing radius prosthesis (Cohort A) showed a trend of improving stability 
(29% compared to the preoperative status) in mid-flexion (VV30) which the traditional dual-radius design (Cohort B) would 
not. Moreover, we found no differences among postoperative results of the two TKA designs.
Conclusion  Despite design variations, no difference has been found among the prostheses in terms of PROM, rotations and 
translations. Both design kinematics did not show paradoxical external rotations, but an increase in femoral translation in 
mid-flexion without affecting the functioning of the prosthesis.
Level of evidence  II.
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Introduction

Total knee arthroplasty (TKA) is nowadays a widespread 
procedure. In 2010, 4.7 million individuals in the USA 
were living with TKA [19] and this number is expected 
to increase greatly in the next few years [19, 22, 25]. The 
aim of TKA is to restore the physiologic knee kinemat-
ics, resulting in recovering or improving knee functional-
ity [11]. Various designs are available, including cruciate 
retaining (CR), postero-stabilized (PS), antero-stabilized 
(AS) and fixed- (FB) or mobile-bearing (MB) prosthesis.

This prospective cohort study aims to evaluate two dif-
ferent PS implants. This design has been adopted due to 
a more physiologic femoral rollback during flexion than 
CR implants [1], a better improvement of range of motion 
(ROM), prevention of posterior subluxation, increasing 
quadriceps muscle efficiency and an easier-to-perform soft 
tissue balancing. Disadvantages include recurrent patel-
lar clunk syndrome and cam–post impingement [3, 12]. 
However, in recent studies Ünkar et al. [28] as well as 
Baier et al. [1] found that any significative difference was 
revealed using a PS or a CR implant. Other designs, such 
as AS implants, preserve the bone and decrease the wear 
rate, but they are unable to restore normal knee kinemat-
ics, showing significant decrease in condylar rollback [3].

Regarding the bearing, a FB implant resulted in higher 
clinical success rate, but implant loosening and polyeth-
ylene wear cause long-term late failure. MB model cre-
ates instead a durable articular surface, providing less 
tibiofemoral contact stresses [17]. Anyhow, there is no 
literature evidence in terms of survival and performance 
to prefer one type over the other [27], neither considering 
patient satisfaction, nor clinical, functional and radiologi-
cal outcomes [5].

Navigation systems are a recent intraoperatory support 
for orthopedic surgeons in TKA [8, 29], allowing both 
to perform a more precise surgery and to acquire useful 
data in order to restore normal knee biomechanics. Such 
systems also allow to objectively examine and compare 
different types of implants, e.g., PS versus AS prosthesis 
[3] or ultra-congruent versus PS insert [14].

Kinematics, stability and passive ROM were intraopera-
tively examined in order to evaluate knee behavior before 
and after the procedure [3, 4, 8, 14]. These data can pro-
vide very useful insights and feedbacks to lean toward a 

specific type of implant considering each patient’s peculiar 
needs.

Clary et al. [9] proposed the comparative evaluation of 
standard fixed dual-radius implant versus gradually reduced 
radius implant by using a computational model (i.e., Kansas 
knee simulator) and then performing a cadaveric verifica-
tion. The reducing radius seemed to improve performance in 
mid-flexion reducing the magnitude of paradoxical anterior 
translation of 21–68% depending on the conformity of tibial 
insert. Anyway, in our knowledge, there is no evidence in the 
literature about the performance of the sudden implant in intra-
operative condition.

We decided to test those specific prostheses because the 
PFC SIGMA™ knee system has been the prosthesis of choice 
in our division at Rizzoli Orthopaedic Institute for many years, 
and while gradually switching to Attune Gradius™ system, we 
wanted to perform a kinematic comparison among the two. In 
this paper, kinematic intraoperative data from the two MB PS 
prostheses were acquired by using a navigation system and 
then compared.

The primary hypothesis was that both prostheses will show 
a pre- versus post-kinematic improvement, while secondary 
hypothesis was that no major kinematic differences were going 
to be found among the two prosthesis designs.

