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A b s t r a c t

Introduction: The goals of successful bi-compartmental knee arthroplasty 
are to achieve correct fit and positioning of the implant, while appropriate-
ly correcting the mechanical alignment of the leg after surgery. As these 
requirements are not always reliably fulfilled using off-the-shelf implant 
systems, newer approaches for bi-compartmental resurfacing have been ex-
plored. 
Material and methods: In this article we report the radiographic results of 
30 patients with anteromedial osteoarthritis (OA) who were treated with 
a  novel patient-specific fixed-bearing bi-compartmental knee resurfacing 
system using custom-made implants and instruments. Utilizing standard-
ized pre- and postoperative radiographic analyses (based on anterior-pos-
terior and lateral, anterior-posterior weight-bearing full-length radiographs, 
patella skyline views and preoperative computed tomography (CT) scanning) 
implant fit and positioning as well as correction of the mechanical axis (hip-
knee-ankle angle, HKA) were determined. 
Results: On average, HKA was corrected from 173.4 ±3.47° preoperatively to 
179.4 ±2.85° postoperatively. The coronal femoro-tibial angle was corrected 
on average 5.61°. The preoperative tibial slope measured on lateral views 
was 6.38 ±2.4°, while the average slope in the CT-based planning protocol 
(iView) was 6.14 ±2.40°. Postoperative lateral tibial slope was determined 
to be 5.77 ±1.97°. The thickness of the posterior femoral cuts was measured 
intraoperatively and, in all cases, corresponded well to the targeted thick-
ness of the cuts provided by the iView. The joint line was preserved in all 
cases and the average Insall-Salvati index was 1.078 ±0.11 pre- and 1.072 
±0.11 postoperatively. The fit of the implant components measured by over- 
or underhang was excellent throughout (< 1.01 mm). 
Conclusions: Custom-made bicompartmental knee arthroplasty can ensure 
optimized fitting and positioning of the implant with restoration of the leg 
axis. These implants could be considered as an alternative primary solution 
for knee surgeons treating bi-compartmental disease. 

Key words: bi-compartmental, knee arthroplasty, patient-specific, knee 
alignment, knee osteoarthritis, implant positioning.
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Introduction

Symptomatic bi-compartmental osteoarthri-
tis (OA) of the knee remains a  therapeutic chal-
lenge for orthopedic surgeons. A recent study has 
shown that up to 28% of the patients planned for 
primary total knee arthroplasty (TKA) exhibit only 
bi-compartmental osteoarthritis that is present in 
either the medial or lateral compartments in ad-
dition to the patello-femoral joint [1]. This finding 
has been corroborated by another study, which 
utilized preoperative magnetic resonance imaging 
(MRI) analyses of osteoarthritic changes, to con-
firm that up to 36% of patients would be eligible 
for bi-compartmental knee arthroplasty (BKA) in-
stead of being treated by TKA [2].

Despite the experiences and advances that 
have been made possible with total knee arthro-
plasty, there is a  considerable proportion of pa-
tients (around 20%) after primary TKA, who are 
still suffering from discomfort or pain despite or 
because of their operation [3, 4]. In younger pa-
tients (under 55 years), overall satisfaction seems 
to be better after unicondylar knee arthroplasty 
(UKA) as compared to TKA [5]. However, there 
are many patients who suffer from symptom-
atic bi-compartmental osteoarthritis. For these 
patients the implantation of a UKA would mean 
under-treatment, whereas TKA would mean over-
treatment with the necessity of sacrificing an oth-
erwise healthy knee compartment along with the 
anterior cruciate ligament, which is well known to 
facilitate natural knee proprioception and kine-
matics [6, 7]. For these patients a bone and cru-
ciate ligament-sparing resurfacing technique with 
preservation of natural knee kinematics would 
be desirable. For this purpose, BKA has been in-
troduced to the clinical arena using off-the-shelf 
modular (separate uni-compartmental and patel-
lo-femoral replacement components) or mono-
block femoral components [8]. So far, the use of 
these off-the-shelf BKA systems has resulted in 
good functional outcomes in the majority of the 
patients [8], but also high complication rates of 
up to 18–30% in the populations examined with 
high revision rates and a rate of conversion to TKA 
of up to 18% [8, 9]. Primary factors for revision 
are pain, malalignment or instability, which is 
attributed to the technical complexity and insuf-
ficient fit of the implant to the patients’ individ-
ual anatomy [9]. To overcome these limitations, 
a  patient-specific BKA system (iDuo; ConforMIS 
Inc.) has been introduced utilizing custom made 
individual instruments and implants, that are fab-
ricated to match patient anatomy on the basis of 
computed tomography (CT) scans using comput-
er-aided design and manufacturing (CAD/CAM) 
technologies [10–12]. This technology has already 
been introduced into the clinic for UKA [13], pro-

