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Introduction

There is an increased interest in bone- and cruciate liga-
ment-preserving treatments for knees with severe medial 
compartment and patellofemoral arthritis [3, 4, 19]. The 
challenge is to resurface these two compartments in a man-
ner that works well with the intact lateral compartment and 
cruciate ligaments and that is simple, reproducible, and 
cost-effective to perform. In most cases, total knee arthro-
plasty (TKA) is used to treat bicompartmental knee osteo-
arthritis, with unicompartmental knee arthroplasty (UKA) 
reserved for knees with only a single arthritic compartment. 
It has been reported that UKA leads to faster recovery time, 
less bone loss, and better knee kinematics when compared 
with TKA, e.g. [23], making it attractive to extend this 
bone- and ligament-sparing approach to knees with bicom-
partmental disease.

Several approaches to bicompartmental knee arthro-
plasty (BKA) have been reported [10, 19, 20, 22]. These 
approaches include separate resurfacing of the medial and 
patellofemoral compartments [19], monoblock off-the-
shelf BKA prostheses [10, 20], and patient-specific custom 
monoblock BKA prostheses [22]. The Journey Deuce™ 
prosthesis was developed as an off-the-shelf monoblock 
BKA, available in six sizes, to provide a minimally inva-
sive alternative to TKA for bicompartmental disease [10, 
20]. Similar to UKA, this prosthesis spares both cruciate 
ligaments and the healthy lateral compartment for patients 
with diseased medial and patellofemoral compartments. 
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the cruciate ligaments and lateral compartment resulted in 
consistent kinematics more similar to healthy knees than 
those observed in replaced knees.
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function, but individual patterns varied significantly.
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intact cruciate ligaments.
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A monoblock BKA has potential advantages over the use 
of separate medial and patellofemoral compartmental 
implants because there are fewer parts with a correspond-
ingly simpler surgical procedure [20].

Previous studies on the clinical and functional perfor-
mance of monoblock BKA have reported mixed conclu-
sions. Monoblock BKA has been reported to produce good 
results that restore mechanical alignment and have kin-
ematics similar to healthy knees during daily motor tasks 
[10, 12, 21, 27]. Monoblock BKA also showed positive 
results when compared with TKA in biomechanical stud-
ies [28]. However, other studies reported monoblock BKA 
provided inconsistent pain relief and functional outcomes, 
poor short-term survival with high revision rates, leading 
the authors not to recommend monoblock BKA as an alter-
native to TKA and UKA [16, 18, 24, 25]. These inconsist-
ent findings motivate further study to determine whether 
off-the-shelf monoblock BKA consistently provides knee 
function similar to UKA.

No study has yet reported intra-articular dynamic 
motions in patients with monoblock BKA, and thus, there 
remain open questions whether these devices maintain 
close-to-physiologic knee mechanics and whether clinically 
variable results are manifestations of inconsistent mechan-
ics at the joint level. Therefore, the purpose of this study 
was to analyse the 3D kinematics of knees with monoblock 
BKA in three weight-bearing activities to address two 
questions: (1) Do knees with off-the-shelf monoblock BKA 
show stable kinematics consistent with retained cruciate 
ligament and lateral compartment function? and (2) Are 
kinematics in knees with monoblock BKA as consistent as 
those previously reported for TKA and UKA?

Methods and materials

Ten patients (nine female and one male) enrolled in this 
study. Preoperative inclusion criteria required subjects hav-
ing painful medial and patellofemoral osteoarthritis, intact 
anterior and posterior cruciate ligaments, varus deformity 
less than 15°, maximum 10° flexion contracture, arthritic 
degeneration of Outerbridge grade 3–4 for the medial and 
patellofemoral joints, and Outerbridge 0–1 for the lateral 
compartment. Intraoperative assessment confirmed Out-
erbridge grade 4 disease in the medial compartment of all 
ten knees, Outerbridge grade 3–4 (four knees) and grade 4 
(six knees) for the patellofemoral compartment, and maxi-
mum Outerbridge grade 0–1 for the lateral compartment 
in all ten knees. Post-operative inclusion criteria required 
knee motion from full extension to 120° flexion and the 
ability to perform the study exercises. Subjects had to con-
sent to a post-operative CT scan, the fluoroscopic examina-
tion, and unreimbursed travel to the study site. The strict 

inclusion/exclusion criteria, and high demands upon sub-
jects to participate, limited enrolment to ten patients from 
the 64 patients who received this prosthesis at a single 
clinic (16 %).

