
Vol.:(0123456789)1 3

Knee Surgery, Sports Traumatology, Arthroscopy (2021) 29:1083–1089 
https://doi.org/10.1007/s00167-020-06096-0

KNEE

Healthy middle‑aged Asian and Caucasian populations present 
with large intra‑ and inter‑individual variations of lower limb torsion
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Abstract
Purpose  There is a lack of standardization in the measurement of lower limb torsional alignment. Normal values published 
in the literature are inconsistent. A 3D-CT-scan-based method was used in a healthy population to define the femoral neck 
version (FNV) and the tibial torsion (TT) and their relationship with demographic parameters. The study objectives were (1) 
to define normal values of lower limb torsional alignment, (2) to estimate inter- and intra-individual variations of torsional 
deformity of healthy individuals’ lower limbs. The hypothesis was that FNV and TT values would be influenced by patient 
characteristics such as gender, age, and ethnicity, and would have low side-to-side asymmetry.
Methods  Torsional landmarks of the lower limbs from 191 healthy subjects were automatically calculated with a 3D CT-
scan-based program. The FNV was defined by the angle between the femoral neck axis and the femoral posterior condylar 
line. The TT angle was considered between the tibial plateau axis and the axis of the ankle. For the former, two alternatives 
were considered: the line connecting the more medial and lateral point of the medial and lateral plateau, respectively (method 
1; TT1), or the line connecting the two more posterior points of the medial et lateral plateau (method 2; TT2). The ankle axis 
was defined as the line connecting the medial and lateral malleoli. These reference lines were automatically calculated. Age, 
gender, ethnic group, and BMI were recorded for every subject. A p value < 0.05 was considered as statistically significant.
Results  Overall, the mean FNV was 15.3 ± 9.5° and the mean TT was 31.6 ± 6.3°. Female hips were more anteverted 
than male hips. Caucasians had less anteverted hips than Asians, but more externally rotated tibias. Age and BMI were 
not correlated with any anatomical parameter. A substantial side-to-side asymmetry was found for FNV [absolute differ-
ence (AD) = 6.3°; percentage of asymmetry (%As) = 47%], TT1 (AD = 3°; %As = 12%), and TT2 (AD = 4.9°; %As = 9%) 
(p = 0.008).
Conclusion  The findings showed that lower limb torsional parameters were highly variable from patient to patient and from 
one leg to the other for the same patient. The understanding of normal values concerning femoral version and external tibial 
torsion in the present healthy population will help surgeons to define pathological values of FNV and TT, as well as correc-
tions to perform in case of torsional deformities.
Level of evidence  Level III.
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Introduction

The lower limb presents a complex rotational profile; its 
skeleton has many twists around the longitudinal axis from 
the proximal end of the femur to the distal end of the tibia 
[7, 8].

Torsions have to be measurable to compare their func-
tional effect on the hip, the knee, and the ankle. The study 
of the variations of angulation between those three joints 
should be the first step into the measurement of femoral 
and tibial torsions [2]. Concerning the normal femoral 
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anteversion, studies have found similar results with 14 ± 7° 
in average, whereas a wide range of values from 20° to 60° 
have been found for the normal tibial torsion [16, 18, 33].

Most of these results have been obtained from anatomi-
cal studies or two-dimensional CT measurements [21, 25, 
27, 30, 35]. The latter is the current gold standard for the 
measurement of torsional angles on the lower limb [36]. 
Yet, a large amount of methods has been described, but none 
of them has been shown to be superior to another. So far, 
all of them have failed in defining reproducible reference 
axis explaining the large range of normal torsional values 
in the femur and the tibia [34]. Derotation osteotomies are 
well described and efficient procedures when performed in 
patients with considerable knee symptoms associated with 
evidence of abnormal femoral version and/or tibial torsion 
[15, 29]. However, a clear evaluation using a modern 3D 
morphological of normal values (range) in healthy individu-
als is needed to define torsional abnormalities cut-off.

The objectives of the current study were (1) to define 
normal values of lower limb torsion, and (2) to estimate 
inter- and intra-individual variations of torsional alignment 
of healthy individuals’ lower limbs. The hypothesis was that 
FNV and TT values would be influenced by patient charac-
teristics such as gender, age and ethnicity, and would present 
with a low side-to-side asymmetry.

