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Abstract

Purpose—It is a challenge to evaluate the maintenance of medial and lateral soft tissue balance
in total knee arthroplasty (TKA). This study aimed to determine the “isoheight” points and the
“isoheight” axis (IHA) that can measure constant medial/lateral condyle heights during flexion of
the knee, and compare the IHA with two major anatomical axes, the transepicondylar axis (TEA)
and the geometric center axis (GCA).

Methods—Twenty-two healthy human knees were imaged using a combined MRI and dual
fluoroscopic imaging system while performing a single-legged lunge (0°-120°). The isoheight
points of the medial and lateral femoral condyles were defined as the locations with the least
amount of changes in heights during the knee flexion; an IHA is the line connecting the medial
and lateral isoheight points. The measured changes of the condyle heights using the IHA were
compared with those measured using the TEA and GCA.

Results—Overall, the IHA was posterior and distal to the TEA, and anterior to the GCA. The
isoheight points measured condyle height changes within 1.2+2.3 mm at the medial and 0.7+3.3

Terms of use and reuse: academic research for non-commercial purposes, see here for full terms. https://www.springer.com/aam-
terms-v1

" CORRESPONDING AUTHOR : Guoan Li, Ph.D., Orthopaedic Bioengineering Research Center, Newton-Wellesley Hospital, 159
Wells Ave, Newton Centre, Massachusetts 02459, glil@partners.org.

Conflict of Interest

The authors declare that there is no conflict of interest.

Publisher's Disclaimer: This Author Accepted Manuscript is a PDF file of an unedited peer-reviewed manuscript that has been
accepted for publication but has not been copyedited or corrected. The official version of record that is published in the journal is kept
up to date and so may therefore differ from this version.


https://www.springer.com/aam-terms-v1
https://www.springer.com/aam-terms-v1

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rao et al.

Page 2

mm at the lateral sides during the knee flexion. Between 0° to 45°, the condyle height changes
measured using the GCA (medial: 3.0£1.8 mm, lateral: 2.3+2.0 mm) were significantly larger than
those of the IHA and the TEA (p<0.05). Between 90° to 120°, the changes of the condyle heights
measured using the TEA (medial: 5.3£1.8 mm, lateral: 3.3+1.8 mm) were significantly larger than
those of the IHA and GCA (p<0.05).

Conclusion—There are isoheight points in the medial and lateral femoral condyles that can
measure constant heights along the full range of knee flexion and could be used to formulate an
“isoheight” axis (IHA) of the femur. The condyle height changes measured by the TEA and GCA
were greater than the IHA measurements along the flexion path. These data could be used as a
valuable reference to evaluate the condyle height changes after TKA surgeries and help achieve
soft tissue balance and optimal knee kinematics along the flexion path.

Level of Evidence—Level IV

Keywords

In vivo knee flexion; Femoral condyle heights; isoheight characteristics; Total knee arthroplasty;
Soft tissue balance; Gap balance

Introduction

Over 20% of total knee arthroplasty (TKA) patients were reported unsatisfied with the
surgery in follow up studies [3, 25]. Imbalance of the soft tissues has been acknowledged as
an important factor affecting the clinical outcomes [15, 22]. Precise bony resection and

correct implant positioning have been investigated to improve the gap balancing [19, 20].
Recent studies have reported that contemporary TKAs could not maintain gap balance in the
full range flexion of the knee [6, 22].

Elongations of the medial and lateral soft tissues change along the knee flexion path [6, 13,
16, 31]. A proximal shift of the femoral condyle could cause excessive tissue stretch and
reduced knee flexion [14], while a distal shift of the condyle could result in soft tissue laxity
and joint instability [6, 33]. Therefore, maintenance of the physiological heights of the
medial and lateral condyles is critical to maintain the soft tissue balance during the knee
flexion [30, 32]. Different reference axes to evaluate the changes of the condyle heights
during knee flexion have been widely discussed [4, 5, 7, 23, 29], including the
transepicondylar axis (TEA) and geometric center axis (GCA) [1, 4, 7, 23, 26]. Both TEA

and GCA measured uneven condyle heights along the knee flexion path [23, 27], indicating
their limitations as reference axes to guide medial and lateral soft tissue balancing in TKA
surgery. No study has reported whether there is a reference axis in the femur that could
measure the constant condyle heights along the flexion path of the knee. This information is
necessary for establishing biomechanical references to preserve the soft tissue tensions of
the knee after TKAs [5].