At the time of the surgery, the patients averaged 65 
(5) years with average 28 (2) BMI. Each subject received 
unilateral Journey Deuce™ (Smith & Nephew Orthopedics, 
Memphis, TN) BKA with both cruciate ligaments retained 
an average of 2.6 (0.6) years prior to this study. Analysis 
of post-operative CT scans and clinical films showed 2° 
(3°) correction of varus deformity, 0° (7°) change in medial 
tibial posterior slope, 2 mm (2 mm) elevation of the medial 
joint line, 7° (4°) internal rotation of the femoral compo-
nent relative to the surgical transepicondylar axis, and 9° 
(8°) external rotation of the medial tibial component rela-
tive to the tibial plateau. Skyline views of the post-opera-
tive patellofemoral joint showed an average lateral patellar 
tilt of 9° (8°) relative to the prosthetic femoral trochlea. At 
the time of the study, mean clinical outcome scores were 
97 (3) and 95 (7) for the Knee Society knee and function 
scores, 16.4 (4.8) for the Oxford Knee Score, and 6.5 (0.9) 
for the UCLA activity score and knees had an average 137° 
(4°) range of motion.

Bone and implant models were segmented from post-
operative CT scans of the knee (DICOM format images, 
512 × 512 image matrix, average pixel dimensions of 
0.2818 × 0.2818 mm, with average 0.8 mm slice thick-
ness) using manual segmentation with open-source soft-
ware (ITK-Snap, www.itksnap.org). Surface models of the 
implants were registered to the segmented implant surfaces 
to provide a higher fidelity model for model-image regis-
tration with a composite of bone and implant [5]. Metal 
artefact significantly affected the CT image quality of the 
lateral femoral condyle, so the surface of the segmented 
lateral condyle was reconstructed using spherical patches 
fitted to the posterior and distal condylar surfaces (Fig. 1). 
Femoral and tibial articular surfaces were subdivided until 
the distance between adjacent surface points was less than 
0.5 mm. The femoral bone/implant model was aligned to a 
coordinate system similar to that frequently used for TKA 
implants [14, 15]. The tibial coordinate system was deter-
mined following previously reported procedures (Fig. 2, 
[4]). Briefly, the centroid of the tibial transverse section 
at 40, 55, and 70 mm from the articular surface was deter-
mined, and the superoinferior axis was the best-fit line 
through these points (Geomagic Studio, Geomagic Inc., 
Morrisville, NC). The tibial origin was taken to be the point 
where the superior/inferior axis intersected the proximal 
surface of the tibia. The anteroposterior axis intersected 
the origin and defined a sagittal plane intersecting a point 
10 mm medial to midpoint of the tibial tubercle. The medi-
olateral axis was determined as the cross product of the 
superoinferior and anteroposterior axes.

http://www.itksnap.org
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Patients were observed using dynamic fluoroscopy dur-
ing lunge, kneeling, and step-up/step-down activities [5, 8, 
14, 15]. For lunge and kneeling activities, the patients were 
asked to apply their full body weight to achieve maximum 
comfortable knee flexion. 3D–2D model-image registra-
tion techniques were used to determine 3D knee kinemat-
ics (Fig. 3, [6]). The femoral implant model and the tibia/
fibula/implant models were projected onto the undistorted 
fluoroscopic images, and the position and orientation of the 
models were adjusted to match the projected images using 
open-source software (sourceforge.net/projects/jointtrack). 
Measurement uncertainties for the femoral or tibial poses 
are ±1 mm for sagittal translations and ±1° for any 

rotation [1, 6, 13]. An average of 62 (13) fluoroscopic 
images per knee was used for quantifying knee kinematics 
during the step-up/step-down activity. Images showing the 
greatest knee flexion were used for lunge and kneeling.

Knee rotations were determined using Cardan/Euler 
angles and analysed as a function of flexion angle [26]. 
Since natural proximal tibial geometry is so varied, all the 
joint rotations and translations are reported relative to the 
knee pose in 5° weight-bearing flexion [5, 15]. The anter-
oposterior translations of the medial and lateral condyles 
were determined by computing a distance map between 
the prosthetic medial and reconstructed lateral femoral 
condyles and the tibial articular surfaces. The estimated 

Fig. 1  Posterior and distal spherical patches were fit to the lateral 
condyle of the segmented femur to provide a continuous articular 
surface for analysis of lateral condylar translations. Significant metal 

artefact made detailed reconstruction of the lateral condyle from the 
CT scan impossible

Fig. 2  The tibial coordinate system was aligned with the tibial shaft (left) and oriented so the anteroposterior axis was 10 mm medial of the 
midpoint of the tibial tubercle (right, [4])
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contact locations were computed as the geometric centroid 
of all surface points having less than 5 mm separation [2, 
11]. Cubic spline interpolation was used to resample the 
kinematics of each knee at 5° flexion increments for group 
statistics.

