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a b s t r a c t

Background: Due to disappointing historical outcomes of unicompartmental knee arthroplasty (UKA),
Kozinn and Scott proposed strict selection criteria, including preoperative varus alignment of �15�, to
improve the outcomes of UKA. No studies to date, however, have assessed the feasibility of correcting
large preoperative varus deformities with UKA surgery. The study goals were therefore to (1) assess to
what extent patients with large varus deformities could be corrected and (2) determine radiographic
parameters to predict sufficient correction.
Methods: In 200 consecutive robotic-arm assisted medial UKA patients with large preoperative varus
deformities (�7�), the mechanical axis angle (MAA) and joint line convergence angle (JLCA) were
measured on hip-knee-ankle radiographs. It was assessed what number of patients were corrected to
optimal (�4�) and acceptable (5�-7�) alignment, and whether the feasibility of this correction could be
predicted using an estimated MAA (eMAA, preoperative MAA�JLCA) using regression analyses.
Results: Mean preoperative MAA was 10� of varus (range, 7�-18�), JLCA was 5� (1�-12�), postoperative
MAA was 4� of varus (�3� to 8�), and correction was 6� (1�-14�). Postoperative optimal alignment was
achieved in 62% and acceptable alignment in 36%. The eMAA was a significant predictor for optimal
postoperative alignment, when corrected for age and gender (P < .001).
Conclusion: Patients with large preoperative varus deformities (7�-18�) could be considered candidates
for medial UKA, as 98% was corrected to optimal or acceptable alignment, although cautious approach is
needed in deformities >15�. Furthermore, it was noted that the feasibility of achieving optimal alignment
could be predicted using the preoperative MAA, JLCA, and age.

Published by Elsevier Inc.
Unicompartmental knee arthroplasty (UKA) has proven to
be an effective treatment for isolated medial compartment
knee osteoarthritis in appropriate selected patients [1]. His-
torically, however, outcomes of UKA were disappointing and, as
a result, Kozinn and Scott [2] proposed strict selection criteria
in their landmark paper in 1989. One of the criteria was that
closed potential or pertinent
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medial UKA should only be performed in patients with a pre-
operative varus deformity of 15� or less that is correctable to
neutral [2]. This is based on the rationale that it is less feasible
to restore the mechanical axis angle (MAA) to neutral or close
to neutral in patients who have not fulfilled these criteria. A
consequence of excessive residual varus alignment is increased
compartment forces by overloading medially, which can ulti-
mately lead to UKA failure from polyethylene wear or aseptic
loosening [3e9].

It would be important to develop radiographic predictors of
deformity correction after UKA, especially because several
studies have shown that better outcomes were found in pa-
tients with a postoperative MAA of �7� of varus [4,10,11]. More
specifically, recent studies showed that postoperative varus
alignment between 1� and 4� was associated with the most
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Fig. 1. Example of the radiographic assessment of the (a) preoperative mechanical axis angle (MAA), (b) mechanical lateral distal femoral angle (mLFDA), medial proximal tibial
angle (MPTA), joint line convergence angle (JLCA), and (c) the postoperative MAA. These hip-knee-ankle radiographs show a preoperative MAA of 9� of varus, mLFDA of 87�, MPTA of
84� , JLCA of 7�, displaying an eMAA of 2� , which matches the postoperative MAA of 2� of varus.
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optimal functional outcomes after medial UKA [6,12]. The cor-
rectability of the preoperative MAA depends on multiple
factors, including the existence of femoral deformity, tibial
plateau depression, and joint line convergence due to lateral
collateral ligament laxity and medial compartment cartilage
loss [13]. In current literature, however, there is a discrepancy
to which extent large varus deformities are correctable with
medial UKA surgery. Some authors suggested that most
patients with a preoperative MAA of �10� of varus could not be
corrected to neutral, indicating that patients with large pre-
operative varus deformities might be at risk of undercorrection
[14,15]. Therefore, it could be argued that medial UKA might
not be the ideal treatment option for patients with large varus
deformities. On the other hand, in patients with isolated medial
compartment knee osteoarthritis, the varus alignment origi-
nates mostly from a progressing intra-articular deformity
[16e18]. There are, however, patients with preexistent varus
alignment, even before the added degenerative intra-articular
deformity. A concern may be that after correction of the
articular deformity with UKA, varus alignment would still
remain [19]. Chatellard et al showed that correcting the joint
line obliquity through medial UKA improves the postoperative
MAA and outcomes. Moreover, others emphasized that medial
UKA restores the contralateral joint space width and improves
joint congruence in patients with a mean preoperative varus
deformity of 9� [18,20]. This implies that varus deformities can
be corrected by restoring joint line obliquity during medial
UKA [18,20].