Material and methods

After local ethic committee approval (Aix-Marseille Uni-
versity, CIL no. 2018-12-234), the CT scans of the pelvis 
and bilateral femur of 191 normal individuals were retrieved 
from the SOMA database (Stryker, Mahwah, New Jersey) 
[1, 6, 28].

An automatic CT-scan-based modeling and analytic 
system was used for this study. The pelvis and bilateral 
femur of 191 patients (90 males/101 females, mean age 
59.8 ± 15 years (18–84 years) and mean BMI 24.7 ± 4.8 kg/
m2) including two ethnicities (93 Asian and 98 Cauca-
sian) were examined. Subjects with surgical hardware, 
bony deformities, and osteoarthritic joints were excluded, 
because this could have modified parameters of interest. The 
demographic parameters evaluated in the analysis included 
age, gender, height, weight, body mass index, and ethnicity. 
Each of the measurements were made with algorithm-based 
constructions in an index bone. Then, these measurements 
were mapped to each bone of the database by a previously 
validated, automated software (Soma TM, Stryker, Mahwah, 
US), resulting in reproducible and consistent parameters for 
each subject [1, 6, 28]. The femoral neck version (FNV) and 
the tibial torsion (TT) were calculated. Inter-observer reli-
ability was not estimated as all parameters were automati-
cally extracted from the software. Intra-observer reliability 

was assessed using two independent extractions; the intra-
class correlation coefficient was rated excellent (> 99%). The 
precision of the automated extraction system used in this 
study protocol was published to be associated with a margin 
of error of less than 2 mm and less than 1° (which is related 
to the CT slicing process) [1, 6, 28] (Fig. 1).

The femoral neck axis and the anatomical axis of the 
femur were first selected from the pre-defined landmarks 
available. These axes were then projected onto the frontal 
plane and the angle between both axes determined [26]. 
Next, the most posterior points on the medial and lateral 
condyle were chosen from the pre-defined landmark list 
and the points utilized to define the posterior condylar axis 
(PCA). The PCA and the femoral neck axis, chosen above, 
were projected onto the transverse plane and the angle 
between them measured as the femoral neck version (Fig. 1).

To define tibial torsion, two methods were used to define 
the tibial proximal axis using either the line connecting the 
more medial and lateral point of the medial and lateral pla-
teau, respectively, method 1 (TT1) or the line connecting 
the two more posterior points of the medial et lateral pla-
teau—method 2 (TT2) and the ankle axis (defined as the 
line connecting the medial and lateral malleoli) and an axis 
established between them in the axial plane (Fig. 2).

For the distal axis, the following method was used, the 
medial malleolus was selected as a pre-defined landmark, 
and the lateral malleolus was established by projecting a 
point on the most lateral aspect of the fibula [26]. An axis 
was drawn between the two malleoli and projected onto the 
axial plane. The angle between the proximal tibial axis and 
the malleolar axis was used to define the tibial torsion for 
each subject. Previous evaluation of intra and inter-observer 
reproducibility of this method has been estimated to provide 

Fig. 1   Femoral version measurement. The most posterior points on 
the medial and lateral condyle were chosen from the pre-defined land-
mark list and the points utilized to define the posterior condylar axis 
(PCA). The PCA and the femoral neck axis were projected onto the 
transverse plane and the angle between them measured as the femoral 
neck version
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results with a intra-class correlation coefficient > 0.9 and a 
margin of error < 1° or < 1 mm imputated to CT-scan slicing 
process [26].

Statistical analysis

Means and standard deviations were determined for each of 
the measurements made for the population as a whole and 
for subpopulations, based on gender, ethnicity, and age. Nor-
mal (Gaussian) distributions were determined. Univariate 
analysis was performed using t tests to estimate a difference 

between groups and subgroups. Pearson’s coefficients were 
calculated to examine correlations among the demographic 
data of the specimen and femoral measurements. Multiple 
linear regression models were developed to establish the 
determinants for each of the variables. For each model, 
variables with a p value less than 0.1 were kept in the final 
model.