This study was reviewed and approved by the Freiburger 
Ethik-Kommission International (09/1392) and by the Uni-
versity of Florida Institutional Review Board (286-2011).

Statistical analysis

Representative kinematic parameters for the BKA knees 
were determined as the mean (standard deviation). Com-
parisons of kinematics across activities were performed 
using paired t tests. Relationships between implant align-
ment and knee kinematics were explored using univariate 
linear regression.

Results

Knee kinematics during maximum flexion lunge and kneel-
ing activities showed the medial condyle remained central 
on the tibia, while the lateral condyle translated posteri-
orly with external femoral rotation (Table 1). Flexion was 
greater during the kneeling activity (p = 0.004), but the 
other knee pose parameters were not significantly different. 

Fig. 3  Femoral and tibia/fibula/baseplate 3D models were registered 
to their projections in a series of fluoroscopic images to measure 3D 
knee kinematics

Table 1  Average kinematics for 10 knees during lunge and kneel 
activity

a Flexion significantly greater during kneeling, p = 0.004

Kinematic parameter Lunge activity Kneel activity

Flexion (°) 112 ± 8 125 ± 7a

Tibial internal rotation (°) 10 ± 6 12 ± 10

Medial contact AP position (mm) 1 ± 4 1 ± 5

Lateral contact AP position (mm) −11 ± 4 −13 ± 5

Fig. 4  Kinematics for ten knees with monoblock BKA during step-
up/step-down activity: Tibial internal rotation (top) increased an 
average of 2° from extension to 70° flexion but was highly variable. 
Medial (middle) and lateral (bottom) condylar contact moved poste-
riorly from extension to 35° flexion, and medial contact moved ante-
rior from 35° to 70° flexion. Thin grey lines show kinematics for each 
knee, the thick black line represents the mean for ten knees, and the 
shaded region indicates one standard deviation above and below the 
mean
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The tibia internally rotated an average of 10° (6°) and 12° 
(10°) for the lunge and kneel postures, respectively.

For the step-up/step-down activity, average tibial inter-
nal rotation increased slightly less than 2° from 5° to 70° 
flexion (Fig. 4). The range of tibial rotation for individual 
knees averaged 6° (5°). Tibial rotation varied an average of 
7° at 70° flexion. Both condyles showed posterior transla-
tion to mid-flexion, then medial condylar anterior transla-
tion to 70°. Nine out of ten knees showed some posterior 
condylar translation from extension to early flexion.

Linear regression analysis of implant-to-bone align-
ment and joint kinematics showed the greatest correlations 
between increased tibial component posterior slope and total 
medial condylar translation (R2 = 0.47) and average tibial 
rotation angle (R2 = 0.42). The correlation between change 
in posterior tibial slope, either less or more, and increased 
medial condyle translation was even greater (R2 = 0.65). All 
other correlations between surgical alignment measures and 
joint kinematics had R2 values less than 0.30.

Discussion

Knees with monoblock BKA show evidence of retained 
cruciate ligaments but highly variable kinematics in 
patients with excellent clinical outcomes. Kinematics were 
evaluated during three weight-bearing activities in knees 
with minimum 2-year follow-up in a cohort of subjects 
with excellent clinical outcomes. The anteroposterior knee 
translations were stable and consistent with intact cruciate 
function, but the knee rotations and absolute locations of 
condylar contact were highly variable (Fig. 4). Our obser-
vations may help explain the mixed results for monoblock 
BKA found in previous studies and point to areas where 
technical improvements could yield more consistently suc-
cessful results with this treatment.

