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Abstract In computer-assisted TKA, surgeons determine
positioning of the femoral component in the sagittal plane
based on the sagittal mechanical axis identified by the
navigation system. We hypothesized mechanical and distal
femoral axes may differ on lateral views and these varia-
tions are influenced by anteroposterior bowing and length
of the femur. We measured angles between the mechanical
axis and distal femoral axis on 200 true lateral radiographs
of the whole femur from 100 adults. We used multivariate
linear regression to identify predictors of differences
between the axes. Depending on the method used to define
the two axes, the mean angular difference between the axes
was as much as 3.8° and as little as 0.0°, with standard
differences ranging from 1.7° to 1.9°. Variation between
the two axes increased with increased femoral bowing and
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increased femoral length. Surgeons should consider dif-
ferences between the mechanical axes and distal femoral
axes when they set the sagittal plane position of a femoral
component in navigated cases. Our findings also may be
relevant when measuring rotation of the femoral compo-
nent in the sagittal plane from postoperative radiographs or
when interpreting femoral component sagittal rotation
results reported in other studies.

Level of Evidence: Level IV, therapeutic study. See the
Guidelines for Authors for a complete description of levels
of evidence.

Introduction

Sagittal rotation of a femoral component can influence the
kinematics of a replaced knee in various ways [11, 22, 25,
35, 38]. If a femoral component is placed in an overly
flexed position, it can cause limited extension or polyeth-
ylene post wear resulting from impingement between the
anterior part of the polyethylene insert and the anterior
margin of the intercondylar box in TKA using a post-cam
mechanism [23, 25, 28, 38]. When a surgeon places a
femoral component in an overly extended position relative
to the femur, he or she may create a notch in the anterior
femoral cortex, and some fear these notches may increase
the prospective risk of a supracondylar fracture [19, 25, 29,
31]. Few studies have explored the clinical implications of
femoral component rotation in the sagittal plane. A couple
studies have suggested femoral component sagittal rotation
could be influenced by the presence of femoral bowing
[35, 38].

Numerous studies report use of a computer-assisted
navigation system limits the prevalence of outlier values
of limb and/or implant alignment measurements in the
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coronal plane [2, 5, 8, 9, 12, 14, 21, 30, 32, 37]. Whether
the same benefits are realized in the sagittal plane when a
surgical navigation system is used is unclear [2, 6-8, 12,
18, 32]. One reason is simply that fewer studies have
sought to quantify alignment in the sagittal plane. A second
is that several methods have been used to define reference
axes in the sagittal plane [2, 6-8, 12, 18, 32]. When using a
navigation system, a femoral component is placed by
referring to the mechanical axis identified by the navigation
system [2, 5, 12, 14]. Two different sagittal mechanical
axes typically are used by current systems, ie, the line
connecting the identified hip center and the registered
center of the distal femur, which typically is where an entry
point is made for the intramedullary guiding system [2, 5],
and the line connecting the femoral head center and the
distal femur center identified from kinematically and
manually registered points by the navigation system [12,
14]. In contrast, two distal femoral axes frequently are used
as references for intraoperative or postoperative assess-
ments of sagittal rotations of femoral components. The
distal anterior cortical axis typically is used as an intra-
operative reference for correct positioning of a femoral
component in the sagittal plane, whereas the distal med-
ullary axis is used as an anatomic reference during
postoperative radiographic assessments of sagittal align-
ment of femoral components [10].

We considered the reported disparities in sagittal rota-
tion of femoral components could be the result of
differences between the sagittal mechanical axes used by
the navigation system and distal femoral axes used during
postoperative radiographic assessments [2, 6-8, 12, 18,
32]. We therefore sought to (1) quantify the sagittal plane
angular deviation between the mechanical axis of the femur
and its distal femoral axis in the preoperative TKA popu-
lation, (2) compare the magnitudes of differences between
the mechanical and distal femoral axes measures in the
right and left femurs of the same patients, and (3) identify
variables that predict the magnitude of deviation between
the mechanical and distal axes of a femur. We hypothe-
sized (1) meaningful differences do exist, (2) there would
be no difference between right and left femurs of the same
patients, and (3) the degree of femoral bowing would be
the strongest predictor.