Side-to-side absolute differences (AD) were obtained 
by subtracting the result of the smaller of the specimens 
(left or right) from the result of the larger. Percent absolute 
asymmetry was determined by using the following docu-
mented method: percent asymmetry = (maximum −mini-
mum)/(average of maximum and minimum). This variable 
was used to define the magnitude of asymmetry. A side-
to-side difference > 2% was defined as “substantial asym-
metry”. The sample size was defined based on the expected 
FNV = 14.5 ± 8.1 [17] for a required level of statistical 
significance of α = 0.05, and a power of 1 − β = 0.80. One 
hundred and twelve lower limbs would be required to detect 
a difference > 2° between groups and subgroups. A trained 
statistician (MO) performed statistical analysis using SPSS 
software (Version 22; SPSS Inc, Chicago, IL, USA). All 
calculations will assume two-tailed tests.

Results

Overall, the mean FNV was 15.3 ± 9.5° (0°–70°). The 
mean TT1 was 31.6 ± 6.3° (14°–48°) and the mean TT2 
was 34.6 ± 7.0° (15°–53°) (Fig. 3). Regarding the gender 
subgroup analysis, the mean FNV was 11.6 ± 6.6° and 
18.5 ± 10.5° for males and females, respectively (p < 0.0001). 
The mean TT1 was 31.2 ± 5.7° and 31.9 ± 6.7° for males and 
females, respectively (n.s.). The mean TT2 was 34.3 ± 6.4° 
and 34.9 ± 7.5° for males and females, respectively (n.s.) 
(Table 1).

With respect to the ethnic subgroup, a mean FNV of 
14.0 ± 7.6° for Caucasians and 16.7 ± 11.3° for Asians was 

Fig. 2   Tibial torsion measurement. Two methods were used to define 
the tibial proximal axis using either the line connecting the more 
medial and lateral point of the medial and lateral plateau respectively 
method 1 (TT1) or the line connecting the two more posterior points 
of the medial et lateral plateau—method 2 (TT2) and the ankle axis 
(defined as the line connecting the medial and lateral malleoli) and an 
axis established between them in the axial plane

Fig. 3   Distribution of the series population. a Femoral version, b tibial torsion (method 1), and c tibial torsion (method 2) in the series popula-
tion
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measured (p = 0.007). The mean TT1 was 33 ± 6.5° and 
30.1 ± 5.7° for Caucasians and Asians (p < 0.0001), respec-
tively. The mean TT2 was 35.8 ± 7.5° for Caucasians and 
33.4 ± 6.3° for Asians (p = 0.001) (Table 2).

No correlation was found in the multivariate analysis 
between age (R = 0.04, n.s.), BMI (R = 0.1, n.s.), and FNV. 
No correlation was found between age (R = 0.07, n.s.), BMI 
(R = 0.21, n.s.), gender (R = 0.08, n.s.), and TT1; as well as 
between age (R = 0.05, n.s.), BMI (R = 0.17, n.s.), gender 
(R = 0.09, n.s.), and TT2. A statistically significant rela-
tionship was found between FNV (R = 0.3, p = 0.01), TT1 
(R = 0.5, p = 0.008), TT2 (R = 0.5, p = 0.009), and ethnicity.

The side-to-side analysis exhibited a significant asym-
metry for FNV (AD = 6.3°, %As = 47%; p < 0.0001), TT1 
(AD = 3°, %As = 12%; p = 0.007), and TT2 (AD = 4.9%, 
%As = 9%; p = 0.008).

Discussion

The main interests of this study consisted in the definition of 
normal values of femoral and tibial torsion in a large group 
of patients presenting with various demographic parameters 
using a robust 3D CT-scan method. The identified torsional 
parameters yielded substantial inter-individual variations 
which were mostly related to gender and ethnicity, as well 
as intra-individual side-to-side variations.