An important potential benefit to any available BKA 
treatment is retention of the cruciate ligaments and main-
tenance of more natural knee function. We observed a 
centralized medial condyle and posteriorly translated lat-
eral condyle during deep flexing, weight-bearing activi-
ties (Table 1). Maximum flexion and tibial internal rota-
tion during lunge and kneeling activities were comparable 
to previously reported UKA and well-performing TKA 
subjects [5, 15]. For step-up/step-down activity, the femo-
ral condyles showed posterior translation to mid-flexion, 
with the medial condyle returning to a centralized AP posi-
tion at 70° flexion. Kinematics for these BKA knees were 
closer to previously reported kinematics of knees with 
UKA than TKA, as expected, due to the fact that the cruci-
ate ligaments were retained and the native lateral compart-
ment was unaltered [5]. Only one knee showed evidence of 
anterior femoral translation during early flexion, indicating 

retained integrity of natural AP stabilizing structures in the 
remaining nine knees. More specifically, posterior femoral 
translations in early flexion and the tibiofemoral pose in 
deeper flexion indicate retained cruciate ligament function 
[14, 15]. These results agree with previously reported stud-
ies for arthroplasties that retained the cruciate ligaments 
[12, 27, 28].

The knees in this study showed excellent or good clini-
cal outcomes and functional scores, and relatively high 
activity levels, but there still was very high variability of 
tibial rotation between patients. Our post-operative meas-
ures of implant surgical alignment showed a large range of 
axial implant alignment for the femoral and tibial implants 
and a similarly large range of tibial component posterior 
slope. The amount of tibial rotation during the stair activ-
ity (6° ± 5°) was more variable than previously reported 
for bicruciate-retaining TKA (7° ± 4°) [15], bicondylar 
UKA (4° ± 3°) [5], UKA (10° ± 3°) [5], or conforming 
PCL-retaining TKA (7° ± 2°) [7] for the same activity 
studied using the same methods. This high variability, in 
a relatively small group of high-performing knees, likely 
predicts greater variability of knee function in unselected 
cohorts, where high variability of clinical outcomes has 
been reported [16, 18]. Müller et al. [16] reported it was 
technically demanding to align monoblock BKA femoral 
implants with the six available sizes, and it is reasonable 
to assume technically demanding procedures will produce 
more variable results.

Partial or TKA retaining one or both cruciate ligaments 
has intrinsic uncertainty whether the retained ligaments will 
function normally after surgery. Knees receiving arthro-
plasty are diseased, and there is abundant evidence the liga-
ments are not normal [17]. Resurfacing the medial compart-
ment in appropriate patients can result in near-normal knee 
kinematics [5], while bicondylar UKA [5] and bicruciate-
retaining TKA [15] show less normal kinematics despite 
retention of both cruciate ligaments. The monoblock BKA 
knees showed a range of kinematics, in the spectrum 
between previously reported UKAs and multicompartmen-
tal arthroplasties, consistent with resurfacing two diseased 
knee compartments. In addition, we found reasonably 
strong correlations between changing the medial tibial pos-
terior slope and greater medial condylar translations, show-
ing kinematics are sensitive to articular surface changes in 
the cruciate ligament-intact knee. Despite observing less 
early stiffness, reducing bone resection, and the ability to 
retain both cruciates with BKA, Müller et al. [16] reported 
their preference for TKA because of fewer complications 
and greater consistency of outcomes. Furthermore, Chung 
and Min recently found no difference in muscle strength or 
physical performance 1 year after modular BKA or poste-
rior-stabilized TKA, suggesting the theoretical benefits of 
BKA had not been realized [9].



1761Knee Surg Sports Traumatol Arthrosc (2015) 23:1756–1762 

1 3

This study has two important limitations. First, the study 
cohort was limited to 10 subjects representing 16 % of the 
clinical cohort. These subjects were included because they 
had good range of motion and functional outcomes, and 
they were willing to participate. It is reasonable to assume 
these subjects represent some of the best performers of this 
clinical cohort, so that study of the broader population with 
this treatment would reveal even more variation in knee 
kinematics. Second, kinematics during a limited set of 
activities were observed. It is reasonable to expect a wider 
range of dynamic loads, e.g. during gait, would reveal even 
more variability between knees, so it is unlikely this limita-
tion would change conclusions based upon observation of 
deep flexion and step activities.

Conclusion

Monoblock bicompartmental arthroplasty appears to permit 
functional retention of the cruciate ligaments, consistent 
with functionally stable knees. However, knee kinematics 
were not consistent in a relatively small group of high-per-
forming study subjects. Further study is required to identify 
sources of high variability in the kinematics, such as opti-
mal implant locations, cruciate ligament integrity, and ten-
sioning. Future efforts should focus on providing surgeons 
objective guidance for optimal implant positioning and siz-
ing and, presumably, more consistent knee kinematics.
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