Materials and Methods

We performed radiographic measurements in 200 knees of
100 selected patients undergoing TKA for advanced
osteoarthritis between July 23, 2007, and May 15, 2008.
We excluded patients who had a prior fracture of the
femur, congenital anomaly of the femur, or prior knee or
hip arthroplasty. Ninety-five patients (190 knees) were
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women and five (10 knees) were men. The average age of
the patients was 68.1 years (range, 57-80 years), and the
average body height, weight, and body mass index were
151.8 cm (range, 134.2-174.4 cm), 64.1 kg (range, 41.9—
90.8 kg), and 27.8 kg/m”® (range, 20.0-40.2 kg/m?),
respectively. This study was approved by the Institutional
Review Board of Seoul National University Bundang
Hospital, and all patients provided informed consent for
use of their radiographs and medical records.

All radiographic measurements were obtained from true
lateral radiographs covering the whole femur using PACS
working software (Impax'™; Agfa, Antwerp, Belgium).
We established a new technique for obtaining a true lateral
view of the whole femur in which the femoral head is seen
clearly and the contours of both femoral condyles are
viewed as one line. Patients placed a thigh on a 17-inch x
17-inch digital flat detector (General Diagnostic Radio-
graphic X-Ray System; Philips, Hamburg, Germany) in a
diagonal position, and the xray beam tube then was tilted to
a 15° cephalad position (Fig. 1). The radiographs were
made preoperatively in all patients.

Fig. 1 To obtain a true lateral view of the whole femur, patients
placed their thigh on a 17-inch x 17-inch digital flat detector in a
diagonal position. The xray beam tube was tilted 15° to directly aim
the center of the guide beam toward the center of the digital detector
(solid arrow) and the midpoint of the patient’s thigh (asterisk). A
sponge block (open arrow) was placed to hold the patient’s leg in a
right position.
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To ensure the sagittal femoral mechanical axes were
representative of the axes used by contemporary navigation
systems, we defined two sagittal mechanical
Mechanical axis 1 was defined as the line connecting the
femoral head center to a point 1 cm anterior to the end of
Blumensaat’s line (a line extending through the inter-
condylar notch on a lateral view of the knee) [4, 24], which
is used as the registration point for the distal femur center
in many navigation systems, including VectorVision®
(BrainLAB, Redwood, WA) [7] and the Stryker Navigation
System (Stryker Howmedica Osteonics, Allendale, NIJ)
[32] (Fig. 2) [2, 5]. To validate our definition of mechan-
ical axis 1, we performed a separate study using five knees,
in which we checked the position of a pin placed 1 cm
anterior to the top of intercondylar notch on a lateral
radiograph taken intraoperatively. We found the position of
the pin was within 1 mm of the point 1 cm anterior to the
end of Blumensaat’s line in all knees. Mechanical axis 2

axes.

Fig. 2A-C (A) A radiograph
shows how mechanical axis 1
was defined. (B) An intraopera-
tive photograph and (C) a
radiograph display the registra-
tion point (asterisk) for the distal
femur center and the top point of
the intercondylar notch (solid
arrow).

Fig. 3A-B (A) A schematic
drawing shows how the distal
femur center is identified by
the OrthoPilot® system. (B) A
lateral radiograph shows
mechanical axis 2 was defined
to represent the point 65% pos-
teriorly in the connecting line
between the anterior cortical line
and the most prominent point of
the posterior femoral condyle.

was defined as the line connecting the femoral head center
and a point identified 65% posteriorly on the line between
the anterior cortex and the most prominent point of the
posterior medial femoral condyle (Fig. 3). We assumed
mechanical axis 2 was equivalent to the sagittal mechanical
axis used in the OrthoPilot™ navigation system (B. Braun-
Aesculap, Tuttlingen, Germany) [12, 14, 26]. The angle
between mechanical axis 1 and mechanical axis 2 was
measured to evaluate the relationship between the two
axes.

We identified two distal femoral axes. The distal ante-
rior cortex axis was defined as the line connecting two
points on the anterior cortex at 5 cm and 10 cm proximal to
the knee line and the distal medullary axis connecting
midpoints of the outer cortical diameter at 5 cm and 10 cm
proximal to the knee line (Fig. 4). With these definitions,
we defined the angles between the two distal femoral axes
and each of the two sagittal femoral mechanical axes as

Condyle

Condyle
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proxies of the differences. Negative values were assigned
to knees in which the anatomic reference was oriented in an
extended position (recurvatum) with reference to the sag-
ittal mechanical axes.