The purpose of this study was to determine the isoheight points in the medial and lateral
femoral condyles that can maintain constant heights along the knee flexion path and to
formulate an “isoheight” axis (IHA) of the femur. We specifically compared the femoral
condyle heights measured using the IHA with those measured using the conventional TEA
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and GCA axes during an /in vivo weight-bearing flexion of the knee. It was hypothesized that
there are isoheight points in the medial and lateral femoral condyles that can maintain
constant condyle heights along the full range flexion of the knee.

Materials and Methods

Participants

This study was approved by our institutional review board (protocol number: 2003P000337/
PHS). Written consent was obtained from each subject prior to participating in this study.
Twenty-two healthy knees in 22 subjects were included (16 men and 6 women; age: 33+13
years; BMI: 25.5+3.5 kg/m?; 9 left and 13 right). Standard examination was performed on
each knee, including the Lachman and anterior drawer test. The exclusion criteria included
pain, previous injury, and previous surgery of the studied knee. MRI images of the knee was
assessed further for exclusion if there were meniscal tears, chondral defects, and
ligamentous injuries.

Imaging and 3D modeling of knees

Each knee was imaged using a 3.0-Tesla MRI scanner (Siemens, Erlangen, Germany) [6,
17]. The images were used to construct three-dimensional (3D) surface models of the femur
and tibia in a solid modeling software (Rhinoceros; Robert McNeel and Associates, Seattle,
WA) (Fig. 1A). The subject then performed a quasi-static single-legged lunge at
approximately 0°, 30°, 60°, 75°, 90°, 105°, and 120° of flexion and imaged using two
fluoroscopes (BV Pulsera; Philips, Bothell, WA) (Fig. 1B). The fluoroscopic images and the
3D bony models of the femur and tibia were imported into a virtual environment (Fig. 1C) in
the solid modeling software that replicated the actual dual fluoroscopic image system [6, 16,
17]. The bony outlines were extracted from the fluoroscopic images. The projections of the
3D femoral and tibial models were matched to their corresponding outlines on the
fluoroscopic images to reproduce the /n7 vivo knee positions (Fig. 1C). The relative positions/
orientations of the femoral and tibial models were used to represent the tibiofemoral joint at
each flexion angle. This technique has been rigorously validated with an error less than
0.1mm and 0.3° in measurements of the tibiofemoral joint translations and rotations,
respectively [17].

Definition of TEA and GCA

The TEA was defined as the line that connects the most prominent points of the medial and
lateral epicondyles (Fig. 1A) [1, 4, 24]. The midpoint of the axis was identified as the knee
joint center. The femoral long axis was defined along the femoral shaft and passed through
the center point. The femoral anterior-posterior axis was perpendicular to the two axes. To
construct the GCA, two co-axial cylinders were constructed using the posterior geometries
of the medial and lateral femoral condyles (Fig. 1A) [7, 24]. Two sagittal vertical cross-
sections of the cylinders were determined at the largest radii of the two posterior femoral
condyles of the knee. The centers of the two circular sections were defined as the geometric
centers of the medial and lateral femoral condyles [16, 24]; the line connecting both the
geometric centers was defined as the GCA axis. A Cartesian coordinate system was
established on each circular section with its origin located at the geometric center. The
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proximal-distal axis was selected parallel to the longitudinal axis of the femur. The anterior-
posterior axis was perpendicular to the proximal-distal axis in the circular section. The
intersection points of the TEA axis on the two circular sections were used to measure the
TEA motion when compared to those measured using the GCA.

