
The Knee 26 (2019) 759–767

Contents lists available at ScienceDirect

The Knee
Sagittal shapes of current fixed-bearing unicompartmental knee
replacements differ from those of normal knees

Kyung Jin Cho a,⁎, Pieter J. Erasmus a, Jacobus H. Müller b

a Stellenbosch Knee Clinic, G3 Stellenbosch Mediclinic, Die Boord 7600, South Africa
b Department of Mechanical and Mechatronic Engineering, Stellenbosch University, Private Bag X1, Matieland 7600, South Africa
a r t i c l e i n f o
⁎ Corresponding author.
E-mail addresses: kyjincho@gmail.com (K.J. Cho), pi

https://doi.org/10.1016/j.knee.2019.03.002
0968-0160/© 2019 Elsevier B.V. All rights reserved.
a b s t r a c t
Article history:
Received 5 November 2018
Received in revised form 23 January 2019
Accepted 4 March 2019
Background: The principle when performing unicompartmental knee replacements (UKR), is to
restore the natural alignment as well as the ligament tension. The tension in the ligaments is
determined by the position of the joint line and the geometry of the articulating surfaces of
the joint. If the surface geometry of the femoral component in a UKR is different from that
of the natural knee it might cause abnormal ligament tension. This study was undertaken to
determine the surface geometry of the native knee and to compare that with the geometry
of different commercially available UKR femoral components.
Methods: Thirty-six native femurs and seven different UKR femoral component designs were
included in this study. The sagittal shapes of the native femoral condyles and the prostheses
were quantitatively described with the radius ratio (RR) and transition position index (TPI),
which were calculated from the radii and transition point of the extension and flexion facets.
Results: The different prostheses showed a wider shape variability than the native medial con-
dyles, having at least two times greater coefficient of variation for the RR and TPI. The sagittal
shape of three prostheses corresponded to the native medial femoral condyles whereas five
prostheses corresponded to the lateral condyles. One prosthesis had curves that fell far outside
the native knee shape.
Conclusion: There was a wider sagittal shape difference between the femoral components com-
pared to the native knees. Clinically, the sagittal position of the prostheses can compensate for
these differences, but it might be technically challenging.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

In unicompartmental knee replacement (UKR), the aim is to restore the patient's constitutional alignment and at the same
time balance the ligaments to their natural tension. This allows the replaced compartment to bear its original contralateral com-
partment loads without overloading it. Overstuffing or understuffing of the replaced compartment changes the load in the oppo-
site compartment. Clinically, overstuffing is of greater concern than understuffing. A load increase in the adjacent joint
compartment was observed with as little as one millimeter of overstuffing [1]. Overstuffing increases the strain in medial collat-
eral ligaments and is associated with early failure [2]. Numerous mid- to long-term follow-up studies confirmed that overstuffing
is more detrimental for the joint survival than undercorrection [3].
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With standard instrumentation for UKR, overstuffing can be avoided by resecting the correct amount of bone and choosing an
appropriate thickness of tibial insert. The ligament tension should be correct in both flexion and extension and this can be rela-
tively easily attained by performing the correct tibial resection and then cutting the distal and posterior femur parallel to the tibial
cutting plane under the correct ligament tension. Mid-flexion ligament tension is, however, influenced by the sagittal curve design
of the prosthesis and is difficult to control once the distal and posterior femoral cuts are performed. If the sagittal curve design of
the prosthesis differs from that of the native knee, mid-flexion overstuffing or understuffing can occur. This can lead to mid-flex-
ion instability in an understuffed knee or to a cam-effect, ligament tightness followed by sudden looseness, in mid-flexion in an
overstuffed joint.

In order to examine how well the sagittal curve geometry of UKR femoral components corresponds to that of the native knees,
a study was undertaken comparing the difference between the native knees and seven commercially available UKR femoral com-
ponents. A comparison was also carried out between the different UKR femoral designs. Two quantitative parameters, namely the
radius ratio (RR) and the transition position index (TPI) between the extension and flexion facets, were measured. To our knowl-
edge, the sagittal curves of the normal native femoral condyles and the prosthetic UKR femoral condyles have not been quanti-
tatively compared previously.