Therefore, a study was performed assessing the predictive
role of several radiographic deformity measurements on the
postoperative mechanical axis following medial UKA in patients
with large preoperative varus deformities (�7�). The purpose of
this study was 2-fold; first, determine to what extent patients
with large varus deformities undergoing robotic-assisted
medial UKA were correctable. Second, evaluate the predictive
value of an estimated MAA (eMAA) based on the preoperative
radiographic deformity measurements, in particular the pre-
operative MAA and joint line obliquity.



Table 1
Demographic Characteristics.

Mean ± SD (Range)

Age (y) 64.7 ± 10.1 (43.4-86.6)
BMI 30.4 ± 5.9 (18.6-52.9)
Gender ratio 124 men:76 women

SD, standard deviation; BMI, body mass index.

Table 2
Preoperative and Postoperative Angle Measurements According to the Method of
Paley et al.

Mean ± SD Minimum Maximum

Preoperative
Mechanical axis angle (varus) 10� ± 2.3� 7� 18�

Mechanical lateral distal femur angle 89� ± 1.9� 85� 95�

Medial proximal tibial angle 84� ± 6.1� 78� 91�

Joint line convergence angle 5� ± 1.8� 1� 12�

Postoperative
Mechanical axis angle (varus) 4� ± 2.1� �3� 8�

Correction 6� ± 2.5� 1� 14�

SD, standard deviation.
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Materials and Methods

Study Design and Patient Selection

After institutional review board approval, an electronic regis-
try search was performed using a prospective database which
contains over 800 medial onlay UKAs, all performed by the senior
author (ADP). Surgical inclusion criteria consisted of isolated
medial osteoarthritis as primary indication, intact cruciate
ligaments, passively correctable varus deformity, and less than 10�

fixed flexion deformity. Surgical exclusion criterion was inflam-
matory arthritis. Study inclusion criteria were patients with a
preoperative MAA of �7� of varus who had preoperative and
postoperative hip-knee-ankle (HKA) radiographs. Exclusion
criteria consisted of ipsilateral total hip arthroplasty (THA) or total
ankle arthroplasty (TAA), or a history of lower extremity fracture.
The goal was to include 200 consecutive patients who matched
these criteria, as this was considered a representative group. A
total of 499 patients were screened between November 2008 and
November 2013, of which 245 were excluded for preoperative
MAA<7�, 44 for lack of preoperative and/or postoperative HKA
radiographs, 9 for ipsilateral THA or TAA, and 1 for a history of
lower extremity fractures.

The postoperative alignment was categorized as optimal
(�4� of varus), acceptable (5�-7� of varus), and undercorrected
(>7� of varus), which is commonly used in recent literature
[4,6,10e12].

Implant and Surgical Technique

All surgeries were performed by one surgeon (ADP) and carried
out using a robotic-arm assisted surgical platform (MAKO System,
Stryker, Mahwah, NJ), as described previously [21,22]. All patients
received a cemented fixed-bearing RESTORIS MCK Medial Onlay
implant (Stryker, Mahwah, NJ). The surgical goal was to establish a
relative undercorrectionwithin the range of 1�-7� of varus, in order
to avoid degenerative progression on the lateral compartment
[11,18]. The surgeon considered a final lower limb alignment of 1�-
4� to be optimal, but accepted a navigated final alignment between
5� and 7� if further correction was not possible without release of
the medial collateral ligament (MCL). The MCL was carefully
protected and there were no cases where an MCL release or a
piecrusting of the MCL was performed.

Radiological Assessment

Radiographic evaluation was performed in a Picture Archiving
and Communication System (PACS, Sectra Imtec AB, version 16,
Link€oping, Sweden). HKA standing radiographs were obtained as
standard workup preoperatively and 6 weeks postoperatively.
Patients were instructed to stand straight with both knees fully
extended and evenly distribute their body weight between both
limbs. The patellas were aligned with the direction of the X-ray
beam. The X-ray beamwas centered at the distal pole of the patella,
aligning the image parallel to the tibial joint line in the frontal
plane. In each HKA radiograph, the source-to-image distance was
standardized to 122 cm by a standard 256 0.25-mm AISI 316
stainless steel calibration sphere (Calibration Unit; Sectra) to ac-
count for any magnification effects [23].

The radiographic assessment was performed by one assessor
(LJK) according to the validated methods used by Paley et al
[13,16,24,25]. Using Ortho Toolbox (PACS feature), the MAA, me-
chanical lateral distal femoral angle (mLDFA), medial proximal
tibial angle (MPTA), and joint line convergence angle (JLCA) were
determined for each patient [16,17,26]. The MAA is defined as the
angle between the femoral mechanical axis (center of hip to
intercondylar notch of knee) and the tibial mechanical axis (center
of tibial spines to center of the distal tibia). The mLDFA is the lateral
angle formed between the femoral mechanical axis and the knee
joint line of the femur in the frontal plane. Defining the MPTA, the
proximal medial angle formed between the tibial mechanical axis
and the knee joint line of the tibia in the frontal plane. The angle
formed between femoral and tibial joint orientation lines is called
the JLCA [13,26]. In case of medial osteoarthritis, there is medial
JLCA convergence often due to medial cartilage loss [13,17]. Post-
operatively, only the MAA was determined, because the joint
orientation lines were indistinctive by use of the polyethylene
insert. Marx et al [24] showed good to excellent intraobserver and
interobserver reliability of lower extremity alignment measure-
ments using a corresponding method (0.97 and 0.96, respectively).
The correction was defined as the change in MAA, comparing the
preoperative MAA relative to the postoperative MAA. All measured
angles are displayed in Figure 1.