To assess the reliability of measurements using the
references mentioned, two orthopaedic surgeons (CBJ,
KTK) and one clinical investigator (KYG) performed

Fig. 4A-D The  radiographic
measurements of the differences
are shown between (A) mechan-
ical axis 1 versus the distal
anterior cortex axis, (B) mechan-
ical axis 1 versus the distal
medullary axis, (C) mechanical
axis 2 versus the distal anterior
cortex axis, and (D) mechanical
axis 2 versus the distal medullary
axis.

Fig. SA-B (A) The femur
length was measured on long
cassette AP radiographs using
grids, and (B) the degrees of
bowing were determined by
measuring the angle between
the anterior cortical line and the
proximal cortical line.

@ Springer

measurements twice with a 1-week interval in 20 patients
(40 knees), which were randomly selected from among the
100 patients. The degree of measurement reliabilities was
assessed using intraclass correlation coefficients. The
intraclass correlation coefficient for intrarater and interrater
agreement was greater than 0.86 for all measurements.
These findings allowed us to rely on the validities of
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measurements using the references and measurement data
produced by one investigator (CBJ).

To obtain anthropometric femoral dimensions, femur
length and degree of femoral bowing were measured
(Fig. 5). Femur lengths were measured using long cassette
radiographs with grids covering the entire lower limb,
which we considered less sensitive to magnification vari-
ation than the lateral radiographs. Degrees of femoral
bowing were assessed using the angle between the anterior
cortical lines of the proximal and distal femur. Proximal
anterior cortical lines were drawn as the line connecting the

Table 1. Summary of the measured parameters

two points 10 cm and 15 cm distal to the proximal end of
femoral head and distal anterior cortical lines as the line
connecting the two points 5 cm and 10 cm proximal to the
distal end of the medial femoral condyle.

All data were summarized as means, standard differ-
ences, and ranges. We calculated the proportion of knees
with a deviation greater than 2°, which we assumed to be
clinically important considering the navigation system has
an accuracy of £ 1° [27] and our radiographic measure-
ments would have 1° variation. The Kolmogorov-Smirnov
test was used to confirm measured data followed a normal

Parameter Mean* Range Number of knees
with a deviation > 2°
from the mean value

Angle between distal femoral anterior cortex axis and MA1 3.0° (1.9°) —1.0°-8.5° 61 (30.5%)

Angle between distal medullary axis and MA1 3.8° (1.7°) —0.4°-8.5° 47 (23.5%)

Angle between distal femoral anterior cortex axis and MA2 0.0° (1.9°) —4.4°-5.5° 61 (30.5%)

Angle between distal medullary axis and MA2 0.9° (1.7°) —3.7°-5.6° 43 (21.5%)

* Data are given as means, with standard deviations in parentheses; MA1 = mechanical axis 1; MA2 = mechanical axis 2.

Table 2. Comparisons of right and left knees in the same patient

Parameter Right* (n = 100) Left* (n = 100) p Value Difference between right and left knees
Mean* Range > 2°
Angle between distal anterior cortex axis and MA1 2.9° (1.9°) 3.0° (1.8°) 0.675 0.9° (0.7°) —2.9°-3.1° 6%
Angle between distal medullary axis and MA1 3.7° (1.7°) 3.9° (1.7°) 0.484 1.0° (0.8°) —2.6°-4.4° 10%
Angle between distal anterior cortex axis and MA2 —0.02° (2.0°) 0.1° (1.9°) 0.751 0.9° (0.7°) —3.1°-3.1° 7%
Angle between distal medullary axis and MA2 0.8° (1.7°) 0.9° (1.7°) 0.648 1.1° (1.0°) —2.7°-6.7° 10%

* Data are given as means, with standard deviations in parentheses; MA1 = mechanical axis 1; MA2 = mechanical axis 2.