2. Methods

2.1. Sagittal curve acquisition of native knees

Eighteen volunteers (seven male and 11 female), between the ages of 19 and 65 years, who had no history of knee pain, in-
jury, or surgery, participated in this study with informed consent. Ethical approval was granted by the Committee for Human Re-
search, Faculty of Health Sciences, Stellenbosch University (NO8/02/029/2008). The 36 knees were analyzed for the sagittal curve
characteristics. Computed tomography (CT) scans of the femurs were segmented (Mimics, Materialise, Leuven, Belgium) into
three-dimensional (3D) virtual models and aligned (3Matics, Materialise, Leuven, Belgium) using the same reference frame
(Figure 1). First the posterior condylar plane was defined; this is parallel to the anatomical axis and coincident with the posterior
condylar line. The distal condylar plane was defined as a plane perpendicular to the posterior condylar plane and coincident with
the distal condylar line. The X–Y plane, which serves as the sagittal plane, was defined as a plane that is perpendicular to both the
distal condylar and posterior condylar planes. The medial and lateral sagittal planes were defined to be coincident on, respectively,
the most posterior points of the medial and lateral condyles. This enabled the generation of medial and lateral intersection curves
which allowed the femoral curvatures to be compared. The intersection curves are presented as dotted lines in Figure 1(c). The X-
axis was defined as parallel to the anatomical axis while the Y-axis was perpendicular to the anatomical axis in the sagittal view.

2.2. Sagittal curve acquisition of the femoral components

Seven different fixed-bearing UKR femoral component designs were analyzed. The details of the femoral components are given
in Table 1. The trial components were reverse engineered using a 3D laser scanner (3D Scanner Ultra HD, NextEngine, CA, USA) to
acquire digital models. The models were aligned using the same reference frame for all models (Figure 2). The distal cuts of the
models were aligned in parallel, similarly to the normal surgical protocol, where the distal femoral resection is the first femoral
cut and it serves as a reference for all other femoral resections. The X–Y plane, which serves as the sagittal plane, is perpendicular
Figure 1. Reference frame for native knee measurements. (a) Sagittal view, (b) coronal view, and (c) axial view.



Table 1
Details of the off-the-shelf femoral components analyzed in this study.

Prosthesis no. Type Size Model name Manufacturer

1 Anatomical 5 iBalance UKA Arthrex
2 Symmetrical 3 GMK UNI Medacta
3 Anatomical 5 GMK UNI Medacta
4 Anatomical 5 SIGMA HP DePuy Synthes
5 Symmetrical 3 U-KneeTec Corin
6 Anatomical 5 JOURNEY UNI Smith & Nephew
7 Anatomical 1 Physica ZUK Lima Corporate
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to both the distal and posterior resection planes. The intersection curve, as shown in Figure 2(b) by a dotted line, was generated
using the surface of the prosthesis and the sagittal plane that bisected the posterior part of the prosthesis. The X-axis was defined
as perpendicular to the distal resection plane and the Y-axis was parallel to the distal resection plane.

2.3. Sagittal curve analysis

Normal sagittal curve characteristics of the native knees have been previously described with circular arc regions: the exten-
sion facet (EF), the flexion facet (FF), and the posterior horn facet (PHF) [4–7]. A least-squares method was used to identify the EF
and FF of the sagittal curves acquired from the native knees and prostheses (Matlab, MathWorks, Massachusetts, USA). The tol-
erance was set at 0.2 mm for the prosthetic sagittal curves. The set tolerance was 0.5 mm for the native knees because the curves
acquired from the native knees were not as smooth as the curves from the prostheses due to segmentation.