Materials and methods

This work was a prospective cohort study. Two cohorts of con-
secutive patients were selected among subjects with advanced 
knee OA, who were waiting to receive a cemented posterior-
stabilized TKA at Rizzoli Orthopaedic Institute (Bologna, 
Italy). An a priori power analysis was conducted to evaluate 
the sample size. The parameter chosen was the AP translation. 
Based on a previous study in the literature [3] which analyzed 
the laxity reduction through kinematic assessment with navi-
gation system, the standard deviation was set to 3 mm. The 
difference between the means was set to 2.5 mm, with a sta-
tistically significant p < 0.05. Using a power of 0.9, the total 
sample size resulted to be 14 per cohort group. A total of 30 
patients were enrolled for this study and evaluated with the 
same navigation system. Cohort A was composed of 15 con-
secutive patients who received a MB PS TKA with gradually 
reduced radius (Attune Gradius™, DePuy Orthopaedics, War-
saw, IN, USA). Cohort B were composed by 15 consecutive 
patients who received a traditional dual-radius MB PS TKA 
(PFC SIGMA knee system™, DePuy Orthopaedics, Warsaw, 
IN, USA) (Table 1). All patients signed a written informed 

Table 1   Demographic and 
X-ray data

Cohort Age mean (SD) Sex (M/F) Limb (R/L) HKA pre-op (range) HKA post-op (range)

A 66.2 (4.8) 7/8 8/7 2.9 (− 3.5 to 9.5) 0.8 (− 1.7 to 2.3)
B 70.4 (5.2) 6/9 7/8 4.1 (− 5.2 to 11.8) 1.3 (− 2.1 to 3.3)
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consent prior surgery. The inclusion criteria were: patient age 
under 85 years, navigation system usage during surgery and 
willing to participate to this study. The exclusion criteria were: 
secondary knee OA, extra-articular deformities and severe 
varus or valgus deformity (> 15°), requiring a hinged implant, 
incomplete cinematic data from navigator. All surgeries were 
performed by the same surgeon (SZ).

A surgical non-image-based navigation system (BLU-
IGS, Orthokey Italia srl, Firenze, Italy) was used to meas-
ure intraoperative knee kinematics. The navigation system 
used does affect neither the normal surgical technique nor 
the knee kinematics. The nominal accuracy of the system is 
0.5°/mm and inter-tester reliability > 0.8 (intraclass correla-
tion coefficient ICC) with average standard deviation < 2°/
mm [2, 7, 21]. All operations were performed under spi-
nal anesthesia. A tourniquet was used for all patients. Two 
bicortical pins were inserted to fix the navigation trackers 
to the femur and tibia. After subcutaneous dissection, the 
capsule was opened to register patient anatomy, while pre-
serving the cruciate ligaments, menisci and osteophytes. The 
measured bone resection technique was followed to obtain 
equal flexion and extension gaps and to facilitate soft tissue 
balancing. The medial third of the tibial tubercle was used 
as the anterior reference for the alignment of the tibial base 
plate.

All resections were performed using the mechanical 
instrumentation provided with the implant and verified 
with the navigation system. Hip–knee–ankle (HKA) angle 
has been corrected to zero (Table 1). The navigation sys-
tem allowed to measure: knee flexion in degrees, leg axis 
in degrees (i.e., varus/valgus), anterior/posterior translation 
in millimeters and internal/external rotation in degrees. All 
measurements were obtained intraoperatively both: (1) in the 
preoperative condition, before section of the cruciate liga-
ments and (2) in the postoperative condition, subsequently 
to TKA implantation before capsule closure. The surgeon 
performed multiple kinematic tests on the patients’ knee:

1.	 varus/valgus stress test in extension (VV0);
2.	 varus/valgus stress test at mid-flexion (30° of flexion) 

(VV30);
3.	 passive range of motion (PROM);
4.	 anterior/posterior drawer test at 90° of flexion (AP90).

All the tests were executed manually by the operating 
surgeon and repeated at least three times for each patient. 
The average value of the repetitions was computed for each 
patient and recorded for data analysis.

The study was approved by the ethical committee of the 
Istituto Ortopedico Rizzoli (Bologna, Italy, protocol number 
11551/CE/US/ml, 5 May 2006).

