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Abstract
Purpose  Anatomically, the femoral bone shows sagittal and coronal bowing. Pronounced bowing would affect femoral 
implant surgery accuracy, but factors associated with degrees of three-dimensional (3D) femoral bowing have not yet been 
identified. This study measured 3D femoral bowing and examined the correlation between 3D femoral bowing and risk 
factors.
Methods  3D femoral bone models of unaffected legs from 125 patients were reconstructed from computed tomography 
data. A trans-epicondylar axis (TEA)-based coordinate system was introduced into bone models and the reproducibility of 
this coordinate system was evaluated. The cross-sectional contours of the femoral canal were extracted along the vertical 
axis of the TEA-based coordinate system, and the angles of 3D femoral bowing were examined.
Results  The reproducibility to set the coordinate was very high. Total, sagittal, and coronal femoral bowing were 8.9 ± 1.8°, 
8.7 ± 1.8°, and 0.1 ± 1.9°, respectively. There was no significant difference in the degrees of femoral bowing between males 
and females. Total, coronal, and sagittal femoral bowing correlated with age, height, and femoral length, but only femoral 
coronal bowing correlated with bone mineral density (BMD) of the femur and lumbar spine.
Conclusions  We introduced a highly reproducible method for measuring femoral sagittal and coronal bowing by construct-
ing a femoral 3D coordinate system. Anterior femoral bowing was the dominant direction of bowing in our Japanese cohort, 
whereas the degree of lateral bowing correlated with age, height, femoral length, and BMD. Our results suggest that lateral 
femoral bowing could increase with aging and decreasing BMD.
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Introduction

Anatomically, the femoral bone shows sagittal and coronal 
bowing [8, 11]. To date, femoral bowing has been analyzed 
with two-dimensional (2D) radiography by setting the femo-
ral bone axes and measuring the angle between these axes 
[11, 18, 23]. Reproducibility of the bone axes on 2D radiog-
raphy is known to have reasonable accuracy and reliability 
but is influenced by the position of the leg and patients’ con-
ditions, such as flexion contracture, valgus/varus deformity, 
and, especially, lower leg osteoarthritis [2, 14, 19]. To avoid 

inaccuracy in the setting of the bone axes, more recently, 
three-dimensional (3D) computed tomography (CT) has 
been used to analyze femoral bowing [1, 13, 18]. In these 
reports, femoral bowing was approximated by a circle and 
evaluated based on the radius (radius of curvature, ROC). 
The ROC has been used to evaluate racial differences and 
side to side differences in femoral bowing [1, 3]. Although 
the ROC is recognized as a better indicator of femoral bow-
ing than 2D analyses, it is difficult to indicate the degree 
of femoral bowing with the ROC when the surgeon plans 
implant surgery into the femur, since surgical planning has 
traditionally been performed on 2D radiography using the 
angle of the femoral axis [11, 18, 23]. A method for defining 
angles in 3D femoral bowing has not yet been established.

For precise analysis, it is important to set 3D coordinates 
and to determine medial–lateral, anterior–posterior, and 
proximal–distal directions. A uniform coordinate system is 
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the most basic requirement and will promote clear discus-
sion of the bone morphology and development of 3D analy-
ses. For the femur, several coordinates are frequently used 
[9, 22]. One of them is the trans-epicondylar axis (TEA)-
based coordinate system, set with the center of the femoral 
head and the line between the medial epicondyle and the 
lateral epicondyle. However, accuracy and reproducibility 
of setting the TEA coordinate system to 3D femoral bone 
models have not been evaluated.

It is important to understand variations of femoral bow-
ing in the general population when performing surgery for 
femoral fracture repair, such as intramedullary rodding to the 
femur. It has been reported that racial differences in femo-
ral bowing are large; Asian females with knee osteoarthritis 
have especially pronounced bowing [1, 11]. In an analysis 
of 3922 femurs of multiple ethnicities, femoral bowing cor-
related with femur length, but did not correlate with age, 
body mass index (BMI), or cortical thickness [13]. It was 
hypothesized that a decrease in BMD could contribute to 
increased femoral bowing. However, no study has shown 
an association between femoral bowing and BMD in the 
general population.

Thus, in the present study, we aimed to evaluate the 
accuracy and reproducibility of setting the femoral TEA-
based coordinate system to 3D bone models, propose a new 
method to evaluate 3D femoral bowing with CT, and identify 
subject background factors that correlate with the degree of 
3D femoral bowing in the Japanese population.

