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Abstract: (1) Background: Total knee arthroplasty (TKA) is a well-established surgical treatment for
end-stage osteoarthritis. While no leading factor can be identified, the high frequency of patient
dissatisfaction (20%) pertains to several key features such as preoperative expectations and post-
operative improvement in knee function. Bicruciate-retaining total knee arthroplasty (BCR-TKA)
may improve kinematics and lead to improved clinical outcome in the higher-demanding patients.
(2) Methods: A systematic review of the literature was performed to assess the best available preclini-
cal and clinical literature on BCR-TKA for kinematics and clinical outcome and adverse events such
as implant loosening. Articles were screened using predefined in- and exclusion criteria. The guide-
lines for Preferred Reporting Items for Systematic Reviews and Meta-analysis (PRISMA) were used.
(3) Results: The literature search resulted in 352 articles which were screened for title and abstract.
After application of the in- and exclusion criteria, 13 preclinical and 30 clinical articles were included.
The methodological quality of studies was low, including mainly level IV studies. (4) Conclusions:
This is the first report that provides a systematic description of the broad available preclinical and
clinical literature on BCR-TKA. It underlines the current interest in improving kinematics and clinical
outcome based on a more anatomical TKA design. The current review demonstrates the low method-
ological quality of clinical trials that have investigated BCR-TKA. Currently, there are insufficient
data to support broad (“state of the art”) implantation of BCR-TKA. Preclinical and clinical research
suggest, however, that the design has a potential benefit to achieve improved kinematics in the young
and active arthroplasty patient and warrants future research for new-generation designs with optimal
(tibial) fixation and reproducible (robot or navigated) surgical placement.

Keywords: bicruciate-retaining knee arthroplasty; BCR-TKA; cruciate-retaining knee arthroplasty;
CR-TKA; bicruciate-stabilized knee arthroplasty; systematic; methodological quality; kinematics;
active patient population; aseptic loosening; preclinical; clinical outcome

1. Introduction

Total knee arthroplasty (TKA) is a well-established surgical treatment for end-stage
osteoarthritis. Primary TKA is performed in over 200 per 100,000 inhabitants per year
in large European countries such as Germany and Switzerland [1]. In the United States,
the incidence of primary TKAs is expected to rise to 43% (299 per 100,000) inhabitants
by 2050. Although successful in the majority of patients, up to 20% report dissatisfaction
after treatment. While no leading factor can be identified, patient dissatisfaction pertains
to several key factors such as preoperative expectations and the degree of postoperative
improvement in knee function [2]. These factors can be attributed to the higher demand
of young and active patients that are increasingly receiving primary TKA. In fact, it is
expected that over 50% of patients receiving a TKA will be under the age of 65 years by
2030 [3]. As early TKA designs were primarily aimed at the elderly patient, new challenges
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for improvement in function and kinematics have arisen [3]. Primary TKA was designed
to sacrifice the anterior cruciate ligament (ACL) and gain anteroposterior (AP) stability
from the implant design in either posterior-cruciate-retaining (CR) or posterior-stabilized
(PS) knee arthroplasties. The resulting loss of propriocepsis, along with the paradoxical
anterior femoral translation commonly observed in mid- and terminal flexion, may lead to
suboptimal kinematics and eventually to patient dissatisfaction [4–8]. Thus, in retaining the
cruciate ligaments, bicruciate (BCR)-TKA may improve kinematics and lead to improved
clinical outcome in the higher-demanding patients. Although BCR-TKA is expected to
improve the performance of these patients as a result of the preserved ACL function, its
clinical result remains controversial. The initial bicruciate design was introduced in the
1960s by Gunston [9]. Over the past decades, several newer designs have been introduced,
which aim at better (tibial) fixation and range of motion. To date, the lack of improved
clinical outcome and implant survival after BCR-TKA along with the low methodological
quality of clinical trials have restricted broad implementation. Still, the proposed clinical
and kinematic improvement that may be achieved by retaining the ACL has been supported
by different kinematic and laboratory studies, along with early results of clinical trials [4].
The increase in the use of robotic-assisted TKA may further improve optimal implant
placement, ligament balancing and alignment that may prove to be key factors in its
possible success. The purpose of this review is to provide a comprehensive systematic
overview of the literature on BCR-TKA to provide an in-depth view on available results
and provide a basis for a future prospective.