Femoral and tibial anatomical reference systems were 
calculated, and the relative tibiofemoral movement was 

decomposed using Grood and Suntay (G&S) algorithm [15]. 
The femoral coordinate system was established using Whi-
teside’s line for the AP axis, the mechanical femoral axis 
(femoral head center to distal inter-condylar notch) for the 
proximal–distal (PD) axis and the cross product of these two 
for the medio-lateral (ML) axis, and further cross product of 
PD and ML axes was done to obtain an orthogonal reference 
system. The tibial reference system was calculated using 
the line connecting the tibial spine to the medial third of the 
tibial tuberosity for the AP axis, the mechanical tibial axis 
(tibial spine to midpoint of malleoli) for the PD axis and the 
cross product of these two for the ML axis, and further cross 
product of PD and AP axes was done to obtain an orthogonal 
reference system.

The raw data were processed using a smooth curve fitting 
function that enabled direct comparison of patient data at 
5° intervals. The internal–external (IE) rotation, recorded 
during PROM, was plotted against knee flexion, whereas in 
the antero-posterior test the tibial translation on AP tibial 
axis was evaluated.

Statistical analysis

All data from navigation system were acquired and exported 
and subsequently processed using MATLAB® R2016b (The 
MathWorks, Inc., Natick, MA, USA) for statistical analysis.

The Kolmogorov–Smirnov test was applied in order to 
reveal whether the acquired data during surgeries had a 
parametric or nonparametric distribution. Since each intra-
operative kinematic parameter resulted in a nonparametric 
distribution, Wilcoxon’s rank-sum test was implemented to 
investigate the statistical significance of the difference for 
each test between pre-implant and post-implant data. The 
significance level was set at p value < 0.05.

Wilcoxon’s rank-sum test was also applied to compare 
post-kinematic data among the two cohorts of patients who 
received the two different types of implants (i.e., Attune Gra-
dius™ and PFC SIGMA™).

Results

A comparison of intraoperative data acquired with the navi-
gation system was made. As reported in Table 2, statistically 
significative difference at Wilcoxon’s rank-sum test has been 
observed between pre- and post-varus/valgus test in exten-
sion (VV0) for both cohorts (31%, p = 0.01 for Cohort A, 
31%, p = 0.048 for Cohort B) and between pre- and post-
antero-posterior drawer test at 90° of flexion (AP90) for 
both cohorts (29%, p = 0.046 for Cohort A, 26%, p < 0.01 
for Cohort B). No significative difference has been found at 
Wilcoxon’s rank-sum test for varus/valgus test at mid-flexion 
(VV30).
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No significative difference has been found, as reported 
in Table 3, between varus/valgus test in extension (VV0), 
varus/valgus test at mid-flexion (VV30) and antero-poste-
rior test at 90° of flexion (AP90) when comparing Cohort 
A and Cohort B among them pre- and post-surgery.

Comparing varus/valgus stress test at mid-flexion 
(VV30) between Cohort A and Cohort B did not show 
any significative difference (Fig.  1). Nevertheless, as 
shown in Fig. 2, for Cohort A (Attune Gradius™ pros-
thesis) post-implant data for VV30 were lower than the 
pre-implant ones as expected, while Cohort B (PFC 
SIGMA™ prosthesis) showed a different trend, with no 
major difference between pre- and post-implant data for 
VV30 (Fig. 3).   

Tibial rotation during flexion

All patients had similar pre-implant data for internal–exter-
nal rotation during PROM stress test, which was on average 
7.2° ± 3.2° for Cohort A and 7.2° ± 2.7° for Cohort B (p = 1). 
Similarly, also for post-implant data, any significative dif-
ference was revealed, with average data of 6.4° ± 4.5° for 
Cohort A and 4.4° ± 1.8° for Cohort B (p = 0.25) (Figs. 4 
and 5).

The implanted knees did not show paradoxical external 
rotation.

Differently, a significative difference resulted from the 
comparison of pre-implant and post-implant intraopera-
tive data for PFC SIGMA prosthesis (p < 0.01), while a 
value just above the significant threshold was calculated for 
Attune prosthesis (p = 0.056). Compared to preoperative 

Table 2   Kinematic test results 
for Cohort A and Cohort B pre- 
and post-implant, *p < 0.05

Median (IQR) pre Median (IQR) post Diff. % p value

A
 VV0 (°) 6.5 (6.0–8.0) 4.5 (4.2–4.8) 2.0 31 0.0134*
 VV30 (°) 6.0 (5.0–6.9) 4.25 (3.5–4.9) 1.8 29 0.0862
 AP90 (mm) 8.5 (8.1–9.0) 6.0 (5.5–6.5) 2.5 29 0.0466*