viding excellent radiological [14] and initial clinical 
outcomes [15, 16]. The patient-specific BKA is de-
signed with a bone-sparing technique that covers 
the cortical bone of the diseased distal femur and 
trochlea while preserving the cruciate ligaments 
as well as the intact tibio-femoral compartment 
[10–12].

The aim of this first retrospective radiologic 
analysis was to evaluate the precision of implant 
positioning and correction of leg alignment in pa-
tients with anteromedial OA who have been treat-
ed with the customized BKA. We hypothesized 
that the patient-specific BKA solution would result 
in a precise component fit and accurate leg axis 
correction. 

Material and methods

This retrospective study was performed in ac-
cordance with the Declaration of Helsinki, and was 
approved by the institutional review board (IRB) of 
the University of Wuerzburg (No. 2016091601). 

All the customized BKAs (medial compart-
ment plus patellofemoral compartment; 16 right,  
14 left) were performed using a  patient-specific 
cruciate retaining knee resurfacing system (iDuo; 
ConforMIS, Inc; Burlington, MA, USA) between 
2011 and 2013. This system is CE Mark approved 
and cleared by the United States Food and Drug 
Administration (FDA). The average age of the pa-
tients (14 women and 16 men) at the time of sur-
gery was 61.2 ±7.84 years (50–82 years). Greater 
than 15° (valgus, varus, flexion) of deformity and 
ligamentous instability were contraindications for 
this surgery. All procedures were performed by 
two experienced senior surgeons. 

Preoperative computed tomography of the af-
fected leg was performed by scanning the knee, 
the femoral head and talus center according to 
a  standard protocol (http://www.conformis.com/
healthcare-professionals/imaging-professionals) 
as described previously [10–12]. The patient-spe-
cific BKA system (which is available for resurfacing 
of the anteromedial as well as the anterolateral 
compartment) is designed using a software algo-
rithm (iFit Technology) that registers the articular 
surfaces of the knee, the areas of disease and 
osteophyte formation, correction of any malalign-
ment, and generates a BKA design that precisely 
matches the patient’s anatomy. Thereafter, the 
patient-specific implant components and instru-
ments are manufactured using 3D rapid prototyp-
ing technology. A representative surgical planning 
protocol (iView 2.0) is shown in Figure 1, com-
prising four femoral (upper panels) and four tibial 
(lower panels) planning images. In this protocol, 
any osteophytes that interfere with correct posi-
tioning of the instruments or implants are marked 
in red and have to be removed before positioning 
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of the instruments. All further osteophytes are la-
beled green (Figure 1; left panels). With this pa-
tient-specific conformity to the cortical femoral 
bone it is possible to generate a femoral compo-
nent that truly resurfaces the anteromedial com-
partment while requiring only cartilage removal 
distally, in addition to anterior and posterior bone 
cuts that are facilitated by the femoral jig instru-
mentation (Figure 1; upper panels on the right). 
The respective thicknesses of targeted bone cuts – 
anterior medial or lateral as well as posterior cuts 
– are also provided (Figure 1; upper right panels). 
The tibial bone cut is facilitated by the tibial jig 
instrumentation (which aims to restore the natu-
ral tibial slope) (Figure 1; lower panels). All essen-
tial information about knee geometry, mechanical 
and anatomical axes as well as projected cutting 
planes are integrated in the patient-specific jigs. 
The femoral and tibial implants are designed to 
feature exact rim coverage of the respective cor-
tical bone while matching the articular surfaces 
(Figure 1; right panels). 