Statistical Analysis

All analyses were conducted using SPSS version 24 (SPSS Inc,
Armonk, NY) and SAS version 9.3 (SAS Inc, Cary, NC). Descriptive
analyses were reported using means and standard deviations (SD)
for continuous variables and frequencies with percentages for
discrete variables. With regard to the first research question, it was
assessed to what extent patients were corrected to an optimal MAA
(�4� of varus) and acceptable MAA (5�-7� of varus), which was
based on the aforementioned recent literature [4,6,10,12].
Furthermore, a subgroup analysis was performed based on the
preoperative MAA to describe the distribution of postoperative
alignment and JLCA. For the second research question regarding the
feasibility of achieving this optimal postoperative alignment, an
eMAAwas calculated by subtracting the JLCA from the preoperative
MAA (preoperative MAA�JCLA). The predictive value of the eMAA
was tested by means of a correlation analysis and chi-square test.
The role of extra-articular deformities in achieving optimal post-
operative alignment was assessed using MPTA and mLDFA. Finally,
a multivariable logistic regression model was fitted to examine the
feasibility of achieving an optimal MAA (�4� of varus), based on the
eMAA and corrected for patient-related factors (age, gender, body
mass index). A P value <.05 was considered statistically significant.



Table 3
Descriptive Characteristics of the Distribution of Postoperative MAA in the Specific Groups Based on the Preoperative MAA.

Preoperative MAA Mean Age (y)
Postoperative MAA

Optimal: �4� (N ¼ 124) Acceptable: 5�-7� (N ¼ 72) Undercorrection: �7� (N ¼ 4)

7�-10� (N ¼ 124) 63.8 (SD 10.1) 91 (73%) 32 (26%) 1 (1%)
11�-14� (N ¼ 68) 66.8 (SD 10.1) 32 (47%) 34 (50%) 2 (3%)
15�-18� (N ¼ 8) 64.6 (SD 10.2) 1 (13%) 6 (74%) 1 (13%)

MAA, mechanical axis angle (varus); SD, standard deviation.
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Results

A total of 200 consecutive medial UKA patients were
included, with a mean age of 64.7 years (SD, 10.1; range,
43.3-86.6), mean body mass index of 30.4 kg/m2 (SD, 5.9; range,
18.6-52.9), and of which 124 patients (62%) were male (Table 1).
The mean preoperative varus deformity was 10� (SD, 2.3; range,
7�-18�), mLDFA was 89� (SD, 1.9; range, 85�-95�), MPTA was 84�

(SD, 6.1; range, 78�-91�), and JLCA was 5� (SD, 1.8; range, 1�-
12�). Mean correction following medial UKA was 6� (SD, 2.5;
range, 1�-14�) in this cohort of patients with a preoperative
MAA �7� (Table 2).

Reviewing all 200 patients, it was noted that 62% reached an
optimal MAA postoperatively, 36% an acceptable MAA, and only 4
patients (2%) had undercorrection (>7� of varus). In patients with
a preoperative MAA of 7�-10� of varus, the deformity was cor-
rected to an optimal alignment range in 73%, acceptable range in
26%, and undercorrected in 1%. In patients with a preoperative
MAA of 11�-14� of varus, the deformity was in 47% corrected to
optimal postoperative MAA, and in 50% to acceptable alignment.
Of the patients with a preoperative MAA of 15�-18�, optimal MAA
was achieved in 13%, acceptable in 74%, and undercorrection in
13% (Table 3 and Fig. 2).
Fig. 2. Frequency of achieving optimal and acceptable postoper
The dispersion of JLCAwithin the subgroups is shown in Table 4.
Of all patients with a preoperative varus deformity of 7�-10�, 47%
had a medial JLCA of 1�-4� and 50% had a medial JLCA of 5�-8�.
When the MAA increased to ranges of 11�-14� and 15�-18�, it was
noted that most patients had a medial JLCA of 5�-8� (74% and 75%,
respectively).

A significant positive correlation was noted between the eMAA
(preoperative MAA�JLCA) and the postoperative MAA (0.467,
P < .001). Furthermore, in the univariate analysis, a significantly
higher percentage of patients achieved optimal alignment in the
eMAA �4� group (78%) when compared to the eMAA >4� group
(50%; P < .001). The odds of achieving postoperative MAA �4� was
3.4, which indicates that it is more likely to achieve optimal
alignment when the eMAA is�4� compared to eMAA >4� (Table 5).