Definition of isoheight points and IHA

As presented in Fig. 1A, a tibial coordinate system was created. The tibial long axis (z-axis)
was parallel to the posterior wall of the tibial shaft [16, 24]. The medial-lateral axis (x-axis)

was defined as a line connecting the centroids of the two circles fitting the medial and lateral
tibial plateau surfaces [16, 24]. The anterior-posterior axis (y-axis) was perpendicular to the

other two axes. For measurements of the condyle heights, a plane was created to fit the tibial
plateau surface of each knee to represent a tibial cutting plane during TKA (Fig. 1A).

To determine the isoheight points, both the medial and lateral circular sections were evenly
discretized using 8000 points. The position of each point was measured using the
corresponding Cartesian coordinate system on the circular section (Fig. 1A). The heights of
each point in the full range of knee flexion were calculated as the vertical distances between
the reference points and the tibial plane [6]. It should be noted that the measured heights
depended on the positions and orientations of the femur at each moment during knee flexion.
The change of the condyle height measured at each reference point was defined as the
difference between the maximal and minimal heights in the full range of flexion. A heat map
was generated on each circular section to provide a visual representation of the changes of
the condyle height of each reference point on the femoral condyle. The isoheight point
corresponded to the reference point which had the least vertical condyle height change along
the flexion path. The IHA was defined as the line connecting the medial and lateral isoheight
points. For comparison, the condyle heights were also measured at each selected knee
flexion angle using the TEA and GCA [6].

Statistical analysis

Results

A repeated measure analysis of Variance (ANOVA) was used to analyze the condyle heights
of the same reference point and differences between different points along the flexion path.
Independent variables were the flexion angles (0°, 45°, 90° and 120°) and flexion ranges (0°
-45°, 45°-90°, 90°-120°). The dependent variables were femoral condyle heights and
height variations. A statistically significant difference was determined when p<0.05. A post-
test power analysis indicated that 15 subjects could provide over 95% power to detect the
condyle height changes along the flexion path.

Positions of the isoheight points and the IHA

The radii of the medial and lateral circular sections were ry,= 19.8£2.0mm and r; =
18.8+2.3mm, respectively. The medial TEA point was 7.2+3.4mm anterior (36.4% of r)
and 8.7+2.9mm proximal (43.9% of r,,) to the medial GCA point; the lateral TEA point was
5.8+1.8mm anterior (30.9% of r;) and 4.6+2.0mm proximal (24.5% of r;) to the lateral
GCA point. Overall, the IHA was posterior and distal to the TEA, and anterior and distal to
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the GCA (Fig. 2a). The most isoheight point on the medial condyle was 3.2+2.9 mm
posterior (16.2% of ry,) and 8.0+£2.8 mm distal (40.4% of r;,) to the medial TEA point; the
most isoheight point on the lateral condyle was 4.8+1.7mm posterior (25.6% of r;) and
5.6+£2.2mm distal (29.8% of r;) to the lateral TEA point. The most isoheight point on the
medial condyle was 4.0+0.4mm anterior (20.2% of ry,) and 0.7+0.1mm proximal (3.5% of
) to the medial GCA point; the most isoheight point on the lateral condyle was
1.0+0.1mm anterior (5.0% of r;) and 1.0+£0.1mm distal (5.0% of r;) to the lateral GCA point
(Fig. 2A).

Condyle heights measured using the TEA, GCA and IHA

For the TEA axis, the medial and lateral femoral condyle heights slightly changed by
-0.6£3.1 mm (p=0.36) and 0.4+2.0 mm (p=0.47), respectively, from full extension to 45° of
knee flexion (Fig. 3A and Table 1). Both condyle heights were significantly reduced at 90°
(by —4.4£2.5 mm (p=0.000) and -2.2+2.0 mm (p=0.000), respectively) and 120° (by
-5.3+1.8 mm (p=0.00) and —3.3+1.8 mm (p=0.00), respectively) of flexion. For the GCA
axis, the medial and lateral condyle heights were significantly decreased from full extension
to 45° of knee flexion (by —3.0£1.8 mm (p=0.00) and —2.3£2.0 mm (p=0.00), respectively)
(Fig. 3B and Table 1). Beyond 45°, the heights of medial and lateral condyles showed no
significant changes (p=0.91 and p=0.24, respectively). For the IHA axis, the medial condyle
height was 26.8+2.9mm at full extension (Fig. 3C). The condyle height changed within
1.2+2.3mm along the knee flexion path (p=0.60). The lateral condyle height was
25.9+2.5mm at full extension (Fig. 3C). It changed within 0.74£3.3mm along the flexion path
(p=0.95). On average, the medial femoral condyle was significantly higher than the lateral
side by 1.0+£0.3mm along the knee flexion (p=0.01).