Surgical procedure

After a midline skin incision, a medial parapa-
tellar arthrotomy is performed and the linea termi-
nalis of the intact compartment is labeled. Then, 
the medial meniscus is excised and all interfering 
osteophytes (Figure 1, labeled in red) are resect-
ed. Using a  curette all remaining cartilage is re-
moved in both diseased compartments up to the 
linea terminalis. The tibial navigation balancing 
chips are then tested while the knee is flexed to 
20°. The chips are provided in four different thick-
nesses (1 mm increments A–D) for extension gap 
balancing. This enables proper ligament balancing 
until the ideal tension is determined (1 mm medi-

al and 1 to 2 mm lateral joint space opening). The 
tibial iJig cutting instrument is placed onto the ap-
propriate navigation chip. Then, alignment is con-
firmed using an external alignment guide, and the 
tibial iJig is fixed with two or three tibial pins prior 
to completion of the sagittal and horizontal tibial 
cuts. The morphology and height of the resected 
tibial bone can be correlated to the morphology 
and height given in the iView planning protocol for 
internal quality control. 

Thereafter, the flexion gap is balanced using an 
8 or 10 mm balancing chip and the femoral iJig 
instrument together with an L-guide is mounted 
onto the femoral condyle. Two peg holes are then 
drilled and pinned. The L-guide, whose thickness 
corresponds to the intended posterior condyle re-
section, is removed and the posterior femoral cut 
is performed. The correct thickness of the resect-
ed bone piece should be confirmed with the iView 
before the controlled anterior femoral cut is made 
(Figure 1; upper panels). Several inter-digitization 
holes are drilled with a 2 mm drill on the femo-
ral side for better cement penetration. The tibial 
preparation is completed by confirming the fit of 
the tibial template, drilling of two peg holes and 
insertion of a keel punch. Trial components can be 
used for final control of implant fit and ligament 
tension. Thereafter, components are cemented us-
ing a standard technique before the original poly-
ethylene liner is inserted. The detailed surgical 
procedure has been described previously [11, 12].

Radiographic analyses 

Radiographic analyses were performed prior to 
surgery and one week after surgery with a strictly 
antero-posterior (AP) view, a lateral view (includ-
ing a referencing sphere) and a skyline view. Ad-

Figure 1. Representative surgical plan (iView 2.0) for patient-specific bicompartmental knee replacement
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ditionally, AP weight bearing long leg radiographs 
were performed in full extension. Tibial compo-
nent fit was evaluated on postoperative AP and 
lateral views: An accurate fitting of the prosthet-
ic components was targeted, with discrimination 
between a perfect fit (±2 mm), overhang or sub-
sidence [17]. The tibial slope was measured on 
preoperative lateral views and in the iView plan-
ning protocol. Measured values were compared 
to the values measured on postoperative lateral 
views. The aim of surgery was to restore the pa-
tient-specific anatomic slope as indicated by the 
iView planning protocol. Alterations of the patella 
height pre- and postoperatively, as an indicator 
for any joint line alterations, were determined on 
lateral views (Figure 2) using the Insall-Salvati ra-
tio and the modified Insall-Salvati ratio [18]. The 
lateral patella tilt was measured on skyline views 
[19, 20]. Pre- and postoperative deviation from 
the ideal mechanical axis was determined using 
pre- and postoperative AP weight bearing long leg 
radiographs. Within this context, the hip-knee-an-
kle angle (HKA), which is the angle between the 
mechanical axis of the femur (FMA) and the me-
chanical axis of the tibia (TMA), was determined, 
with both lines crossing at the center of the knee 
(Figure 3). The FMA constitutes the connection 
between the center of the femoral head and the 
center of the knee, while the TMA connects the 
knee center with the center of the ankle. The ide-
al HKA was set at 180 ±3° varus/valgus. All mea-
surements were performed twice by three inde-
pendent reviewers (orthopedic surgeons: JA, YK, 
BMH). 

Statistical analysis 

For the descriptive analyses (mean ± standard 
deviation) Microsoft Excel 2007 (Microsoft Cor-
poration, Redmond, USA) was used. Normal dis-
tribution (Gaussian distribution) of the collected 
data was confirmed using the Kolmogorov-Smirn-
ov test. A paired t-test (SPSS, IBM, Germany) was 
used to compare values of means for determined 

parameters pre- and postoperatively, and a  level 
of p < 0.05 was considered statistically significant. 