2. Methods

A systematic review of the literature was performed to assess the best available clinical
evidence after BCR-TKA kinematics and clinical outcome and implant survival. The search
was conducted on 14 April 2022, in the electronic databases of MEDLINE and Embase, using
the following parameters: “bicruciate retaining” OR “bi-cruciate retaining” OR “bicruciate-
retaining” OR “bicruciate stabilized” OR “bicruciate-stabilized” OR “bicruciate stabilizing”
OR “anterior cruciate ligament retaining” AND “knee arthroplasty” OR “knee replacement”.
The articles were screened by title and abstract. The following inclusion criteria for relevant
articles were used during the initial screening of titles and abstracts: clinical trials and
case series that reported clinical outcome after bicruciate-retaining TKA and or preclinical
kinematic laboratory/cadaveric studies. As there is variability in preclinical and clinical
outcome measures, no main outcome domain could be used. Case reports, reviews and
languages other than English, Dutch or German or non-retraceable articles were excluded.
Levels of evidence were assigned to studies based on the methodological quality of their
design. Where applicable, the guidelines for Preferred Reporting Items for Systematic
Reviews and Meta-analysis (PRISMA) were used [10].

3. Results

The literature search resulted in 352 articles which were screened for title and abstract.
Of these articles, the majority did not fit the inclusion criteria. After application of the
inclusion and exclusion criteria, 13 preclinical and 30 clinical articles could be included
(Figure 1). Of the clinical trials, one randomized controlled trial was included; all other
studies were of a retrospective design and qualified as level IV evidence.
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3.1. Implant Design and Clinical Outcome
3.1.1. First Generation

The design of BCR-TKA is especially important to ensure proper kinematics and
implant survival. A primary concern for first-generation BCR-TKA includes tibial baseplate
stability, as there is an absence of a tibial keel and reduced tibial coverage. First-generation
BCR-TKA, for which the longest follow-up is available, included a femoral component with
cobalt–chromium with an asymmetric trochlear groove requiring right and left components.
The tibial component consisted of a flat symmetric polyethylene (PE) insert on a single-piece
horseshoe-shaped titanium tibial tray with two round fixation pegs and a flat symmetric
polyethylene (PE) bearing [4]. Pritchett presented the largest case series (214 arthroplasties
in 160 patients) for this implant (Townley Anatomic, Biopro Inc, Port Huron, MI, USA) with
clinical outcomes with a minimum follow-up of 20 years [11]. The Kaplan–Meier curve
showed a revision-free survival of 89% (95% confidence interval (CI): 82–93%). Twenty-two
knees in twenty-one patients (5.6%) were revised. Reasons for revision were polyethylene
wear (n = 7), aseptic loosening of the femoral (n = 4) or tibial component (n = 3) and
infection (n = 4). The Cloutier BCR-TKA (Ceraver Osteal, Paris, France), which included a
tibial component with two flat symmetrical polyethylene (PE) bearings on a single-piece
notched titanium tibial tray with two round 15 mm fixation pegs, showed a survivorship
of 82% at 20 years with aseptic component loosening of 4.3% (7 of 163) [12].

3.1.2. Second Generation

Second-generation models were designed to improve implant stability based on an
asymmetric-anatomical- or non-anatomical-perimeter-shaped tibial component with better
tibial fixation and anterior stability [4].

LCS

In 1990, Buechel and Pappas presented a second-generation bicruciate-retaining
meniscal-bearing TKA as part of a comprehensive, interchangeable knee prosthesis sys-
tem New Jersey Low-Contact-Stress (LCS, DePuy Synthes, Warsaw, IN, USA), with both
cemented and cementless options [13]. The bicruciate-retaining tibial component had a
“U”-shaped metallic baseplate and separate medial and lateral polyethylene meniscal bear-
ings with articulating surfaces curved to match the femoral geometry. The authors reported
on the survival of 21 cemented and 25 cementless BCR-TKAs. In the cemented group,
12-year overall survival was 90.9%, and in the cementless group 6-year overall survival
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was 100%. Stiehl et al. presented 4743 TKAs that were performed between 1981 and 1997
using the LCS system with BCR (n = 324), CR (n = 2165) and PS (n = 2254) implants, and
with a 14-year follow-up found the survivorship for BCR implants to be 79% (95% CI 72;
86); CR implants 82% (95% CI 78; 88); and PS knees 87% (95%CI 81; 94), respectively [14].
The overall 14-year survivorship for cementless fixation was 83% and for cemented fixation
84%. The aseptic loosening rate was the highest for the BCR system (6.1%). Conversely,
in a retrospective analysis with a minimum follow-up of 15 years, a higher revision rate
was found for an anterior–posterior glide CR-TKA (n = 916) compared to a BCR design
(n = 180) with a hazard risk for BCR vs. PCR of 0.52 (0.34–0.80), p = 0.003 (adjusted
model) [15]. Again, cemented fixation was preferred, as the 20-year cumulative revision
incidence was higher at 2.9% (95% CI 1.7; 4.7) for cemented and 10.9% (95% CI 8.8; 13.4)
for uncemented TKA. Table 1 provides a short overview of the clinical outcome studies for
LCS BCR-TKA.