Comparison between the different axes

The changes of medial femoral condyle heights from 0° to 45° measured using the TEA,
GCA, and IHA were —0.6£3.1 mm, —3.0+1.8 mm, —0.4+1.9 mm, respectively (Table 1). The
height changes of the GCA were significantly larger than those of the IHA (p=0.00). Similar
observations were obtained at the lateral side (p=0.00). Between 45° to 90° and between 90°
to 120°, the changes of the condyle heights of the TEA were significantly larger than those
of the IHA (p=0.02, p=0.01, respectively) (Table 1).

Discussion

The most important finding of this study was that there are isoheight points and an IHA on
the medial and lateral femoral condyles that can measure approximate constant femoral
condyle heights along the flexion path of the knee. The condyle height changes measured by
the isoheight points were within 1.2+2.3 mm and 0.7+3.3 mm for the medial and lateral
condyles, respectively. The condyle height changes measured by the TEA and GCA axes
were greater (>3.0 mm) than those of the isoheight points. The data partially confirmed our
hypothesis that there are anatomic points in the medial and lateral femoral condyles that can
maintain constant condyle heights along the full range flexion of the knee.
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The native knee has large coronal and sagittal anatomy variabilities, such as highly variable
coronal tibial and femoral alignments [9-11], and interactive sagittal effect of femoral
posterior condylar offset and tibial posterior slope [8]. Numerous studies have been reported
on the morphometric characters of the femoral condyles [2, 7, 12, 21]. There are also reports
on femoral condyle motions measured using the TEA or GCA axes [6, 7, 16, 17, 28].
However, previous studies mainly focused on the anterior-posterior translation and internal-
external rotation of the knee [12, 32]. Few data have been reported on the proximal-distal
translations of the femoral condyles [6, 23]. Mochizuki et al. [23] reported that the medial
condyle had a proximal translation of 7.6mm, and the lateral condyle a distal translation of
<3mm from 0° to 90° flexion of the knee using the TEA. Our study showed that the medial
and lateral condyles had consistent distal translations beyond 45° using the TEA reference,
and both condyles showed decreasing heights from full extension to 45° of flexion using the
GCA reference. These data were consistent with the observations of Dimitrious et al., who
found that the femoral condyle heights change along the flexion path of the knee when
measured using the TEA or GCA references [6].

However, neither TEA nor GCA could represent the constant condyle heights in the full
range flexion of the knee. The TEA may oversimplify the intrinsic relationship between the
anatomy and kinematics of the knee, without considering the complex knee motion patterns
along the flexion path. The GCA is mainly based on the geometry of the posterior femoral
condyle without considering the overall distal condyle shape and kinematic features of the
knee [18, 23, 27]. It is clinically relevant to determine whether there are locations on the
femoral condyles that can represent the constant condyle heights and help achieve soft tissue
balance after TKAs [6, 31].

The IHA determined in this study represents the coupling effect of the joint anatomy and
kinematics. The IHA is unique for the knee during the flexion as shown by the heat map of
Figures 2A and 2B, where the femoral condyle height measurements were sensitive to the
locations of the selected reference points. Therefore, the IHA could be used as an alternative
physiological reference to evaluate the maintenance of condyle heights along the knee
flexion path in preoperative planning, intraoperative positioning, and postoperative
evaluation of the TKA surgeries. A balanced TKA may need to maintain the condyle heights
with respect to the IHA along the knee flexion path. By maintaining a rather constant
condyle height, it is likely to result in a close restoration of medial and lateral soft tissue
balances (or minimal changes in ligament lengths caused by surgery). Future clinical
evaluations are warranted to explore and validate the application of the IHA in preparation
of bony resection and therefore to achieve soft tissue balance in TKA.