Table 3. Results of the multiple regression analyses*

Parameter Factors' B SE (B) B p Value AR?
Angle between distal anterior cortex axis and MA1 Femur bowing angle 0.47 0.02 0.85 < 0.001 73.8
Femur length 0.17 0.03 0.23 < 0.001 53
Angle between distal medullary axis and MA1 Femur bowing angle 0.41 0.03 0.78 < 0.001 62.3
Femur length 0.18 0.04 0.26 < 0.001 6.2
Angle between distal anterior cortex axis and MA2 Femur bowing angle 0.47 0.02 0.83 < 0.001 51.9
Femur length 0.32 0.06 0.42 < 0.001 7.1
Angle between distal medullary axis and MA2 Femur bowing angle 0.38 0.03 0.73 < 0.001 54.5
Femur length 0.18 0.04 0.26 < 0.001 5.8

* The regression equation from the multivariate model is [constant + B value x femur bowing angle (degrees) + B value x femur length (cm)],
where constant = —9.89 for the angle between distal anterior cortex axis and MA1, —11.21 for the angle between distal medullary axis and
MAI1, —12.22 for the angle between the distal anterior cortex axis and MA2, and —13.9 for the angle between distal medullary axis and MA2;
fselected from the eight patient factors (gender, age, laterality, body height, weight, body mass index, femur length, femur bowing angle) in the
model by multiple linear regression analysis with stepwise variable exclusion with p > 0.05; MA1 = mechanical axis 1; MA2 = mechanical
axis 2; B = regression coefficient; SE (B) = standard error of B; B = standardized regression coefficient; AR? = percent variance explained by

each variable.
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Table 4. continued

Outcome in sagittal alignment

Radiographic reference

Surgical reference

Study design and navigation system*

Study (year)

No difference in the mean but less

Anterior cortical line

Rosenberger et al. [30] (2008) Conventional 50 versus navigated 50  No information

outlier in navigated

Treon plus

Better in navigated (conventional

Anterior cortical line

No information

Conventional 500 versus navigated

Tingart et al. [36] (2008)

10.3° versus navigated 5.9°,

p < 0.01)

500 VectorVision and Ci system

* Navigation systems included: Stryker Navigation System (Stryker Howmedica Osteonics, Allendale, NJ); VectorVision® (BrainLAB, Redwood, CA); fluoroscopy-based iON® (Medtronic,
Louisville, KY); OrthoPilot™ (B. Braun-Aesculap, Tuttlingen, Germany); PiGalileo™ system (Plus Orthopedics AG, Rotkreuz, Switzerland); Ci® TKA system (DePuy/BrainLab, Munich,

Germany); Treon™ plus (Medtronic, Minneapolis, MN); Ci® system (lorthopedics, Munich, Germany).

(Gaussian-shaped) distribution. To determine whether both
knees of a patient had similar patterns, measured angles for
right and left knees of the same patient were compared, and
the differences between right and left knees were deter-
mined using the paired-sample t test. To identify predictors
of differences between sagittal femoral mechanical axes
and distal femoral axes, stepwise multiple linear regression
analyses were performed for demographic factors (gender,
age, laterality [right or left], body height, weight, body
mass index) and anthropometric femoral dimensions
(femur length, femoral bowing angle). A priori power
analyses were performed to confirm the study sample size
had a power greater than 99% to detect a difference of 1°
from laterality (right knees versus left knees) with an alpha
level of 0.05. The analyses were performed using the
SPSS® for Windows™ statistical package (Version 12.0;
SPSS Inc, Chicago, IL).

Results

Notable differences sometimes were observed between
distal femoral axes and the sagittal femoral mechanical axes
(Table 1). On average, the distal anterior cortex axis and
distal medullary axis were in a flexed position with respect
to mechanical axis 1 by 3.0° and 3.8°, respectively, whereas
they were in a position almost parallel to mechanical axis 2
by 0° and 0.9°, respectively. The mean angle between
mechanical axis 1 and mechanical axis 2 was 3° (standard
deviation, 0.3; range, 1°-5°), indicating mechanical axis 2
was oriented in the flexion position to mechanical axis 1 in
all knees. Mechanical axis 1 differed by as much as 8.5°
from either of the two distal femoral axes, whereas
mechanical axis 2 differed by as much as 5.6° from either of
the two distal axes. Greater than 20% of the 200 knees had a
deviation greater than 2° from the mean value.