Materials and methods

This was a cross-sectional study. Institutional review board 
approval was obtained prior to performing the study, and all 
patients provided written informed consent prior to enroll-
ment. To evaluate variation in normal femoral bowing, the 
non-affected side or non-traumatic side was selected for 
analysis based on the CT images of patients who underwent 
a CT scan for their diagnosis. We enrolled 38 males (age 
12–91, mean 64.0 years) and 87 females (age 27–98, mean 
80.3 years), with a total of 125 femoral CT images included 
in the study. We excluded participants with osteoarthritis 
(OA), rheumatoid arthritis or osteonecrosis of the lower 
leg, bilateral femoral bone fracture, or a history of femoral 
fracture. Primary diagnoses of the patients were as follows 
(number of cases (number of males:females, mean age)): 
femoral neck fracture: 40 (9:31, 80.1), femoral trochanteric 
fracture: 39 (7:32, 83.1), tibial fracture: 10 (6:4, 57.1), ankle 
fracture: 6 (4:2, 61.3), patella fracture: 4 (1:3, 60), distal 
femoral fracture: 4 (1:3, 87.3), pelvic fracture: 3 (0:3, 83.3), 
nonunion after femoral fracture: 2 (1:1, 38), osteochondri-
tis dissecans of the knee: 1 (1:0, 12), talus fracture: 1 (1:0, 
76), calcaneal fracture: 1 (0:1,61), anterior cruciate ligament 

injury: 2 (2:0, 39), bone bruise of the lower leg: 8 (4:4, 
79), and others: 4 (1:3, 61.5). We analyzed the correlation 
between degrees of femoral bowing and clinical parameters, 
such as age (n = 125), height (n = 119), weight (n = 119), 
BMI (n = 118), and BMD of the lumbar vertebrae (n = 112) 
and femoral neck (n = 112) using dual-energy X-ray absorp-
tiometry. The reason for the disparity in the numbers of par-
ticipants with missing measurements for height, weight, or 
BMD was due to the participants’ health condition.

Definition of 3D femoral bowing and measurement 
of femoral length

3D bone models of the femur were reconstructed using 3D 
imaging software (Mimics, Materialise NV, Leuven, Bel-
gium) based on CT data. Axial CT images of the entire 
femur, including hip and knee joints, were obtained with 
1.0-mm-thick slices (TSX-101A/HA, Toshiba, Japan). The 
effective radiation dose for CT was below 1 mSv, according 
to the International Commission on Radiological Protection 
standards.

We used the TEA-based coordinate system for the evalu-
ation of femoral bowing [22]. To set the coordinate sys-
tem, three bony landmarks were selected to define the basic 
planes of the femur. These three bony landmarks were the 
medial epicondyle, the lateral epicondyle, and the center of 
the femoral head (Fig. 1). The plane set by these three bony 
landmarks was defined as the Y–Z plane, the line between 
the medial epicondyle and the lateral epicondyle (i.e. TEA) 
was set as the Y-axis, and the point of the lateral epicondyle 
was selected as the coordinate origin. The XYZ axis was 
defined with the Y–Z plane (X: anterior/posterior; Y: medial/
lateral; Z: proximal/distal). Next, the planes perpendicular 
to Y–Z planes, with the TEA as the normal vector, and shar-
ing origins were created as X–Z planes. The cross-sectional 
contours of the femoral canal (cancellous/cortical border) 
were extracted along the Z axis of the TEA-based coordinate 
system. Then, the range for cross-sectional slicing was set 
between the lesser trochanter and the distal end of the epi-
physis. For each extracted cross-sectional contour, a least-
square fitted ellipse was calculated. Then, a least-square line 
was fitted to the centers of the cross-sectional ellipses. The 
proximal anatomical axis was calculated with the proximal 
half of the ellipse data. Similarly, the distal anatomical axis 
was determined with the distal half of the data.

The angle between these two axes was measured and 
defined as total bowing of the femur (Fig. 2). Next, the proxi-
mal and distal axes were made to project to these Y–Z planes 
of the coordinate system, and femoral coronal bowing was 
examined according to the angles between these projected 
axes. The directions of lateral bowing were defined as plus 
directions. Similarly, two axes were made to project to the 
X–Z planes, and sagittal bowing was examined according to 
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the angles between these projected axes (Fig. 2). The direc-
tions of anterior bowing were defined as the plus directions. 
Femoral length was measured as the distance from the most 
proximal point of the head of the femur to the most distal 
point of the medial condyle [7].

Evaluation of reproducibility of setting 
the coordinate system

All observer-dependent steps designating the bony land-
marks to establish the TEA-based femoral coordinate system 

were repeated four times with 20 randomly selected mod-
els of femoral bone. The first two observation sets were 
performed by the first author with an interval of 3 weeks 
between observations. The third and fourth sets of observa-
tions were completed by two other authors. Intra- and inter-
observer reliabilities were assessed by intraclass correlation 
coefficients [ICC (1, 1) and ICC (2, 1), respectively].