Table 1. Clinical outcome studies for LCS BCR-TKA.

Study BCR-TKA (n) Comparator (n) Mean Age Design/LOE Follow-Up Survival/Failure

Bruechel [13] 46 - 65 Retrosp (IV) 12 yrs Survival 90.9%

Stiehl [14] 324
PS-TKA 2254
CR-TKA 2165

62/68 Retrosp (IV) 14 yrs Survival BCR 79% vs. 87%
PS and 82% CR

Van Ooij [15] 180 CR-TKA 916 64/67 Retrosp (IV) 15 yrs HR BCR vs. PCR 0.52
(0.34–0.80) p = 0.003

Vanguard XP

In our systematic search, the Vanguard XP (Vanguard XP Total Knee System, Zimmer
Biomet, Warsaw, IN, United States) showed to be the BCR-TKA system with the most
clinical data available. The design includes asymmetric condyles with a larger lateral
condyle than medial to allow greater roll back laterally. The tibial tray consists of a U-shaped
cobalt–chromium–molybdenum tray with two pegs and two keels and an asymmetrical
PE bearing aimed at the difference in kinematics between the two compartments. Several
authors reported promising short-term clinical outcome after performing BCR-TKA with
this implant. Alnachoukati et al. found a high satisfaction rate of 94% in 146 BCR-TKAs,
with an improvement in mean flexion (116◦ preoperative to 121◦ postoperative) and two
revisions (1.4%) after a mean of one year follow-up [16]. Several other small case series
in 20–50 patients found significant improvement in PROMs after BCR-TKA [17,18]. Of
these studies, Peng et al. showed that PROMs were lower for those patients with a greater
posterior tibial slope [18]. However, these level IV studies may be susceptible to reporting
bias, as failure rates were not reported. Finally, one retrospective report on 107 patients with
a mean follow-up of 3 years demonstrated an 88% (95% CI 82; 93) survival. Revisions were
performed mainly for tibial loosening (5/19), ACL impingement (3/19) and pain (4/19) [19].

Comparative Studies of the Vanguard XP

A variety of clinical studies compared the Vanguard XP to other designs.
Christensen et al. found that a non-anatomical design BCR-TKA (Vanguard XP) had

inferior short-term survivorship and radiolucent lines (RLLs) on X-rays when compared
to a conventional CR implant [20]. Indeed, in their study including 78 BCR and 294 CR
implants with a mean follow-up of 18 months (range, 2–32 months), knees in the BCR
group had a higher frequency of all-cause revision (5% vs. 1.3%; hazard ratio (HR), 7.44;
95% CI 1.24; 44.80) and a greater proportion of RLLs of the tibial component (HR 2.93;
95% CI 1.62; 5.32; p < 0.001). The authors concluded that these results may be explained
by learning curves or truly inferior outcomes resulting from the BCR design. Similarly, a
large retrospective cohort that compared BCR-TKA (n = 195) with anterior-stabilized (AS)
CR-TKA design (n = 1253) at a mid-term follow-up (mean 5.2 years) found a higher revision
rate for BCR-TKA of 11.3% vs. 1.6% [21]. Nineteen (9.7%) BCR-TKA knees were revised for
aseptic tibial loosening; only one (0.1%) of the AS knees was revised for the same reason
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(p < 0.001). Compared with AS knees, BCR-TKA had significantly lower improvement in
range of motion (3.2 deg vs. 2.2 deg, p < 0.001), Knee Society Score (KSS) pain subscore (39
vs. 35.7, p = 0.014), KSS clinical subscore (52.4 vs. 46, p < 0.001) and KSS functional subscore
(20.9 vs. 15.5, p = 0.01).