The role of extra-articular deformities in estimating optimal
postoperative alignment was assessed using independent t-tests
(Table 6). With regard to tibial deformities, patients with an eMAA
�4� had a mean MPTA of 85.5� (range, 81�-91�), whereas patients
with an eMAA >4� had a mean MPTA of 83.3� (range, 78�-89�;
P < .001). Using the normal values of Paley et al, it was noted that
patients with an eMAA >4� had an abnormal MPTA (<85�) more
frequently compared to patients with eMAA �4� (70% vs 31%,
P < .001). Regarding femoral deformities, patients with eMAA �4�
ative varus alignment stratified by the preoperative MAA.



Table 4
Descriptive Characteristics of the Dispersion of the JLCA in the Specific Groups Based
on the Preoperative MAA.

Preoperative MAA
JLCA

1�-4�

(N ¼ 74)
5�-8�

(N ¼ 118)
9�-12�

(N ¼ 8)

7�-10� (N ¼ 124) 60 (48%) 62 (50%) 2 (2%)
11�-14� (N ¼ 68) 14 (20%) 50 (74%) 4 (6%)
15�-18� (N ¼ 8) 0 (0%) 6 (75%) 2 (25%)

MAA, mechanical axis angle (varus); JLCA, joint line convergence angle.

Table 6
Role of Extra-Articular Deformities in Estimating Optimal Postoperative Varus
Alignment Using Medial Proximal Tibial Angle and Mechanical Lateral Distal Femur
Angle.

Medial Proximal Tibial Angle (MPTA)

Mean ± SD Minimum Maximum P Value Abnormal (<85�)

eMAA �4� 85.5� ± 1.9� 81� 91� <.001 31%
eMAA >4� 83.3� ± 2.0� 78� 89� 70%

Mechanical Lateral Distal Femoral Angle (mLDFA)

Mean ± SD Minimum Maximum P Value Abnormal (>90�)

eMAA �4� 88.5� ± 1.8� 85� 95� <.001 8%
eMAA >4� 90.0� ± 1.8� 86� 94� 35%

Estimated MAA: preoperative MAA�JLCA.
MAA, mechanical axis angle (varus); eMAA, estimated MAA; SD, standard deviation;
JLCA, joint line convergence angle.
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had a mean mLDFA of 88.5� (range, 85�-95�) compared to a mean
mLDFA of 90.0� (range, 86�-94�) in the eMAA >4� group (P < .001).
An abnormal mLDFAwas noted in 8% of the patients with an eMAA
�4� and in 35% of the patients with an eMAA >4� (P < .001).

Using a logistic regression model, the correctability of large
varus deformities to a postoperative MAA �4� was assessed by
using the eMAA �4�, age, and gender. The odds of achieving an
optimal postoperative MAA, when the eMAA is �4�, was 3.62
higher in comparison to an eMAA >4� of varus (P < .001) when
correcting for age and gender. Similarly, age as the continuous
variable of age was noted to be a significant predictor (odds ratio,
0.97; P ¼ .026), indicating that the chance of achieving optimal
alignment decreases with 3% with every year a patient gets older
(Table 7).

As shown in Figure 3, the predicted probability of achieving
postoperative varus alignment within 4� decreases when the
eMAA increases. When the eMAA exceeds 6.5� of varus, the like-
lihood of achieving optimal alignment is less than 50% (predicted
probability 0.5).

Discussion

The purposes of this study were to (1) determine to what extent
patients with large varus deformities were correctable to optimal
(�4�) or acceptable alignment (5�-7�) and (2) evaluate the feasi-
bility of optimal postoperative alignment based on the eMAA in
medial UKA patients. The main findings of this study were that
optimal or acceptable postoperative alignment was achieved in 98%
(62% and 36%, respectively) of the patients with preoperative varus
deformity of �7� undergoing robotic-assisted medial UKA using a
technique where the MCL is carefully preserved. Secondly, the
eMAA was found to be a significant predictor to evaluate the
feasibility of achieving optimal postoperative alignment (�4�).

In our cohort, 62% of the patients were corrected to optimal
alignment (�4�), and in an additional 36% acceptable alignment
(5�-7�) was achieved. Based on several studies, the surgical goal in
medial UKA surgery is to achieve minor varus alignment post-
operative and not exceed 7� of varus [10,18,27,28]. Avoiding severe
undercorrection is recommended to prevent medial compartment
overload, which is associated with accelerated polyethylene wear
as was shown in the subgroup analysis of Hernigou and Deschamps
Table 5
Predicted Probability of Achieving a Postoperative MAAWithin 4� of Varus Based on
the eMAA.