Statistical analyses

Data for the locations of the bony landmarks are presented 
as mean ± standard deviation (range), and all statistical anal-
yses were performed using SPSS software (version 18.8; 
IBM, Armonk, NY). ANOVA was performed using a gen-
eral linear model to calculate ICC. ICC (1, 1) was calculated 
from data derived from two measurements performed by 
one observer; ICC (2, 1) was determined from the average 
of the measurements of three independent observers. The 
Shapiro–Wilk test was used to evaluate the distribution of 
the measured angle for normality; the Levene test was used 
to assess the homogeneity of variance. For the intra- and 
interobserver reliabilities, an ICC > 0.7 was considered to 
represent almost perfect reproducibility [10]. We investi-
gated the correlation between bowing measurements and 
clinical parameters using Pearson’s correlation coefficient.

Results

Reproducibility of three key bony landmarks (the medial 
and lateral epicondyles and the center of the femoral head) 
was examined. In terms of ICC, the intra- and interobserver 
reliabilities were all > 0.99, which implied almost perfect 
reproducibility (Table 1).

Fig. 1   The TEA (trans-epicondylar axis)-based femoral coordinate 
system is based on three key bony landmarks including medial and 
lateral epicondyles of the femur (a) and the center of the femoral head 
(b). The plane set by these three bony landmarks was defined as the 
Y–Z plane, the line between the medial epicondyle and the lateral epi-
condyle (i.e., TEA) was set as the Y-axis, and the point of the lateral 

epicondyle was selected as the coordinate origin. The XYZ axis was 
defined with the Y–Z plane (X: anterior/posterior; Y: medial/lateral; 
Z: proximal/distal). Next, the planes perpendicular to the Y–Z planes, 
regarding the TEA as the normal vector and sharing origins, were 
created as X–Z planes (c)

Fig. 2   Definition of the proximal and distal axes (a) and measurement 
of coronal and sagittal bowing in the two different coordinate systems 
(b). The cross-sectional contours of the femoral canal were extracted 
along the Z axis, and the range for the cross-sectional slicing was set 
between the lesser trochanter and the distal end of the epiphysis. The 
proximal anatomical axis was calculated with the proximal half of the 
ellipse data, and the distal anatomical axis was determined with the 
distal half of the data. Coronal and femoral bowing were measured on 
the Y–Z plane and X–Z plane, respectively
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Overall, total bowing was 8.9 ± 1.8° (5.1–13.0), sagittal 
bowing was 8.7 ± 1.8° (4.9–13.1), and coronal bowing was 
0.1 ± 1.9° (− 4.5–5.3); sagittal bowing was the dominant 
direction of bowing. There was no statistically significant 
difference between males and females in terms of 3D femoral 

bowing (Fig. 3). To investigate the correlation between back-
ground factors and femoral bowing, the correlation coef-
ficients between femoral bowing and the characteristics of 
all patients are shown in Table 2. Scatter plots of coronal 
and sagittal bowing with respect to the age, height, lumbar 
BMD, and femoral neck BMD are presented in Fig. 4. The 
degree of femoral bowing measurements (total, coronal, and 
sagittal) positively correlated with age (p < 0.05) and nega-
tively correlated with height and femoral length (p < 0.05). 
Lumbar, vertebral, and femoral BMD negatively correlated 
with coronal bowing (p < 0.05).  

Discussion

In this study, we clearly defined a method to evaluate 3D 
femoral bowing angles using CT and showed that anterior 
femoral bowing was the dominant direction of bowing in 
our Japanese cohort. Our results are consistent with those 
of previous reports, and femoral bowing was successfully 
assessed as an angle with high reproducibility using our 
method [1, 18].

Limitations in measuring femoral bowing by 2D radiog-
raphy have been reported [12]. In this report, varus or valgus 
deformity in the lower limb greatly affected the accuracy in 
measuring lateral femoral bowing. Other reports also suggest 
that pain caused by fracture would induce malpositioning 
on radiography [4, 15]. A method to define 3D lower limb 
alignment while standing has been reported, and the defini-
tion of the femoral axis on 2D radiography was introduced 
[17]. However, defining the TEA, which is the clinical gold 
standard for evaluation of femoral morphology and setting 
the coordinate system of the femur, was not possible with the 
proposed method. Thus, our method has several advantages 
over 2D radiography: femoral CT images were not affected 
by the malpositioning of the patients, coronal and sagittal 
views were defined with a TEA-based coordinate system, 
and a clear distinction between sagittal and coronal bowing 
was possible.