In a single-blinded randomized controlled trial (n = 50) comparing the Vanguard BCR
and CR design, Troelsen et al. found no differences between the two designs in terms of
stable fixation on RSA or patient-reported outcome measure scores (PROMs) at 2 years [22].
However, while no reoperations were performed in the CR group, three patients required a
reintervention for stiffness and one for a tibial island fracture in the BCR group. Another
two case–control studies of the same cohort compared 61 BCR-TKAs with 61 CR TKAs
and found no difference in joint awareness and clinical improvement [23,24]. The survival
rate of both groups was 98.4% at three years. Both revisions were insert changes due to
persistent pain in the CR-TKA group and valgus thrust in the BCR-TKA group. The clinical
and comparative studies in which clinical outcome and revision rates were reported for the
Vanguard XP design are summarized in Table 2.

Table 2. Clinical outcome studies for Vanguard XP BCR-TKA.

Study BCR-TKA (n) Comparator (n) Mean Age Design/LOE Follow-Up Clinical
Outcome

Complications
BCR vs. Comparator

Troelsen
[22] 25 CR-TKA 25 68/70 RCT (I) 2 years Equal Fracture (n = 1), stiffness (n = 3)

Christensen
[20] 303 CR-TKA 237 65/63 Retrosp (IV) 1.5 years Inferior Revision 5% vs. 1.3%, RLL (HR, 2.93; p < 0.001)

Eggenberger
[21] 195 PS-TKA 1471 65/66 Retrosp (IV) 5 years Inferior Aseptic loosening 9.7% vs. 0.1%

Kalaai et al.
[23] 61 CR-TKA 61 65 Case-con (IV) 2 years Equal Equal revision (n = 1) no RLL

Alnachoukati
et al.
[16]

146 - 68 Retrosp (IV) 1 years Improved Revision 1.4%

Pelt et al.
[19] 141 - 64 Retrosp (IV) 3 years Improved Revision 13.5% (tibial loosening 4%)

3.1.3. Third Generation
Journey XR

The Journey II XR (Smith and Nephew plc, Watford, United Kingdom) system was
designed to overcome ongoing concerns of loosening and improve kinematics. The de-
sign consists of an anatomical tibial component that includes a metal tibia tray with
two independent and uniquely designed concave medial and convex lateral bearings to-
gether with a natural 3◦ oblique joint line [4]. One kinematic clinical study in 17 knees of
15 patients found the in vivo kinematics of BCR-TKA knees reproduced native knee kine-
matics to a lower extent compared 20 patients that received unicompartimental knee
arthroplasty (UKA) [25]. Larger clinical trials exploring this design are currently underway
(https://clinicaltrials.gov/ct2/show/NCT03136887, accessed on 14 April 2022).

Intraoperative Technique, Design, Balancing and Alignment

Tibial base plate design has proven to have an important effect on the risk of aseptic
tibial loosening, a severe adverse event which has been described in early BCR-TKA
designs. For example, linking of two separate baseplates appears to provide increased
primary stability in terms of bony fixation, comparable to that of a conventional single
tibial baseplate [26].

Computational modeling has been used to identify the most sensitive components
of knee joint laxity and suggest a sequence for balancing ligament tensions during knee
arthroplasty with a preserved ACP and PCL. Based on the findings of one study, an optimal
sequence for adjusting strains of ligament bundles during surgery were identified using
a variety of laxity examinations [27]. For example, the anteroposterior laxity has been
found to be sensitive to the tension of the ACL ligament in early flexion [27,28]. What
is more, a significant correlation was found between extension joint gap change and the

https://clinicaltrials.gov/ct2/show/NCT03136887
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change in ACL elongation in 29 patients, highlighting the importance of precise joint
line restoration and soft tissue balancing during BCR-TKA [29]. Although concerns exist
regarding an increase in patellofemoral compressive forces after BCR-TKA, no significant
correlations between intraoperative patellofemoral compressive force and anterior knee
pain after anatomical BCR-TKA have been found in 22 patients at short-term follow-up
(1.5 years) [30]. Posterior tibial slope (PTS) may also be an important factor that determines
postoperative kinematics and clinical outcome, as one study demonstrated that it has a
significant impact on the stress experienced by the ACL during weight-bearing sit-to-stand
and single-leg deep lunge. This suggests that avoiding excessive PTS may be one of
the surgical implant alignment factors to consider during surgery to minimize increased
preserved ACL tension [31]. This has been supported by computer modeling as well [18].
In addition, in the setting of tibial cuts reproducing the native medial PTS, patients with
larger PTS may be at risk of trauma to the posteromedial structures [32]. These findings may
emphasize the value of precise robot-assisted surgery and aid in future designs of BCR-TKA.