Postoperative MAA

�4� >4� Chi-Square Odds Ratio

eMAA �4� 66 (78%) 19 (22%) P < .001 3.4
eMAA >4� 58 (50%) 57 (50%)

Estimated MAA: preoperative MAA�JLCA.
MAA, mechanical axis angle (varus); eMAA, estimated MAA; JLCA, joint line
convergence angle.
and several other studies [4,5,9,10]. Furthermore, many authors
noticed that overloading the medial compartment increases the
risk of aseptic loosening [4,10,18,29]. In the absence of malalign-
ment, almost 70% of the load across the knee passes through the
medial compartment [5,17,30]. When a varus deformity increases
from 4� to 6�, the load through the medial compartment
approaches 90% [30]. With the presumption that undercorrection
increases the risk of early polyethylene wear and aseptic loosening,
many authors have, therefore, advocated to aim for minor residual
varus alignment postoperatively in medial UKA patients [6,7,10,18].
Furthermore, Vasso et al and Zuiderbaan et al noted significantly
higher patient-reported outcome scores (International Knee Soci-
ety and Western Ontario and McMaster Universities Osteoarthritis
Index, respectively) in patients with a postoperative varus align-
ment �4� [6,12]. Taking these studies into account, it could be
argued that minor varus alignment (�4�) after medial UKA is
optimal.

Subsequently, across the different subgroups it has been shown
that in the vast majority of patients, optimal or acceptable align-
ment was achieved after robotic-assistedmedial UKA. However, the
frequencies of achieving optimal and acceptable alignment differed
between the subgroups of 7�-10�, 11�-14�, and 15�-18� (73% and
26%, 47% and 50%, and 13% and 74%, respectively). Our results were
different from those of Kreitz et al [14], as they suggested that only
7.7% of their patients with a preoperative MAA of �10� of varus
could reach neutral or beyond based on valgus stress radiographs.
Furthermore, Berger et al [31] showed that in 17% of their patients
(mean preoperative MAA of 8� of varus), the surgical goal (�5� of
varus) could not be achieved. However, 2 dissimilarities should be
addressed: their surgical goal was slightly different, and the use of
conventional methods instead of robot assistance. Robot-assisted
surgery concerning medial UKA has been proven to be more
accurate and less variable when compared to computer navigation
or conventional UKA [6,21,32]. Studies showed that postoperative
MAA was consistent within 1�-2� of preplanned position using
Table 7
Predictive Model to Assess the Likelihood of Achieving an MAAWithin 4� of Varus
Corrected for Gender and Age Using a Logistic Regression Model.

Postoperative MAA �4�

Odds Ratio 95% CI P Value

Female gender 1.79 0.94-3.38 .075
Age 0.97 0.94-0.998 .026
eMAA �4� 3.62 1.90-6.90 <.001

Estimated MAA: preoperative MAA�JLCA.
MAA, mechanical axis angle (varus); eMAA, estimated MAA; CI, confidence interval;
JLCA, joint line convergence angle.



Fig. 3. Predicted probability of achieving optimal postoperative alignment with medial UKA, when correcting for age and gender using a logistic regression model.
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robot assistance, a similar degree of accuracy was only achieved in
40% of conventional UKA [21,32]. Furthermore, robot-assisted sur-
gery allows tight control, as well as improvement, of the lower leg
alignment intraoperatively [33]. Therefore, the use of robot assis-
tance might contribute favorably to the feasibility of achieving
optimal or acceptable alignment during medial UKA. This study
shows that 98% of the patients with large varus preoperative de-
formities (�7�) were corrected within optimal or acceptable range
using robot-assisted surgery.

We hypothesized that the lower limb realignment after
medial UKA is driven primarily by the correction of the joint line
deformity (as measured the medial JLCA) in these patients. This
was based on the rationale that medial UKA restores the joint
height and improves joint congruence, as was shown by Cha-
tellard et al and Khamaisy et al [18,20]. By restoring the joint
space height and congruence within the knee joint, the joint
obliquity returns to neutral or close to it [13,18,20]. Using this
theory, the degree of correctability of the MAA in medial UKA
patients could be estimated based on the preoperative MAA and
JLCA. Consequently, the eMAA (preoperative MAA�JCLA) was
compared with the achieved postoperative MAA to test its pre-
dictive value. A significant correlation was found between the
eMAA and the achieved postoperative MAA (0.467, P < .001).
Indeed, 78% of the patients with an eMAA of �4� of varus ach-
ieved optimal postoperative alignment. Our results suggest that
calculating an eMAA preoperatively is useful to predict the
feasibility of achieving optimal postoperative alignment. When
correcting for age and gender, the chance of achieving optimal
postoperative alignment was 3.6 times greater when the eMAA
was within similar range. Furthermore, it was noted that for
every year a patient gets older, the likelihood of achieving
optimal postoperative alignment decreases with 3%. This could
be explained by a less compliance in the soft-tissue envelop
resulting in a stiffer, less predictable correction in these knees
[1,34]. Therefore, difficulty might be encountered when correct-
ing varus deformities in the elderly.