Table 1   Intra- and interobserver reliabilities in designating bony 
landmarks to define femoral coordinates

Intra-Observer Reli-
ability
ICC (1,1)

Inter-
Observer 
Reliability
ICC (2,1)

Medial epicondyle
 X 1.000 0.999
 Y 1.000 0.992
 Z 1.000 0.998

Lateral epicondyle
 X 0.999 1.000
 Y 1.000 0.997
 Z 1.000 0.994

Center of femoral head
 X 0.999 0.999
 Y 1.000 0.998
 Z 1.000 0.999

Fig. 3   Sex differences in femoral bowing. There was no statistically 
significant difference between males and females

Table 2   Correlation coefficient 
(p value) between 3D femoral 
bowing and patient background 
factors

The numbers shown in bold indicates statistically significant (p < 0.05)
BMI body mass index, BMD bone mineral density

Parameters Total bowing Coronal bowing Sagittal bowing

Age (n = 125) 0.26 (p = 0.0039) 0.43 (p < 0.001) 0.29 (p = 0.0014)
Height (n = 119) − 0.21 (p = 0.022) − 0.43 (p < 0.001) − 0.22 (p = 0.018)
Weight (n = 119) − 0.11 (p = 0.22) − 0.27 (p = 0.0033) − 0.13 (p = 0.16)
BMI (n = 118) 0.0061 (p = 0.95) 0.035 (p = 0.70) 0.029 (p = 0.75)
Femur length (n = 125) − 0.19 (p = 0.030) − 0.36 (p < 0.01) − 0.20 (p = 0.026)
Lumbar BMD (n = 112) − 0.041 (p = 0.67) − 0.36 (p < 0.001) − 0.053 (p = 0.58)
Femoral BMD (n = 112) − 0.048 (p = 0.62) − 0.37 (p < 0.001) − 0.063 (p = 0.51)
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Relatively large variations in femoral bowing among 
ethnicities have been reported, and a positive correlation 
between femoral bowing and femoral length has been 
reported [13]. Another report showed that the Japanese 
population has greater femoral bowing than other ethnic 
groups [1]. However, these reports involve younger indi-
viduals (average age of 53.5 and 47 years, respectively), and 
no association between age and femoral bowing was found. 
In the present study, a positive association between age and 
femoral bowing (sagittal and coronal) was identified. In 
addition, a negative correlation between BMD and coronal 
femoral bowing was noted (Table 2, Fig. 4). This is likely 

because our cohort included relatively older aged individuals 
(average age, 75.3 years), but this is the first report to show a 
correlation between lateral femoral bowing and BMD. Nota-
bly, sagittal bowing did not correlate with BMD. Several 
previous reports have shown that female patients with knee 
OA in Asia have especially pronounced lateral bowing in the 
femur [5, 11, 18]. In addition, the severity of radiological 
OA was associated with decreased BMD [5]. Moreover, it 
has been demonstrated that the prevalence of osteoporosis 
and varus knee OA among Japanese females is higher than 
that in other industrialized countries [21, 24]. As such, lat-
eral femoral bowing could increase with increased aging and 

Fig. 4   Scatter plots of the femoral coronal and sagittal bowing compared to age, height, lumbar BMD, and femoral neck BMD for males and 
females (black = males; white = females). BMD bone mineral density
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decreased BMD and could be attributable for varus deform-
ity in the lower limb. To prove this pathogenesis of knee 
OA, a longitudinal cohort study of the Japanese population 
is required in the future.

Greater femoral bowing in the Japanese population is an 
important clinical issue when performing an intramedullary 
nail procedure on the femur or inserting a stemmed implant 
in the femur during arthroplasties, since severe bowing of 
the femur could cause several types of unexpected surgical 
failures [4, 6, 11, 16, 20, 23]. To avoid such failures, precise 
analysis of femoral bowing using 3D CT is essential, par-
ticularly with aged patients who might have osteoporosis.

The present study has several limitations. The partici-
pants enrolled were all patients who had lower leg disease 
or trauma and femoral bones of the non-affected side were 
selected, but no healthy controls were included. In addition, 
there were more female participants and females were of 
older age compared to male participants. The study design 
may have increased selection bias.

In conclusion, we successfully introduced a method for 
measuring femoral sagittal and coronal bowing by construct-
ing a femoral 3D coordinate system with high reproducibil-
ity (ICCs of > 0.99). Anterior femoral bowing was the domi-
nant direction of femoral bowing in our Japanese cohort. The 
degree of lateral femoral bowing correlated with age, height, 
and BMD, and the results suggest that lateral femoral bow-
ing could increase with aging and decreasing BMD.
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