Preclinical Kinematics

Kinematics of the human knee are a result of an interconnected system of bones,
soft tissue structures and muscles resulting in a motion in all six degrees of freedom,
with a complex set of translations and rotations. BCR-TKA aims to restore pain-free
motion of the joint, based on these physiological kinematics [33]. To achieve this goal,
optimal anatomic design, implant position and use of native proprioception are key factors.
Several studies have aimed to assess the kinematics of BCR-TKA to better understand
how to achieve its theoretical improvement in kinematics. Indeed, during simulated deep
knee bend, chair-sit and walking, a biomimetic BCR implant showed activity-dependent
kinematics similar to healthy knees in vivo [34]. Restoring native knee geometry together
with ACL preservation may thus provide these desired kinematics over contemporary ACL-
preserving and ACL-sacrificing implants. Indeed, in 14 cadaveric knee specimens tested
under passive conditions with and without external loads, the width of the varus/valgus
and internal/external laxity envelope for the native knee and the bicruciate-retaining knee
were almost the same. However, in the native knee, a difference in laxity was seen between
the stable medial side and the more mobile lateral side [35]. With an image-free navigation
system in six fresh-frozen whole-body cadavers, one study found that the amount of tibial
internal rotation throughout knee flexion was more similar to that in a native knee if a
medial constrained insert was used compared to a flat insert [36]. Others showed that
lateral joint laxity was potentially decreased in BCR-TKA, limiting native flexion kinematics.
The loss of internal rotation in deep flexion may be compensated by using a lateral insert
with a posterior slope of +3◦ [37].

Although the importance of retaining the ACL was underlined within the BCR-TKA
group, no difference was found in contact forces, rotations, translations and ligament
forces when BCR-TKA was compared to CR-TKA during a normal walking pattern [38].
Furthermore, Okada et al. found that the preserved ACL in the BCR-TKA cadaveric knees
had a 2-fold to 6-fold higher strain than that in intact knees at 0◦, 15◦, 90◦ and 120◦ of passive
motion [39]. Computer modeling has also suggested that restoring native knee geometry
together with ACL preservation may provide kinematic superiority over contemporary
ACL-sacrificing implants [34]. More precisely, computational simulation results suggested
that BCR-TKA improves the posterior movement of the lateral condyle, medial condyle
and tibial internal rotation through a full range of flexion when compared to CR-TKA
and PS-TKA [40]. However, one computer model suggests that surgeons using symmetric
BCR-TKA may consider using a kinematic alignment method to achieve sufficient ligament
laxity throughout knee flexion to prevent a conflict between the retained ACL and the
replaced joint surface [41]. Moreover, the loss of the conforming anatomy of menisci and
tibial cartilage and replacement by a relatively flat polyethylene insert may account for
the loss of tibial internal rotation and the slight paradoxical anterior motion of the medial
femoral condyle [42]. In a cadaveric model, Halewoord et al. found BCR-TKA (Unity
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KneeTM 77, Corin Ltd., Cirencester, UK) reduced AP laxity versus CR-TKA, and may
improve knee stability without using conforming geometry in the implant design. When
compared to an implant design with a bridge between the two tibial bearing trays, the use
of two components akin as used in UKA prevented tibial avulsion fractures in extension in
this model [43]. Still, a cadaveric model showed that the rotational kinematics may be lost
once the tibial replacement is performed [44].

In Vivo (Clinical) Kinematics

A variety of small clinical studies have analyzed in vivo kinematics after BCR-TKA to
better understand the advantages of this design. Several studies have confirmed BCR-TKAs
to have good AP stability throughout the range of knee flexion, regardless of the weight-
bearing condition [45,46]. Furthermore, using fluoroscopy while performing a deep knee
bend activity, subjects having a BCR-TKA (n = 10) exhibited a more normal-like kinematic
pattern in early and late flexion compared to CR-TKAs (n = 40) [47].