No differences were detected when the differences
between the mechanical and distal femoral axes of the right
and left knees of the same patients were compared
(Table 2). However, in greater than 5% (range, 6%—10%)
of the patients, the absolute difference of the deviation
between the mechanical axis and distal femoral axis of the
two knees was greater than 2°.

The degree of femoral bowing and femur length pre-
dicted differences between the sagittal femoral mechanical
axes and the distal femoral axes. The degree of femoral
bowing was the strongest predictor of differences followed
by femoral length (Table 3). The major portion (ARZ
51.9%-73.8%) of the differences was explained by the
degree of femoral bowing, and the femur length explained
the minor portion (AR2, 5.3%-7.1%). For each 1° of
femoral bowing or 1 cm of femur length, the deviation
between the distal femoral axis and mechanical axis

@ Springer
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Fig. 6A-D (A) A preoperative
radiographic assessment of a
patient shows the anterior corti-
cal line is oriented in a position
of 6° flexion relative to the
mechanical axis 2. (B) Projected
into the anterior cortex are the
line (dotted line) oriented in the
position of 3° flexion reflecting
the design feature of 3° flexion in
the anterior flange of a femoral
component. (C) A postoperative
radiograph shows distal femur
resection was performed at an
angle of 3° flexion relative to the
mechanical axis 2. (D) The ante-
rior flange of the femoral
component (asterisk) sits per-
fectly on the anterior cortical
surface without anterior notching
or anterior flange prominence.

increased by 0.38° to 0.47° or by 0.17° to 0.32°, respec-
tively. The deviation between the mechanical axis and the
distal femoral axis was not associated with the other
studied factors (age, gender, height, weight, body mass
index, knee laterality).

Discussion

In performing TKA with a computer-assisted navigation
system, sagittal mechanical axes identified by the naviga-
tion system play a key role as the reference to determine
positioning of the femoral component in the sagittal plane.
Information on the relationship between the sagittal
mechanical axis and distal femoral axes is important for
intraoperative evaluations or postoperative radiographic
assessments of femoral component sagittal rotation, which
can influence the kinematics of a replaced knee [22, 25, 35,
38]. Current navigation systems typically provide a default
target value for positioning the femoral component in the
sagittal plane using the reference sagittal mechanical axis
identified by the system. Target sagittal alignments

@ Springer
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intended in previous studies that have used a navigation
system vary widely from 0° to 5°, but fixed values were

used and individual variations were not considered
(Table 4) [2, 3, 7, 12, 18, 21, 33]. We therefore sought to
(1) quantify the sagittal plane angular deviation between
the mechanical axis of the femur and its distal femoral axis
in a preoperative TKA population, (2) compare the mag-
nitudes of differences between the mechanical and distal
femoral axes measures in the right and left femurs of the
same patients, and (3) identify variables that predict the
magnitude of deviation between the mechanical and distal
axes of a femur.

Several limitations should be noted when considering
our findings. First, anatomic features of the femur may
depend on ethnicity. All subjects enrolled in the current
study were ethnically Korean, and thus, it may not be
possible to directly extrapolate our results to other ethnic-
ities. Second, the majority of our patients were women
(only 10 men were included), which limits the statistical
power of our study to detect subtle differences by gender.
However, this study was conducted in a consecutive series,
and the gender proportion of our study population is similar
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Fig. 7A-D (A) A preoperative
radiographic assessment of a
patient shows the anterior corti-
cal line is oriented in a position
of 1° extension with respect to
the mechanical axis 2. (B) Pro-
jected off the anterior cortex is
the line (dotted line) oriented in
the position of 3° reflecting the
design feature of 3° flexion in the
anterior flange of a femoral com-
ponent. (C) A postoperative
radiograph shows distal femur
resection was performed at an
angle of 3° extension relative to
the mechanical axis 2. (D) The
anterior flange of the femoral
component (asterisk) sits per-
fectly on the anterior cortical
surface without anterior notching
or anterior flange prominence.

to other TKA series reported from Korea [15-17]. Finally,
despite our efforts to obtain radiographs of suitable quality,
our study is inherently limited by the use of plain radio-
graphs, eg, by issues such as magnification, limb positional
variances, and inability to assess three-dimensional fea-
tures [20, 34]. In addition, we assumed the point 1 cm
anterior to the end of Blumensaat’s line represents a typical
registration point for the distal femur center, but the posi-
tion of this registration point depends on technique.