Once the EF and FF were identified, the radius of the EF (REF) and that of the FF (RFF) were measured (Figure 3). The RR of REF/
RFF was recorded to quantify how much greater REF is than RFF. To be able to quantitatively compare the position of the transition
point from the EF to the FF, the arc lengths were measured (Figure 3). The arc length of the EF (ALEF) was measured between the
most distal point and the transition point. The arc length of the FF (ALFF) was measured between the transition point and the
most posterior point. The TPI was calculated as ALEF/(ALEF + ALFF).

2.4. Statistical analysis

For all the measurements (REF, RFF, RR, ALEF, ALFF and TPI) of the native knees, a paired t-test was used to compare the differ-
ence between the left and right femur and the difference between the medial and lateral condyles at a 95% level of confidence.
The variability was calculated with the coefficient of variation in terms of a percentage (%) for all the measurements.

3. Results

The radius (REF, RFF and RR) and curve length (ALEF, ALFF and TPI) measurements for the native knees are summarized in Table
2. No statistically significant difference was observed between the radius and curve length measurements of the left and right
knees, except for the EF radius (REF) with a P-value of 0.02. Consequently, the RR showed a statistically significant difference be-
tween the left and right knees (P = 0.04). All measurements were significantly different between the medial and lateral condyles
with P b 0.001. The RR of the lateral condyles was significantly greater than the RR of the medial condyles, while the TPI of the
Figure 2. Graphical representation of the reference frame for the analysis of femoral components.



Figure 3. Sagittal curve analysis. ALEF, EF arc length; ALFF, FF arc length; EF, extension facet; FF, flexion facet; REF, radius of the EF; RFF, radius of the FF.
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medial condyles was significantly greater than that of the lateral condyles. The lateral condyles had a higher sagittal curve vari-
ability than the medial condyles with all measurements. The TPI showed a higher variability than the RR for both the medial and
lateral condyles.

The graphical representations of sagittal curves of the off-the-shelf femoral components are presented in Figure 4, and all the
measurements are listed in Table 3. The sagittal shape measurements of the prostheses showed a wide variability. The coefficient
of variation of the measurements from the prostheses was at least 1.5 times greater and at most 2.8 times greater than that of the
medial condyles. The coefficient of variation of the prosthesis measurements was between 0.9 and 1.7 times the coefficient of var-
iation of the lateral condyle measurements (Tables 2 and 3).

Box and whisker plots were generated to compare the RR and TPI of the native knees and the prostheses (Figures 5 and 6).
Only one prosthesis, Prosthesis 4, had the RR and TPI within the interquartile range of the native medial condyles exhibited.
There was no prosthesis that had the RR and TPI values within the interquartile range of the lateral condyles. Prostheses 3, 4
and 7 had both the RR and TPI values within the range of the medial condyles. Prostheses 3, 4, 5, 6 and 7 had the RR and TPI
that fell within the range of the lateral condyles. Prosthesis 2 fell outside the range of both the medial and lateral condyles for
RR, but the TPI value still stayed within the range of the native medial and lateral condyles. The RR and TPI measurements of Pros-
thesis 1 were outside the range of both the medial and lateral condyles of the native knees. Prosthesis 1 had an EF that was out-
side the curve between the most distal and most posterior points, having a single radius for the EF and FF. Therefore, Prosthesis 1
had a RR value of 1 and a TPI of 0.

4. Discussion

The most important findings of the study are firstly that the sagittal shape of the different femoral prostheses varies widely, and
secondly that the sagittal shape of the different femoral prostheses has a wider variation than the native medial condyles. This
study described the sagittal curve characteristics of the native knees and prostheses quantitatively in terms of the RR and TPI,
which are dimensionless measurements. Only one out of the seven prostheses had the RR and TPI within the native interquartile
range and three prostheses within the range of the native medial condyle. The sagittal shape of the lateral condyle, in the natural
knee, varied more widely than the medial condyle and was comparable to the variability given by the prostheses. Five out of the
seven prostheses had RR and TPI values within the range of the native lateral condyles. To our knowledge, the shapes of different
UKR femoral prostheses have not been described in literature nor been compared in the same study with that of the native knees.