As shown in Table 6, extra-articular deformities were more
frequent in patients with an eMAA >4� compared to the eMAA �4�

(P < .001). More specifically, the mean MPTA was within normal
range in the eMAA�4� group, whereas themeanMPTAwas outside
normal range in the eMAA >4� group according to Paley et al
[26,35]. In our cohort, especially more tibial deformities were
observed in the eMAA >4� group compared to the eMAA�4� group
(70% and 31%, respectively). This indicates that in patients with an
eMAA >4�, the presence of extra-articular deformities using the
MPTA and mLDFA should be evaluated. Moreover, when combining
these findings with the significantly lower predicted probability of
achieving optimal postoperative alignment (Fig. 3), other treat-
ments, such as high tibial osteotomy and distal femoral osteotomy,
may be considered in this subgroup of patients [36e39].

This study has several limitations. Firstly, there were only 8
patients included with a preoperative MAA >15�; therefore,
cautious interpretation of the results of this group is necessary.
Furthermore, stress views were not obtained in this study. The
stress views are an establishedmeans of evaluating the flexibility of
a varus deformity. However, stress views may be difficult to obtain,
are operator dependent, and are noneweight-bearing. It remains
unclear whether stress views are predictive of lower leg alignment
correction after UKA; future studies may be directed at incorpo-
rating stress view data into realignment prediction after medial
UKA. Another limitation was the use of Ortho Toolbox which
permitted calibration of each HKA radiograph, but measured angles
using rounded numbers. Measurements could not be taken using
decimals; consequently, a standard measurement error of 0.5� has
to be taken into account when interpreting the results. This method
was chosen as several studies showed high reliability, and more
importantly, high accuracy of this method [15,24,40,41]. Finally, the
registration data concerning the intraoperative correctability and
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ligament tension recorded by the robotic systemwas not saved and
therefore could not be compared to the eMAA and postoperative
MAA. The role of soft-tissue balancing in correcting the mechanical
axis with UKA could be assessed in future studies, as a previous TKA
study already suggested an extrinsic contribution to the bony
deformity, such as a tight soft-tissue envelope, in patients with a
varus deformity >10� [42].

In conclusion, in this study it was noted that patients with a
preoperative varus deformity between 7� and 18� could be
considered candidates for medial UKA as 98% was restored to either
optimal (62%) or acceptable (36%) postoperative alignment. How-
ever, a cautious approach is needed in patients with a deformity
exceeding 15� of varus. Furthermore, the eMAA was a significant
predictor for optimal postoperative alignment with medial UKA,
when correcting for age and gender. Future studies are necessary to
assess the functional outcomes and revision rates in medial UKA
patients with large preoperative varus deformities.
Acknowledgments

We would like to thank the Biostatistics Department, in partic-
ular Brenda Chang, for their assistance in the statistical analysis of
this study.

References

[1] Kleeblad LJ, Zuiderbaan HAHA, Hooper GJ, Pearle AD. Unicompartmental knee
arthroplasty: state of the art. J ISAKOS Jt Disord Orthop Sport Med 2017;2:
97e107.

[2] Kozinn SC, Scott R. Unicondylar knee arthroplasty. J Bone Joint Surg Am
1989;71:145e50.

[3] Hernigou P, Deschamps G. Posterior slope of the tibial implant and the
outcome of unicompartmental knee arthroplasty. J Bone Joint Surg Am
2004;86-A:506e11.

[4] Collier MB, Eickmann TH, Sukezaki F, McAuley JP, Engh GA. Patient, implant,
and alignment factors associated with revision of medial compartment uni-
condylar arthroplasty. J Arthroplasty 2006;21:108e15.

[5] Mootanah R, Imhauser CW, Reisse F, Carpanen D, Walker RW, Koff MF, et al.
Development and validation of a computational model of the knee joint for
the evaluation of surgical treatments for osteoarthritis. Comput Methods
Biomech Biomed Engin 2014;17:1502e17.

[6] Vasso M, Del Regno C, D’Amelio A, Viggiano D, Corona K, Schiavone Panni A.
Minor varus alignment provides better results than neutral alignment in
medial UKA. Knee 2015;22:117e21.

[7] van der List JP, Zuiderbaan HA, Pearle AD. Why do medial unicompartmental
knee arthroplasties fail today? J Arthroplasty 2016;31:1016e21.

[8] Gulati A, Pandit H, Jenkins C, Chau R, Dodd CAF, Murray DW. The effect of leg
alignment on the outcome of unicompartmental knee replacement. J Bone
Joint Surg Br 2009;91:469e74.

[9] Engh GA, Dwyer KA, Hanes CK. Polyethylene wear of metal-backed tibial
components in total and unicompartmental knee prostheses. J Bone Joint Surg
Br 1992;74:9e17.

[10] Hernigou P, Deschamps G. Alignment influences wear in the knee after medial
unicompartmental arthroplasty. Clin Orthop Relat Res 2004:161e5.

[11] Argenson JN, Parratte S. The unicompartmental knee: design and technical
considerations in minimizing wear. Clin Orthop Relat Res 2006;452:137e42.