Kono et al. matched kinematic data from BCR-TKA (Journey II XR, Smith and Nephew
plc), UKA and healthy controls during squatting motion, under fluoroscopy [25]. Here,
there was a lower extension angle of UKA knees than healthy and BCR-TKA knees
(p < 0.01) and lower flexion of BCR-TKA knees compared to healthy and UKA knees
(p < 0.01). In a separate study, it was found that BCR-TKA reduced femoral external rotation
and AP translation with flexion. In addition, while preoperatively ACL forces correlated
highly with AP translation of the femur during squatting, postoperatively only posterior
cruciate ligament (PCL) forces correlated with AP translation of the lateral femoral condyle
during squatting. These findings indicate that kinematic changes correlate with changes in
cruciate ligament forces, thus underlining the lack of achieving native kinematics [48]. This
has been supported by a validated computer tomography and fluoroscopic imaging system
in 29 patients who underwent unilateral BCR-TKA. Again, during a single-leg deep lunge,
BCR-TKAs showed significantly less posterior femoral translation during terminal flexion,
compared with the contralateral native knee. Similarly, BCR-TKAs showed significantly
less mean femoral rollback during sit-to-stand. BCR-TKAs also demonstrated significantly
reduced internal rotation during high-flexion lunge and sit-to-stand. Even further, while
Tsai et al. showed no statistical significant differences in AP translation as well as varus
rotation for BCR-TKA (Vanguard XP) (n = 30) compared to normal healthy knees during
the stance phase, sagittal plane motion and tibiofemoral articular contact characteristics
including pivoting patterns were not fully restored in BCR-TKA patients during gait [49].
Together with the lack of restored sagittal plane motions and tibiofemoral articular contact
characteristics during gait, these findings suggest that BCR-TKA does not restore native
tibiofemoral articular contact kinematics [50]. Hennessy et al. analyzed kinematic gait
in females and males (15/14) after BCR-TKA implantation (Vanguard XP). The authors
demonstrated significant increase in the KSS (58.1 ± 11.8 preoperative to 86.6 ± 16.7 postop-
erative, p < 0.001). In a nine-month follow-up case–control study that compared BCR-TKA
to PS-TKA and UKA in groups of twenty patients each, BCR-TKA showed a superior static
balance ability on a single-leg test compared to the other techniques [51]. Motion and
electromyography (EMG) data were also used to show that ACL retention led to altered
muscle recruitment during downhill walking in 12 BCR-TKA subjects compared with
12 CR-TKA subjects; the authors concluded that BCR-TKA may offer some neuromuscular
benefits for stabilizing the knee joint [52]. However, despite maintaining AP stability,
asymmetric knee motion persisted in unilateral BCR-TKA patients during gait as assessed
by a combined computer tomography and dual fluoroscopic imaging system in 29 patients.
The results of this study suggested that the knee motion symmetry during gait was not
restored in patients with unilateral BCR-TKA [46]. Finally, at a short-term follow-up of
6 weeks, in 15 knees that received BCR-TKA (Journey II XR), improved gait ability (walking
time (p < 0.01), number of steps (p < 0.05), velocity (p < 0.01) and stride length (p < 0.01)
was shown compared to those who received bicruciate-stabilized (BCS)-TKA [53].
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4. Discussion

This is the first report that provides a systematic description of the broad available pre-
clinical and clinical literature on BCR-TKA. It underlines the current interest in improving
kinematics and clinical outcome based on a more anatomical TKA design. Indeed, a recent
survey amongst 346 experienced knee surgeons confirmed that there is a strong interest to
perform BCR-TKA and the percentage of potentially eligible patients is high [54]. In our
view, the current systematic review is especially insightful, as for the first time, the extensive
preclinical models can be compared to the available clinical data. The importance of im-
plant design with adequate tibial fixation to prevent aseptic loosening was highlighted. In
addition, because the rationale behind BCR-TKA aims at native kinematics, intraoperative
precise joint line restoration and soft tissue balancing during BCR-TKA, as well as adequate
PTS, are important factors to consider during surgery to minimize increased loading and
impingement of the preserved ACL. An important challenge to overcome for the implant
design is the difference in laxity that is observed between the stable medial side and the
more mobile lateral side in the native knee. Indeed, preclinical data suggest that using a
medial constrained insert and a lateral insert with a posterior slope of +3◦ may aid in this
challenge [36,37]. Nevertheless, the preclinical data that compare the BCR-TKA design
to the CR-TKA design are conflicting, and optimal ligament balancing for an ACL- and
PCL-preserved knee has yet to be defined. Thus, while these data suggest ACL retention to
have theoretical kinematic advantages in TKA, the heterogenicity in the described models
creates difficulty in optimal implant design. What is more, newer anatomical bearing designs
with more constrained (concave) medial and convex lateral surfaces may be as important for
anterior–posterior stability and kinematics as ACL retention. Unfortunately, while such designs
have been described, their exact influence on kinematics is yet to be determined [25].