Our findings in the native knees are similar to those of other studies in the literature. The RR measurements acquired from this
study agree with the mean RR values, calculated from the mean REF and mean RFF values, as reported in the literature [4,7–10]
Table 2
Summary of radius and arc length of extension and flexion facets of the native knees (values in brackets indicate the ranges).

EF radius,
REF (mm)

FF radius,
RFF (mm)

Radius ratio,
RR

EF arc length,
ALEF (mm)

FF arc length,
ALFF (mm)

Transition position index, TPI

Medial condyle 36
(27–53)

19
(15–23)

1.90
(1.43–2.80)

21
(8–35)

23
(12–30)

0.48
(0.20–0.68)

Coefficient of variation for medial condyles (%) 15 9 14 27 18 21
Lateral condyle 49

(29–80)
21
(17–26)

2.34
(1.51–3.55)

11
(0–27)

30
(15–41)

0.26
(0.01–0.61)

Coefficient of variation for lateral condyles (%) 25 10 20 66 21 60



Figure 4. Graphical representations of sagittal curve analysis of femoral components. EF, extension facet; FF, flexion facet; PHF, Posterior horn facet.
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(Figure 5, Table 4). The mean RR based on literature ranges from 1.33 to 1.92 for the medial condyles (mean RR of this study:
1.90) and from 1.51 to 2.17 (mean RR of this study: 2.34) for the lateral condyles. The sagittal curves of the lateral condyles
are less described than the curves of the medial condyles in literature. As a result, the studied sample size is smaller, and the
range of mean RR can be less comprehensive.

In our study, the RR values of the lateral condyles were significantly higher than those of the medial condyles. Similar trends
can be observed in the reported values in literature which described both the medial and lateral condyles [4,7,8], as shown in
Table 4. The RR represented how much greater the EF radius was than that of the FF. The higher the RR value, the flatter the



Table 3
Summary of radius and arc length of extension and flexion facets of the prostheses (values in brackets indicate the ranges).

Prosthesis no. EF radius,
REF (mm)

FF radius,
RFF (mm)

Radius ratio,
RR

EF arc length,
ALEF (mm)

FF arc length,
ALFF (mm)

Transition position index, TPI

1 48 25 1 or 1.92a 0 40 0
2 35 25 1.39 11 33 0.25
3 32 19 1.68 18 21 0.46
4 39 22 1.75 20 25 0.44
5 49 27 1.83 4 42 0.09
6 66 20 3.24 15 29 0.34
7 29 15 1.94 11 20 0.37
Coefficient of variation (%) 28 17 28 59 27 58

a Extension facet was outside the curve between the most distal and the most posterior points.
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EF would be. These results confirmed the findings from previous studies, which showed that the lateral condyles of the natural
knees had a flatter EF than that of the medial condyles in the sagittal plane.

The TPI was significantly greater for the medial condyles than the value for the lateral condyles. The TPI value represented the
proportion of the extension curve length over the total curve length between the distal and posterior apexes of the sagittal curves.
Having a greater TPI meant that the curve had a longer EF, and that the EF–FF transition point was located more posteriorly. The
lateral condyles had a transition point located more anteriorly than that of the medial condyles. This result can explain the find-
ings of Bicer et al. [11], which showed that the sagittal flexion of the femoral component was significantly greater for the medial
than the lateral UKRs. The sagittal flexion position of the prosthesis that Bicer et al. used was determined by the anatomy of the
femur rather than by the tibial slope. It was postulated that the sagittal difference they found was influenced by the geometrical
difference between the lateral and medial condyles. As demonstrated in Figure 7, the lateral condyles have a flatter EF with the FF
that extends more anteriorly (lower TPI value) than the medial condyles. This affects the sagittal position of the prostheses.