B
 VV0 (°) 6.5 (4.5–7) 4.5 (3–5.0) 2.0 31 0.0484*
 VV30 (°) 5.5 (4.5–6.3) 5.5 (4.2–6.2) 0.0 0 0.8298
 AP90 (mm) 7.8 (6.9–8.5) 5.75 (4.6–6.1) 2.0 26 0.0034*

Table 3   Comparaison of 
kinematic test results between 
Cohort A and Cohort B pre- and 
post-implant

A–B pre A–B post

Diff. % p value Diff. % p value

VV0 (°) 0.0 0 0.3124 0.0 0 1
VV30 (°) 0.5 8 0.4609 − 1.3 − 28 0.1861
AP90 (mm) 0.8 9 0.4432 0.3 6 0.2105
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Fig. 1   Comparison between varus–valgus stability at 0°
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Fig. 2   Comparison between varus–valgus stability at 30°
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Fig. 3   Comparison between anterior–posterior stability at 90°
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Fig. 4   Intraoperative tibial rotation pattern for Cohort A. Positive values correspond to external tibial rotation
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data, a reduction in tibial rotation was observed post-implant 
throughout the whole flexion range (i.e., 5°–115°).

Femoral translation during flexion

Pre-implant data for AP translation during AP90 stress 
test were on average 16.0 ± 7.8 mm for Cohort A and 
1 ± 10.7 mm for Cohort B (p = 0.01). Similarly, also for 
post-implant data, a significative difference was revealed, 
with average data of 18.3 ± 10.7 mm for Cohort A and 
12.2 ± 9.2 mm for Cohort B (p < 0.01) (Figs. 6 and 7). 

No significative difference in AP translation was revealed 
comparing pre- and postoperative data for both cohorts 
(Cohort A, p = 0.06, Cohort B, p = 0.16).

Femoral translation was almost identical than the native 
knee in early flexion (0–40° for Cohort A, 0–15° for 
Cohort B). In mid-flexion, both prosthesis designs showed 
an increase in anterior femoral translation without anyway 
affecting the functioning of the implant. In deep flexion 
beyond 100°, both prostheses showed again a similar trans-
lation compared to the native knee.
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Fig. 5   Intraoperative tibial rotation pattern for Cohort B. Positive values correspond to external tibial rotation
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Discussion

The most important finding of the present study was 
that no significative differences showed among pre- and 
postoperative kinematic tests of the two different pros-
thesis designs in varus–valgus stress test at 0° (VV0), 
30° (VV30) and in anterior–posterior drawer test at 90° 
(AP90) (Table 3). No paradoxical external tibial rotation 
has been noted.

Both prostheses showed a significative increase in sta-
bility at 0° (p = 0.01 for Cohort A, p = 0,048 for Cohort B) 
and in antero-posterior translation of implant (p = 0.46 for 
Cohort A, p < 0.01 for Cohort B).

We decided to analyze two very similar PS MB prosthesis 
designs; both validated in improving OA knee biomechan-
ics, as demonstrated by Ranawat et al. [24]. We decided to 
match the Attune Gradius™ prosthesis with a well-validated 
implant, such as the PFC SIGMA knee system™, in order 
to compare two of the most used in our institute. This led 
us to a much more challenging study, due to very close data 
and the foreseen difficulty of extrapolating significative data.

PFC Sigma™ is a traditional dual-radius knee prosthesis, 
showing a J Curve-shaped femoral component. This tech-
nology improved old prostheses with fixed radius of cur-
vature, allowing to enhance implant-to-bone contact until 
130°–150° of flexion and thereby reducing stress contact 
points [18]. The sudden transition between the different 
femoral radii is the main flaw with this implant design and 
can negatively influence varus–valgus mid-flexion stability.

The Attune Gradius™ femoral sagittal design allows a 
gradual decreasing of the main curve and therefore a poten-
tial improvement in mid-flexion stability. This is achieved 
by multiple different radii points along the curve, which in 
turn reduces the sudden transition between the two radii seen 

in the traditional J Curve designs and is designed to prevent 
sudden changes in knee stability [13].

When comparing Cohort A and Cohort B, as given in 
Table 1 and Fig. 2, although values are just above statistical 
significance, varus–valgus stress test at 30° shows a different 
trend among the implants. While Cohort B data show similar 
results compared to pre-surgery stress test, Cohort A shows 
an improvement in mid-flexion stability with respect of the 
OA native knee.