Several clinical studies suggest BCR-TKA may provide kinematic improvements over
contemporary implants with superior movement of the lateral condyle, medial condyle and
tibial internal rotation through a full range of flexion, as well as reduce AP laxity. Again,
while newer-generation BCR-TKAs seem to show promising results, there are no clinical
data that show superior results compared to other designs. This may be attributed to several
patient, implant, surgical and methodological factors. For example, the implant which
has been explored in the most clinical trials to date, i.e., the Vanguard XP, showed similar
clinical and RSA results compared to a CR design in a single-blinded randomized controlled
trial (n = 50) at 2 years [22].This has been confirmed by several smaller (retrospective) cohort
studies in the short term up to three years (Table 1). However, at an intermediate follow-
up of 5 years, a large retrospective cohort study including 1253 patients raised concerns
regarding the performance of BCR-TKA, as a higher revision rate for aseptic loosening
was found compared to an AS CR-TKA design of 9.7% vs. 0.1%, respectively [21]. While
surgical experience was suggested to be a confounder, a later report showed a revision-free
survival of 88% at 3 years, which is lower than traditional TKA designs [19]. Furthermore,
lower postoperative range of motion and stiffness have been reported [20,55]. Here, it is
important to stress that these findings need to be interpreted with care, as the majority
of these studies are of low (level IV) methodological quality which is prone to patient
and surgeon bias. Interestingly, to the best of our knowledge, the rational of improving
propriocepsis due to ACL retention has yet to be confirmed in the literature. Similarly,
while the young and active patient would have a theoretical advantage in the BCR-TKA
design, no comparative clinical data between the older (>65 years) and younger (<65 years)
were identified. In fact, the majority of studies included in this review reported on patients
aged 65 years and older.

Although kinematic studies found advantages of BCR-TKA, its design does not achieve
native knee function, as forces to the ACL may be increased and posterior femoral transla-
tion and internal rotation decreased. In addition, sagittal plane motion and tibiofemoral ar-
ticular contact characteristics including pivoting patterns were not fully restored [25,48–50].
Nevertheless, kinematic analyses suggest superior static balance ability on a single-leg test
of BCR-TKA compared to PS-TKA and UKA designs [51], and that compared to the CR-
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TKA design, ACL retention may lead to improved muscle recruitment during (downhill)
walking and increased neuromuscular control

Recently, a BCS-TKA design was introduced which uses a dual-post-cam mechanism
as a substitute for the ACL and PCL, with due to the design provides guidance for axial
rotation and posterior translation. One kinematic analysis that compared this system
to BCR-TKA found that BCR-TKA (n = 10) improved gait ability more than BCS-TKA
(Journey II XR) (n = 15) at a short-term follow-up of 6 weeks [53]. As BCS-TKA may be less
prone to native ACL strain, aseptic loosening and surgeon experience, future (randomized)
controlled trials comparing these designs would be of great interest [56]. Moreover, as
retention of the native ACL seems to have kinematic advantages over the other designs,
third-generation BCR-TKA designs with an optimal (robotic or navigated) placement may
prove to achieve the unmet need for a TKA design for the younger and active patient.

In conclusion, the current systematic review underlines the low methodological qual-
ity of clinical trials investigating BCR-TKA. Currently, there are insufficient data to sup-
port broad (“state of the art”) implantation of BCR-TKA, and its utility remains to be
assessed [57]. Preclinical and clinical (kinematic) research suggests, however, that the
design has a potential benefit to achieve improved kinematics in the young and active
arthroplasty patient and warrants future research for new-generation designs with optimal
(tibial) fixation and reproducible (robot or navigated) surgical placement.
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