Heyse et al. [12] observed an unexpected mid-flexion tightness in balanced knees during their cadaveric study. We observed a
similar phenomenon intraoperatively; unwanted tightness or looseness in the mid-flexion range. In our clinical experience Pros-
thesis 1 exhibited mid-flexion tightness more commonly than the others. In the subsequent measurement studies, it was found
that the sagittal shape parameters of Prosthesis 1 least represented the shape of the native medial condyles, while Prosthesis 4
best represented them. A native knee was selected randomly and the sagittal curves of Prostheses 1 and 4 of the same size
were superimposed on its medial condyle to visually demonstrate how different sagittal curve characteristics affect the fit, as
shown in Figure 8. The native medial condyle had a RR of 1.55 (REF: 31 mm RFF: 20 mm) and a TPI of 0.39. Both the RR and
TPI of Prosthesis 4 were closer to that of the native knee than Prosthesis 1. Furthermore, the sagittal curve of Prosthesis 4 pre-
sented the native curve more closely than did Prosthesis 1, as shown in Figure 8(a). During the measurements acquisition, the
effect of flexion–extension positioning was eliminated using a reference frame that ensured all the prostheses were aligned to
the same distal cutting plane, which served as the reference for the other femoral resections.

It is important to realize that the flexion–extension position of the femoral component also influences location of the transition
point between the EF and FF, thereby changes the curve characteristics. For example, Prosthesis 4 could be placed in slight exten-
sion to match more closely to the native curve by reducing understuffing in the mid-flexion area, as visualized in Figure 8(b).
Placing Prosthesis 4 in more extension decreased the TPI by moving the transition point more anteriorly. Conversely, Figure 8
(c) demonstrates that if Prosthesis 1 is positioned in flexion, the overstuffing is reduced in the mid-flexion area. Placing Prosthesis
1 in flexion moved the transition point posteriorly and increased the TPI. However, even in the flexed position, there is a mis-
match of the FF radius between Prosthesis 1 and the native knee. Figure 8(c) visually demonstrates that if the prosthesis is
downsized and the amount of flexion is increased, a better fit can be achieved. These examples confirm that, with an appropriate
sizing and flexion–extension positioning, understuffing or overstuffing can be reduced. However, with a conventional technique, it
is limited because the distal femoral cut is the first femoral cut that is being made and technically it is not possible to re-cut the
correct amount and re-size the prosthesis for a better fit. Furthermore, changing the flexion or extension position of the prosthesis
Figure 5. The radius ratio of the native knees versus that of the prostheses.



Figure 6. The transition position index of the native knees versus that of the prostheses.
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drastically should be avoided because there is a danger of creating an overhang at the anterior or posterior tip. Therefore,
selecting the prosthesis that represents the shape of the patient's knee more closely would reduce the probability of needing a
re-cut or experiencing an unplanned overstuffing or understuffing.

Because the sagittal shapes of the prostheses and native knees vary widely, there is no prosthesis design that would fit per-
fectly to all native knees. Preoperatively, with a true lateral X-ray, it is possible to measure the RR and TPI to select the most ap-
propriate prosthesis design. However, reproducing the planned cut during the surgery can be a challenge. With a robotic surgery,
regardless of its native geometry registration technique being intraoperative or preoperative from CT, it is possible to explore var-
ious prosthesis design and positioning options for the optimum fit between the native and prosthetic condyles. The planned cuts
can accurately be reproduced during the surgery with a robotic system.

The slope of the tibia also plays a role. When there is an increased posterior slope, with flexion and rollback, the tension on the
medial collateral ligament will be reduced and the wear kinematics will improve [13]. Most surgeons prefer to make the flexion
gap slightly bigger than the extension gap if an over-tightness is caused by abnormal sagittal shape of the prosthesis. Making
these compromises, to account for abnormal sagittal shape of the femoral component, is not desirable because an increased
slope beyond eight degrees increases the risk of anterior cruciate ligament (ACL) rupture [14]. For UKR, the patient's original tibial
posterior slope has to be respected and the slope between three degrees and seven degrees is suggested to be an ideal compro-
mise [14,15].