[12] Zuiderbaan HA, van der List JP, Chawla H, Khamaisy S, Thein R, Pearle AD.
Predictors of subjective outcome after medial unicompartmental knee
arthroplasty. J Arthroplasty 2016;31:1453e8.

[13] Paley D. Principles of Deformity Correction. 1st ed. Berlin, Heidelberg:
Springer-Verlag; 2002.

[14] Kreitz TM, Maltenfort MG, Lonner JH. The valgus stress radiograph does not
determine the full extent of correction of deformity prior to medial uni-
compartmental knee arthroplasty. J Arthroplasty 2015;30:1233e6.

[15] Waldstein W, Monsef JB, Buckup J, Boettner F. The value of valgus stress ra-
diographs in the workup for medial unicompartmental arthritis knee. Clin
Orthop Relat Res 2013;471:3998e4003.

[16] Paley D, Tetsworth K. Mechanical axis deviation of the lower limbs. Preop-
erative planning of uniapical angular deformities of the tibia or femur. Clin
Orthop Relat Res 1992:48e64.
[17] Tetsworth K, Paley D. Malalignment and degenerative arthropathy. Orthop
Clin North Am 1994;25:367e77.

[18] Chatellard R, Sauleau V, Colmar M, Robert H, Raynaud G, Brilhault J. Medial
unicompartmental knee arthroplasty: does tibial component position influ-
ence clinical outcomes and arthroplasty survival? Orthop Traumatol Surg Res
2013;99:S219e25.

[19] Rozbruch S, Hamdy R, editors. Principles of Deformity Correction. Limb
Lengthening Reconstr. Surg. Case Atlas. Switzerland: Springer International
Publishing; 2015. p. 33e53.

[20] Khamaisy S, Zuiderbaan HA, van der List JP, Nam D, Pearle AD. Medial uni-
compartmental knee arthroplasty improves congruence and restores joint
space width of the lateral compartment. Knee 2016;23:501e5.

[21] Pearle AD, O’Loughlin PF, Kendoff DO. Robot-assisted unicompartmental knee
arthroplasty. J Arthroplasty 2010;25:230e7.

[22] Roche M, O’Loughlin PF, Kendoff D, Musahl V, Pearle AD. Robotic arm-assisted
unicompartmental knee arthroplasty: preoperative planning and surgical
technique. Am J Orthop (Belle Mead NJ) 2009;38:10e5.

[23] Thein R, Boorman-Padgett J, Khamaisy S, Zuiderbaan HA, Wickiewicz TL,
Imhauser CW, et al. Medial subluxation of the tibia after anterior cruciate
ligament rupture as revealed by standing radiographs and comparison with a
cadaveric model. Am J Sports Med 2015;43:3027e33.

[24] Marx RG, Grimm P, Lillemoe KA, Robertson CM, Ayeni OR, Lyman S, et al.
Reliability of lower extremity alignment measurement using radiographs and
PACS. Knee Surg Sport Traumatol Arthrosc 2011;19:1693e8.

[25] Moreland JR, Bassett LW, Hanker GJ. Radiographic analysis of the axial
alignment of the lower extremity. J Bone Joint Surg Am 1987;69:745e9.

[26] Paley D, Maar DC, Herzenberg JE. New concepts in high tibial osteotomy for
medial compartment osteoarthritis. Orthop Clin North Am 1994;25:483e98.

[27] Deschamps G, Chol C. Fixed-bearing unicompartmental knee arthroplasty.
Patients’ selection and operative technique. Orthop Traumatol Surg Res
2011;97:648e61.

[28] Ridgeway SR, McAuley JP, Ammeen DJ, Engh GA. The effect of alignment of the
knee on the outcome of unicompartmental knee replacement. J Bone Joint
Surg Br 2002;84:351e5.

[29] Kennedy WR, White RP. Unicompartmental arthroplasty of the knee. Post-
operative alignment and its influence on overall results. Clin Orthop Relat Res
1987:278e85.

[30] Hsu RW, Himeno S, Coventry MB, Chao EY. Normal axial alignment of the
lower extremity and load-bearing distribution at the knee. Clin Orthop Relat
Res 1990:215e27.

[31] Berger RA, Meneghini RM, Jacobs JJ, Sheinkop MB, Della Valle CJ,
Rosenberg AG, et al. Results of unicompartmental knee arthroplasty at a
minimum of ten years of follow-up. J Bone Joint Surg Am 2005;87:999e1006.

[32] Cobb J, Henckel J, Gomes P, Harris S, Jakopec M, Rodriguez F, et al. Hands-on
robotic unicompartmental knee replacement: a prospective, randomised
controlled study of the acrobot system. J Bone Joint Surg Br 2006;88:188e97.

[33] Citak M, Suero EM, Citak M, Dunbar NJ, Branch SH, Conditt MA, et al. Uni-
compartmental knee arthroplasty: is robotic technology more accurate than
conventional technique? Knee 2013;20:268e71.