Our findings show substantial differences do exist
between the sagittal femoral mechanical axes and distal
femoral axes. Mechanical axis 1 differed by as much as
8.5° from either of the two distal femoral axes, whereas
mechanical axis 2 differed by as much as 5.6° from either
of the two distal axes (Table 1). Greater than 20% of the
200 knees had a deviation greater than 2° from the mean
value. Our findings have several clinical implications in
applying the navigation technology to TKA. First, observed
average deviation values can be used to modify a default
target value if the target value intends to position the
femoral component with reference to the distal femoral
axes. Second, if surgeons want to set the sagittal femo-
ral component rotation with reference to the distal

/“Ratio: 2.85

femoral axes, different target values for sagittal femoral
component rotation should be applied when using different
navigation systems that identify a different sagittal mechan-
ical axis. We found the mean angle between mechanical
axis 1 and mechanical axis 2 was 3°, and mechanical axis 2
had smaller differences from the distal femoral axes than
mechanical axis 1. However, our findings do not advocate a
specific system because there are no documented ideal
target values, and surgeons can adjust the target values
with the relevant information of the navigation system
being used. Third, our findings may explain why the sag-
ittal alignments of femoral components in TKA performed
using navigation technology, which relies on the sagittal
femoral mechanical axis, vary as determined by postoper-
ative radiographic assessments in a manner that depends on
the distal femoral axes.

Intuitively, it might be expected the two femurs of an
individual have identical anthropometric features, and thus,
we assumed both femurs would yield identical results, and
as was expected, we found no major differences between
right and left knees in terms of the mean values of differ-
ences between the mechanical and the distal femoral axes
(Table 2). In contrast, it also would be expected there are
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tendencies for the right femur to have larger or smaller
differences than the left femur, but we found the right and
left femurs of the same patient tended to have similar dif-
ferences between the mechanical and distal femoral axes in
the majority (90% or more). However, knees with a devia-
tion greater than 2° sometimes were seen (6%—10%), which
may suggest optimization on a knee-by-knee basis is a better
option if surgeons prefer to determine sagittal femoral
component rotation with reference to distal femoral axes.

We found the degree of femoral bowing to be the
strongest predictor of differences between the sagittal
mechanical axes and the distal femoral axes. For each 1° of
anterior femoral bowing, the angular deviation between the
mechanical and distal femoral axes increased nearly 0.5°.
Previous studies have reported the existence of anterior
femoral bowing [11, 13, 35]. Because of differences in the
methods used to evaluate femoral bowing, direct compar-
isons are difficult, but our study confirms the existence of
anterior femoral bowing in Korean patients. Femoral length
was the only other studied factor associated with the
angular deviation between the mechanical axis and distal
femoral axis; a 1-cm increase in femoral length would be
associated with an approximately 0.25° increase in the
deviation between the mechanical axis and distal femoral
axis. Furthermore, based on our results, it seems most
important to consider the consequences of using a
mechanical axis as an intraoperative reference (as is
commonly the case in computer-assisted surgery), a distal
femoral axis as an intraoperative reference (as is commonly
the case in non-computer-assisted surgery), or a distal
femoral axis as a postoperative radiographic reference
when the femur is more anteriorly bowed or is longer.

Our data suggest the mechanical and distal femoral axes
may differ by as much as 6° to 9° in the sagittal plane,
depending on the measurement method used, and identify
anterior bowing as the best predictor of such differences.
This study suggests, when using navigation technology in
TKA, surgeons should consider these differences between
sagittal femoral mechanical axes and distal femoral axes,
especially if the femur is bowed anteriorly. This is espe-
cially important for surgeons who prefer to customize the
sagittal flexion angle of the femoral component such that
its anterior flange is nearly parallel to the anterior cortex of
the femur (Figs. 6, 7). Our findings also may be relevant
when measuring rotation of the femoral component in the
sagittal plane from postoperative radiographs or when
interpreting femoral component sagittal rotation results
reported in other studies.
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