Representing the 3D geometry of femoral condyles into simple two-dimensional (2D) sagittal curves can be a limitation. The
sagittal curve characteristics of the native condyles differ depending on the medial–lateral position of the sagittal plane [16,17].
However, the advantage of this study is that it offers a simple method that quantitatively compares the native and prosthetic con-
dyles. The limitation was minimized by following a standardized reference regime. The posterior condylar point was selected as
the reference for selecting the medial and lateral sagittal planes on the native knees. The mid-sagittal plane of the prosthesis was
defined as the plane that bisected the posterior condyle of the femoral component. This plane passes through the posterior con-
dylar point of the prosthesis. Furthermore, the sagittal curves extracted from this study approximate the most prominent paths,
which drive the knee kinematics.

Another limitation of this study is that the native knee curve analysis is based on the CT scans, which represent the bony ge-
ometry, not the articulating surface. The findings of this study however were similar to that of other studies where the articular
surfaces were investigated [4,7,8]. Different sizes of prostheses were used for the analysis because of limited accessibility to all the
sizes of the different manufactures. Four prostheses were a size 5, two of the prostheses were a size 3 and one was a size 1. This
difference in size was addressed using a consistent reference frame across all knees and prostheses and using dimensionless mea-
surements. The RR and TPI enabled objective and quantitative comparisons between the sagittal shape of the prostheses and the
native knees for the mid-flexion range and were independent of the size of the prostheses and the femurs.

This study did not consider the effect of the valgus or varus rotation of the femoral component relative to the tibial compo-
nent. Kang et al. [18] demonstrated the importance of the coronal alignment of the femoral component by demonstrating that
a valgus or varus malalignment of the femoral component affects the collateral ligament loading patterns as well as the opposite
compartment. In practice, although rare, the femoral component varus rotation can be inevitable to avoid an overhang at the
Table 4
Radius ratio (RR) of the native knees reported in other studies.

Reference Number of subjects RR

Medial Lateral

Iwaki et al. [4] 6 1.45 1.51
Martelli and Pinskerova [7] 6 1.56 2.17
Monk et al. [10] 25 1.33 –
Nuño and Ahmed [8] 12 1.72 1.85
Siu et al. [9] 5 1.92 –
Current study 36 1.90 2.34



Figure 7. Sagittal curve analysis on the medial and lateral condyles of a native knee. Ideal sagittal positioning of a femoral component is demonstrated for medial
and lateral condyles. EF, extension facet; FF, flexion facet.
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anterior corner if the femur has an extreme axial J-curve. Such a case was not considered because this study focused on the case
with an ideal coronal femoral alignment where the valgus–varus alignment of the femoral cuts is parallel to the tibial cut. This
study was motivated by a clinical observation that an unexpected cam-effect or looseness was experienced at a mid-flexion
range notwithstanding being well balanced in 90° flexion and full extension. The scope of this study was to compare the sagittal
shape of the prosthesis to the native knees with quantitative measures.

5. Conclusion

There is a wide range in the sagittal shapes of the femoral components of different UKR designs. The sagittal shape of femoral
prostheses varies widely especially in comparison with that of the native medial condyles. Some prostheses more closely match
Figure 8. (a) Prosthesis 1 and Prosthesis 4 are superimposed on a native medial condyle. (b) Prosthesis 4 is positioned in extension for an optimum fit. (c) Pros-
thesis 1 is positioned in flexion and downsized for an optimum fit.
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the shape of the native femoral condyles while others were less anatomical. Because of the variability within the native shape,
there is no single femoral design that would fit to all native knees. The variation between the sagittal shape of the native
femur and the prosthetic femur can cause a mid-flexion stiffness leading to a cam-effect. This potential problem can to some ex-
tent be addressed, on the tibial side, by increasing the posterior slope. On the femoral side, this potential problem is addressed by
placing the prosthesis more anterior creating a bigger flexion gap or placing it in more flexion to shift the transition point. How-
ever, this might cause impingement of the patella on the anterior edge of the prosthesis. Therefore, surgeons should be aware of
the wide sagittal shape variability in different prosthesis designs and should know that it affects their optimum sagittal
positioning.
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