Results

Implant positioning

An ideal fit of the tibial component was regis-
tered in 19 patients without any measurable over-
hang or underhang on AP or lateral view radio-
graphs. A minor lateral overhang (< 2 mm) of the 
tibial component was recorded in 7 cases (1.01 
±0.46 mm) and a minor underhang (< 2 mm) of 
the tibial plateau in 4 patients (0.87 ±0.47 mm). 
None of the patients had an overhang/underhang 
of 3 mm or more in any direction. Overall, repre-
sentative lateral radiographic views showed an 
excellent fit of the femoral and tibial components 
without any signs of significant overhang, under-
hang or femoral notching (Figure 2). 

Figure 2. Lateral postoperative radiographic view of 
a representative knee joint after iDuo implantation

Figure 3. Skyline view of the knee joint before and after iDuo implantation

A B
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The slope of the tibial component was intended 
to restore the natural slope of the tibial plateau. 
Preoperatively, the mean tibial slope measured on 
lateral view X-rays was 6.38 ±2.4°, and 6.14 ±2.40° 
in the iView planned protocol. Postoperatively, this 
was consistently reproduced, resulting in a mean 
slope of the tibial implant of 5.77 ±1.97° upon de-
termination on postoperative lateral view X-rays 
(Figure 2).

The patella height was well preserved as 
demonstrated by the values of the Insall-Salvati 
ratio. Pre-operatively the average Insall-Salvati 
ratio was 1.078 ±0.11, while the corresponding 
post-operative measurement was 1.072 ±0.11. 
This was also confirmed by the modified In-
sall-Salvati ratio, which was 1.747 ±0.28 pre- and 
1.733 ±0.27 postoperatively. 

Furthermore, analysis of the skyline view radio-
graphs showed central patella tracking in all 30 
cases postoperatively, with no pathologic lateral 
patella tilt in any of the cases (Figure 3).

The bony thickness of the resected posterior 
condyle correlated exactly with the preoperatively 
planned resection values given by the respective 
iView planning protocol. With respect to posterior 
condyle resection, accurate matching of the ac-
tually resected bone with the plan was targeted, 
as this value corresponds to the posterior femoral 
component implant thickness as indicated on the 
iView (Figure 1; upper panels). In all patients, an 
exact match of the bony height of the resected 
posterior condyle could be achieved, confirming 
accuracy of the bone cuts resulting from the pa-
tient-specific guides. 

Frontal plane alignment

Radiographic analysis of all 30 patients re-
vealed that the HKA was corrected from 173.4 
±3.47° preoperatively to 179.4 ±2.85° postopera-
tively (Figures 4 and 5). The range of the post-op-
erative HKA in the patient population, the 25–75% 
interval, and the maximum and minimum values 
are illustrated in Figure 5. To determine the zone 
of the mechanical axis (ZMA), the tibial plate was 
divided into three equal zones (lateral = L, cen-
tral = C, medial = M) and the mechanical axis that 
passes the tibial plate was defined according to 
which zone it passes through (Figure 4). The ZMA 
was improved from 20.0% of the knees preopera-
tively crossing in the central third of the tibial pla-
teau to over 80.0% postoperatively after bi-com-
partmental knee resurfacing. 

No intra-operative complications were encoun-
tered in any patient. There was no need for an 
intraoperative system change or a  modification 
of the patient specific instruments, as all the in-
dividual cutting blocks, drill guides and implants 
matched the anatomy of the individual knee joint.

Figure 4. The hip-knee-ankle angle (HKA) was de-
termined as the angle between the mechanical 
axis of the femur and the mechanical axis of the 
tibia (red lines), and was determined in this case 
173° preoperatively (A), and 180° postoperatively 
(B). To determine the zone of the mechanical axis, 
the tibial plate was divided into three equal zones 
(lateral = L, central = C, medial = M) and the me-
chanical axis (red line) that passes the tibial plate 
was defined according to which zone it passes 
through, namely medial preoperatively (C) and cen-
tral postoperatively (D)

A B C D

Figure 5. Box plot of the range of the hip-knee-an-
kle angle (HKA) preoperatively and postoperatively 
with illustration of the median angle (–), the area 
of 25–75% of the cases ( ), as well as the maxi-
mum ( ) and minimum scores ( )
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Discussion