[34] Christensen NO. Unicompartmental prosthesis for gonarthrosis. A nine-year
series of 575 knees from a Swedish hospital. Clin Orthop Relat Res 1991:
165e9.

[35] Paley D, Herzenberg JE, Tetsworth K, McKie J, Bhave A. Deformity planning for
frontal and sagittal plane corrective osteotomies. Orthop Clin North Am
1994;25:425e65.

[36] Zuiderbaan HAHA, van der List JPJP, Kleeblad LJ, Appelboom P, Kort NP,
Pearle AD, et al. Modern indications, results, and global trends in the use of
unicompartmental knee arthroplasty and high tibial osteotomy in the treat-
ment of isolated medial compartment osteoarthritis. Am J Orthop (Belle Mead
NJj) 2016;45:E355e61.

[37] Fragomen A, Ilizarov S, Rozbruch R. Proximal tibial osteotomy for medical
compartment osteoarthritis of the knee using the Ilizarov Taylor spatial frame.
Tech Knee Surg 2005;4:173e85.

[38] Ashfaq K, Fragomen AT, Nguyen JT, Rozbruch SR. Correction of proximal tibia
varus with external fixation. J Knee Surg 2012;25:375e84.

[39] Rozbruch SR, Fragomen AT, Ilizarov S. Correction of tibial deformity with use
of the Ilizarov-Taylor spatial frame. J Bone Joint Surg Am 2006;88(Suppl 4):
156e74.

[40] Babazadeh S, Dowsey MM, Bingham RJ, Ek ET, Stoney JD, Choong PFM. The
long leg radiograph is a reliable method of assessing alignment when
compared to computer-assisted navigation and computer tomography. Knee
2013;20:242e9.

[41] Khakharia S, Bigman D, Fragomen AT, Pavlov H, Rozbruch SR. Comparison of
PACS and hard-copy 51-inch radiographs for measuring leg length and
deformity. Clin Orthop Relat Res 2011;469:244e50.

[42] Hohman DW, Nodzo SR, Phillips M, Fitz W. The implications of mechanical
alignment on soft tissue balancing in total knee arthroplasty. Knee Surgery,
Sport Traumatol Arthrosc 2015;23:3632e6. https://doi.org/10.1007/s00167-
014-3262-4.

http://refhub.elsevier.com/S0883-5403(17)30854-9/sref1
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref1
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref1
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref1
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref2
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref2
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref2
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref3
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref3
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref3
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref3
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref4
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref4
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref4
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref4
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref5
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref5
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref5
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref5
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref5
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref6
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref6
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref6
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref6
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref7
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref7
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref7
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref8
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref8
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref8
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref8
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref9
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref9
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref9
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref9
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref10
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref10
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref10
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref11
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref11
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref11
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref12
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref12
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref12
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref12
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref13
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref13
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref14
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref14
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref14
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref14
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref15
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref15
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref15
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref15
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref16
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref16
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref16
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref16
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref17
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref17
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref17
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref18
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref18
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref18
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref18
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref18
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref19
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref19
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref19
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref19
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref20
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref20
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref20
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref20
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref21
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref21
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref21
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref22
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref22
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref22
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref22
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref23
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref23
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref23
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref23
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref23
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref24
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref24
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref24
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref24
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref25
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref25
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref25
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref26
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref26
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref26
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref27
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref27
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref27
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref27
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref28
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref28
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref28
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref28
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref29
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref29
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref29
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref29
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref30
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref30
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref30
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref30
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref42
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref42
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref42
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref42
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref31
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref31
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref31
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref31
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref32
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref32
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref32
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref32
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref33
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref33
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref33
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref33
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref34
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref34
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref34
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref34
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref35
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref35
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref35
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref35
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref35
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref35
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref36
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref36
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref36
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref36
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref37
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref37
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref37
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref38
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref38
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref38
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref38
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref39
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref39
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref39
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref39
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref39
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref40
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref40
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref40
http://refhub.elsevier.com/S0883-5403(17)30854-9/sref40
https://doi.org/10.1007/s00167-014-3262-4
https://doi.org/10.1007/s00167-014-3262-4

	Predicting the Feasibility of Correcting Mechanical Axis in Large Varus Deformities With Unicompartmental Knee Arthroplasty
	Materials and Methods
	Study Design and Patient Selection
	Implant and Surgical Technique
	Radiological Assessment
	Statistical Analysis

	Results
	Discussion
	Acknowledgments
	References