This behavior matches the results observed by Hino et al. 
[16] in their paper, showing an improvement in mid-flexion 
stability, with a stable increase among ROM values from 
20° to 120°. In the authors’ opinion, this behavior can be 
perceived by the patient in the way they can feel a better 
stability of their knee during weight-bearing knee flexion, 
mostly in the 0°–90° range. Those findings are in line with 
those reported by Carey and Harty [6] and Ranawat et al. 
[24] in their paper. Carey and Harty compared PFC™ and 
Attune™ knee systems, showing slight, but significative, 
improvement in patients’ clinical outcomes. Ranawat et al. 
did not find significative difference in KSS, but less ante-
rior knee pain in the Attune™ group. Clary et al. in their 
work [9] discussed how exchanging a dual-radius implant 
for a gradually reducing radius consistently attenuated the 
paradoxical anterior slide. This led to evidence that femo-
ral design influence knee kinematics, despite surgical and 
patient variability.

According to Casino ed al. [7], who evaluated with 
our same surgical navigator a series of 10 patients treated 
with PFC™ knee system, our results showed as well how 
the AP femoral translations trend during flexion was very 
similar in all cases analyzed. Values of AP pre-opera-
tory translations in our study were significantly different 
between Cohort A and Cohort B; however, evaluating 
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absolute values of the difference among pre- and post-
operatory, those are comparable among them (p = 0.037).

Additionally, in pristine OA knees we noticed an 
increase in femoral rollback in flexion, in accord with 
results reported in both in vivo and in vitro studies. Con-
versely, after TKA we observed in Cohort A, an abnor-
mal femoral anterior translation up to 30° followed by 
a small femoral rollback comparable with the OA knee. 
This trend is similar to those observed in previous studies 
on posterior-stabilized TKA knees and can be clarified 
by the posterior cam action after 30°–60° [10, 20, 26]. 
In conclusion, femoral rollback was homogeneous in all 
subjects analyzed and it was also comparable with other 
postoperative evaluations.

For what concerns tibial rotations, we noticed that the 
movement pattern during flexion was modified by the 
rotating platform, but the amount of rotation during whole 
motion remained similar before (7.2° ± 3.2° for Cohort A 
and 7.2° ± 2.7° for Cohort B) and after TKA (6.4° ± 4.5° for 
Cohort A and 4.4° ± 1.8° for Cohort B). The axial rotation 
values observed in our intraoperative study are comparable 
with the amount of rotation found by Ranawat et al. [23] in 
a postoperative video fluoroscopic study on the same TKA 
implant that was assessed in our study. They compared a 
mobile bearing with a fixed-bearing implant and found that 
the total amount of axial rotation was, respectively, of 7° 
and 4°.

A limit of our study was the intraoperatory alignment 
evaluation which has been performed prior to knee capsule 
suture. This has been led to higher values in translations and 
rotations with respect of pristine knee. Our data, however, 
are comparable with that of Bignozzi et al. which evaluated 
three different PS TKAs with the same surgical navigator we 
used [3]. We used this paper to compare our data in order 
to find any procedural error and to double check our results. 
Both tibial rotations during flexion and anterior–posterior 
drawer test gave us similar results. It has to be noted that the 
intraoperative kinematic assessments have to be performed 
with open joint capsule to allow the surgeon to check the 
implant before suturing the wound.

Another limit of our study was certainly the small number 
of cases although surgical navigator data can lead to a sta-
tistically significative result with much lesser patients than 
clinical studies. A bigger group would have surely given 
benefits in increasing statistical significance. However, 
we do not believe there are many differences in outcome 
between the two designs, except from a better stability (as 
already highlighted by the trend shown in our data) in mid-
flexion. We can observe that in fact, as predicted, both pros-
theses are performing well and give major advantages in 
restoring normal knee biomechanics. Newer implant shows 
minor improving, which could, however, have quite a big 
impact in patients’ knee feedback.

Conclusion

Despite design variations, no difference has been found 
among the prostheses in terms of PROM, rotations and 
translations. Both design kinematics did not show para-
doxical external rotations, but an increase in femoral trans-
lation in mid-flexion without affecting the functioning of 
the prosthesis.
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