The numbers of knee replacement procedures 
is steadily rising due to the changing demograph-
ic profile, with an increasing life expectancy in 
highly developed countries as well as a high prev-
alence of knee OA in the elderly population [21]. 
There is a growing interest in the field to devel-
op patient-specific treatment modalities [22] to 
adequately address every particular stage of the 
disease and the individual requirements of each 
patient. Within this context, bi-compartmental 
knee replacements have been developed to pre-
serve the intact compartment and the anterior 
cruciate ligament, which would otherwise be sac-
rificed in TKA approaches [8, 11, 12]. However, 
previous studies analyzing the outcome of mono-
lithic, off-the-shelf bi-compartmental arthroplasty 
have demonstrated poor results [8] or high revi-
sion rates, with up to 18% conversions to TKA [9]. 
To our knowledge, this is the first study to analyze 
the precision of implant positioning and frontal 
plane alignment after customized bi-compart-
mental knee arthroplasty using both patient-spe-
cific instruments and implants (iDuo G2; Confor-
MIS Inc.).

Our study revealed that the treatment of our 
patients with the described customized BKA sys-
tem can result in a  nearly physiological frontal 
plane alignment (Figure 4). This indicates that the 
iDuo system is able to re-establish a near-physi-
ological mechanical knee axis to an extent that 
is comparable to UKA systems using convention-
al off-the-shelf or custom-made techniques [12, 
14–16]. Like several UKA systems, this BKA sys-
tem is designed to resurface the diseased joint 
compartment. Therefore, the re-establishment of 
the physiological mechanical axis can be attribut-
ed to the restoration of the anatomical joint line 
to its pre-arthritic position (Figure 4). In patients 
with medial UKA the best results have been de-
scribed when the postoperative mechanical axis 
is positioned over or slightly medial to the center 
of the knee, as overcorrection as well as excessive 
under-correction has been associated with early 
failure [23–26]. It has been shown that roughly 
25% of patients treated with the Oxford UKR do 
have a residual varus alignment, without compro-
mising the clinical or radiological outcome [27]. 
This supports the assumption that a  slight un-
der-correction might not be detrimental for partial 
knee replacements. In contrast, overcorrection has 
been associated with poorer outcomes in UKA, as 
it might promote development of OA in the unre-
surfaced contralateral compartment [27, 28]. This 
may also apply for the custom-made BKA system 
described in this article. Naturally, the resurfacing 
concept in partial knee replacement such as UKA 
or BKA is different from TKA systems that are de-

signed to correct toward neutral mechanical leg 
alignment via bony cuts that are positioned 90° to 
the mechanical axes. 

As the level of deformity correction is depen-
dent on the gap-balancing step that is included in 
the iDuo system, we attribute the achieved lev-
els of axis correction to this step along with the 
subsequent choice of the insert height. Thus, even 
higher levels of correction are possible but might 
result in overstuffing of the compartment and 
overcorrection, which should be avoided in UKA 
as outlined above [27, 28]. As custom-made BKA 
approaches also preserve all knee ligaments, such 
as UKA, and do not alter the knee structure like 
TKA, we believe that the observed residual varus 
deformity will result in beneficial outcomes. The 
initial clinical data with custom-made BKA are 
promising and support this conclusion [11]. Never-
theless, it remains to be seen whether any persist-
ing varus deformity after custom-made BKA will 
lead to equally good mid- and long-term results 
as after UKA. 

Our results can be compared to a  previous 
study investigating radiological outcomes follow-
ing implantation of an off-the-shelf BKA system 
(Journey Deuce; Smith & Nephew, Inc.) [29]. In this 
study, 137 patients who received a Journey Deuce 
implant for anteromedial OA were enrolled. More 
than 90% of these patients had a  central knee 
alignment postoperatively [29]. In contrast to our 
data, the study demonstrated an overcorrection in 
3.6% of the cases (5 patients) postoperatively [29], 
which we observed in one patient only (3.3%) with 
an HKA of 184.9°. This is most likely due to the 
awareness and gap-balancing step used to avoid 
overcorrection of the mechanical axis, as already 
mentioned. Therefore, both custom-made and off-
the-shelf BKA systems can facilitate the re-estab-
lishment of a central mechanical knee axis [30].