There are several limitations to this study. One limitation is the difficulty to technically
determine the isoheight points in traditional TKA surgeries as no apparent anatomical
landmarks on the femoral condyle surfaces. However, accurate 3D CT and / or MRI images
should be used to construct the GCA reference coordinate systems as illustrated in Fig. 1A
and then determine the patient-specific IHA locations. Next, the data were measured from
normal, healthy knees in this study. Application of these results to arthritic knees may
require further development and validation. Future investigation should assess the TKA
patients using the IHA to evaluate the gap and soft tissue balances in the mid-range and deep
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knee flexion. Finally, the condyle heights were measured with respect to the tibial cutting
plane that was constructed parallel to the average tibial plateau surface. The tibial cutting
slope is generally dependent on the implant design and implantation techniques. Future
studies should evaluate the effect of various tibial slopes on the IHA determination. As the
knee kinematics could vary with different knee motions, future studies need to examine
whether the IHA changes with knee activities. While the IHA could be used to objectively
evaluate changes of the femoral condyle heights after knee surgeries, it is possible to use the
IHA as an alternative reference to improve the contemporary TKA surgery.

Conclusions

In summary, this study determined the medial and lateral femoral condyle height changes
during the /n vivo weight-bearing knee flexion. The TEA and GCA were not found to
represent constant femoral condyle heights during the knee motion. However, the IHA, that
represents the characteristics of both knee anatomy and kinematics, could measure rather
constant condyle heights during the /n vivo knee flexion. These data could be used as a
valuable reference to evaluate changes of the condyle heights after TKA surgeries and help
achieve soft tissue balance and optimal knee kinematics along the flexion path.
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Fig. 1.
(A) The 3D knee joint model with tibial Cartesian coordinate system, the transepicondylar

axis (TEA) and the geometrical center axis (GCA), the sagittal plane circular sections of the
medial and lateral femoral condyles (including local coordinate systems on the circular
sections). Measurements of femoral condyle heights with respect to the tibial cutting plane
were also shown. (B) A subject performing a quasi-static single-legged lunge, which was
captured the dual fluoroscopic system. (C) A virtual dual fluoroscopic system used for
reproduction of the /n vivo knee positions along the flexion path.
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Fig. 2.

(A?) Heat maps of the changes (mm) of the medial and lateral femoral condyle heights along
the flexion path of the knee to illustrate the uniqueness of the IHA. The positions of the
TEA, GCA and IHA on the condyle circular sections in full extension were marked. X and
Y axes point to the posterior and proximal directions, respectively. (B) Diagrams showing
the condyle height changes along the knee flexion path.
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Page 12

Medial and lateral femoral condyle heights along the flexion path of the knee measured
using (A) TEA, (B) GCA, and (C) IHA. “*” indicates significant differences between the
medial and lateral condyle heights (p<0.05). The shaded area represents + one standard

deviation.
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Table 1.

Comparison of overall femoral condyle height changes measured using TEA, GCA and IHA methods. Values
of mean + standard deviation are presented.

0°-45° 45°-90° 90°-120°
Medial Lateral Medial Lateral Medial Lateral
TEA 062317 04220""  -44x25%%  924020%% 530187 _33:18%
GCA —3.0t1.8bc#* _2.31_2.017(:#* -0.5%1.6 -0.7¢2.1 -0.2+1.2 -0.4+1.4
IHA -0.4+1.9 -0.8+2.1 0.2+1.6 0.3+2.1 -1.0+1.1 -0.2+1.4
Note:

p<0.05 between TEA and GCA
b1<0.05 between TEA and IHA

€ p<0.05 between GCA and IHA
#0<0.05 between 0-45° and 45-90°
€5<0.05 between 45-90° and 90-120°

-
'p<0.05 between 0-45° and 90-120°
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