Our study is limited to the presentation of ra-
diographic data of the iDuo system. To date, only 
preliminary outcome data on this custom-made 
BKA are available in the literature, but they are 
very promising so far [11]. The existing clinical 
data on off-the-shelf BKA using modular or mo-
no-block implant systems demonstrate inferior 
overall survival of BKA compared to TKA [8, 9]. 
Shah et al. observed a significantly greater range 
of motion in BKA patients compared to TKA, but 
nearly similar clinical and functional scores be-
tween both approaches at 24-month follow-up 
[31]. Morrison et al. reported a  markedly higher 
short-term complication rate in BKA (28.6%) com-
pared to TKA (6.1%) [32]. Palumbo et al. reported 
that after implantation of an off-the-shelf BKA 
system, 14% had to be converted into a TKA after 
21 months of follow-up [33]. Using the same sys-
tem, Müller et al. obtained an 82% survival rate 
(35 patients) after 2 years, with 18% (8 patients) 
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being converted to TKA due to pain, malalignment 
or instability [9]. Considering the unsatisfactory 
clinical outcomes of the published off-the-shelf 
BKA systems to date, further long-term clinical 
evaluation of the iDuo system is mandatory. Ini-
tial clinical short-term experiences are promis-
ing [11, 12], and a clinical long-term multicenter 
study using this device is currently ongoing. Apart 
from providing a  possibility to re-establish nor-
mal knee axis alignment, the patient-specific BKA 
system described here can be used to provide 
an optimized fit of the implants with only mini-
mal overhang or subsidence (less than 2 mm in 
all cases). It remains to be seen whether BKA us-
ing patient-specific implants and instruments will 
facilitate optimized clinical outcomes and results 
compared to standard BKA or TKA systems with 
respect to knee function, pain and quality of life. 

Our radiographic analyses have shown that 
the iDuo implant system is able to precisely cover 
the tibial cortex without overhang or underhang 
in both planes within 2 mm accuracy margins, 
which corresponded well with what was seen in 
custom-made UKA using similar technologies 
[14–16]. This is in contrast to many off-the-shelf 
UKA systems that reveal insufficient cortical bone 
coverage due to their implant design and a con-
sequently higher risk of implant subsidence and 
failure over time [23–25, 34, 35].

Moreover, the described customized BKA sys-
tem has been shown to accurately restore the 
patient’s individual tibial slope, with a mean pre-
operative tibial slope of 6.38 ±2.4° and postoper-
ative tibial slope of 5.77 ±1.97°. Several studies 
have underlined the importance of tibial slope res-
toration in UKA in order to approximate natural 
knee kinematics postoperatively while avoiding 
tibial component loosening [36, 37]. 

The accuracy of femoral component positioning 
in this patient-specific BKA system has also been 
confirmed by the conformity of the measured ex-
tent of posterior femoral condyle resection with 
the preoperative iView plan. Furthermore, the 
anatomic femoral design is intended to avoid 
edge-loading and, in combination with the resto-
ration of the individual tibial slope, can result in 
the restoration of the physiologic patient-specific 
knee kinematics [10, 12]. Similar levels of accura-
cy were seen when a patient-specific UKA system 
was used in medial knee OA [14–16]. 

Patients undergoing knee resurfacing with 
this novel patient-specific platform have to be in-
formed about the radiation they are exposed to in 
order to acquire the CT data set needed for pro-
duction of the prosthesis. After CT imaging is per-
formed, it takes approximately 8 weeks until the 
prostheses and the cutting guides are delivered in 
a sterilized form [11]. 

In conclusion, this study illustrates that this CT-
based fixed bearing customized bi-compartmen-
tal knee resurfacing system enables the surgeon 
to restore the arthritic joint surface, and facilitates 
a nearly perfect fit and positioning of the implant 
components with full coverage of tibial cortex. 
These advantages might result in improved clini-
cal results. At present this is the only radiographic 
study on this novel patient-customized bi-com-
partmental knee replacement system with prom-
ising data thus far. However, further follow-up 
studies including long-term clinical outcome pa-
rameters are mandatory to further clarify wheth-
er this system constitutes a  valuable alternative 
treatment modality for patients with bi-compart-
mental knee OA. 
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