Estimate the impact of torsion on lower limb unction 
entails defining the axis of motion of each joint and the angle 
or vector between those axes. As no method, to date, allows 
determination on CT (2D or 3D) of the exact motion axes, 

this study selects points on the proximal femur, distal femur, 
proximal tibia, and distal tibia to draw lines which were arbi-
trary defined as potential approximation of joint motion axes. 
Several methods have been described in attempt to define 
them [11, 20, 34, 37]. Two-dimensional CT-scan methods 
have been advocated to define those elements, but measuring 
an angle in two dimensions introduces an inherent error due 
to the approximation of a complex tri-dimensional structure 
into a two-dimensional structure [5]. As such, comparison of 
the results to the actual literature is difficult, methods used 
to define torsion deeply vary from study to study. The main 
difficulty consists in defining a reproducible femoral neck 
axis [11, 20, 34, 37]. Murphy et al. suggested taking the 
line joining the center of the femoral head and the center of 
the femoral shaft on a level just below the lesser trochanter 
[20]. However, this line does not always follow the center 
of the femoral neck which is often curved. Because of that, 
other authors suggested taking a line cutting in half the neck 
drawn along two points measured in the center of the neck 
[11, 37]. Values of the FNV vary in a significant proportion 
depending on the type of measurement method.

The same situation exists in the tibia to define the proxi-
mal axis. Several reference axes have been arbitrarily defined 
on the tibial plateau, but depending on the CT slice chosen, 
the direction of the axis changes and so does the value of the 
tibial torsion [4, 24, 39]. Thus, there is no reliable technique 
for measuring the torsion of the lower limb. This lack of 
standardization leads to a wide range of normal torsional 
values and it is, therefore, difficult to compare datasets from 
one method to another [34].

In this series, a 3D CT-scan-based method was selected 
to measure FNV and TT. The use of 3D imaging allows to 
avoid selecting two 2D images to perform angle measure-
ments which increase data deviation [20]. This 3D method 
automatically identifies landmarks with a best accuracy than 
manual mapping. The features of interest (axes) were marked 
on a template, and then, the system automatically extracted 
them from all selected database individuals. Previous valida-
tion of this method reported a < 2 mm or < 2° precision [6, 
28]. The mean FNV in this study was 15.3 ± 9.5° as com-
pared with the 8.1° [14] to 24.1° [30] range published in the 
literature. This mean value is in accordance with two other 
studies having measured the anatomic characteristics of the 
proximal femur based on 3D reconstructions [3, 10]. The 

Table 1   Analysis of differences in anatomical parameters by gender, 
p value calculated with Student’s t test

CI confidence interval, SD standard deviation, n.s. not significant

Anatomic 
parameter 
(°)

Males (SD) Females (SD) Difference (CI 
95%)

p value

FNV 11.6 (6.6) 18.5 (10.5) − 6.9 (− 8.7; 
− 5.1)

< 0.0001

TT1 31.2 (5.7) 31.9 (6.7) − 0.7 [− 1.9; 
0.5]

n.s

TT2 34.3 (6.4) 34.9 (7.5) − 0.6 [− 2; 0.8] n.s

Table 2   Analysis of differences 
in anatomical parameters by 
ethnicity, p value calculated 
with Student’s t test

CI confidence interval, SD standard deviation

Anatomical param-
eters (°)

Caucasians (SD) Asians (SD) Difference (CI 95%) p value

FNV 14 (7.6) 16.7 (11.3) − 2.6 (0.8; 4.5) 0.007
TT1 33 (6.5) 30.1 (5.7) 2.8 (1.6; 4.1) < 0.0001
TT2 35.8 (7.5) 33.4 (6.3) 2.4 (1; 3.7) 0.001
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range of values published in the literature for the TT is even 
wider than for the FNV with mean values spreading from 
20° to 41.7° [13, 27]. When the centers of the tibial plateau 
were defined as proximal axis, a mean value of 31.6 ± 6.3° 
was identified in the present study. When the tibial posterior 
condylar line was chosen, a mean value of 34.6 ± 7° was 
found. This result is close to the findings of Liodakis et al. 
and Waidelich et al. (respectively, 28.5° and 33.1°) which are 
both studies based on 2D CT-scan imaging [19, 35].

To the best of the authors’ knowledge, there is no study 
having analyzed the tibial torsion from 3D reconstructions. It 
is, therefore, impossible to compare the results of this study 
because of the heterogeneity of the measurement methods 
used in the literature. Concerning the subgroup analysis, a 
higher FNV (6.9°) was found in female subjects. Carmona 
et al. [3] also found that women had a significantly superior 
FNV but, to a reduced extent, with a mean 2.2° difference. 
Ethnicity also influences FNV values, with Asians having a 
more anteverted femoral neck than Caucasians (2.6°). This 
difference had been found previously by Hartel et al. [10]. 
The mean values of FNV in Asians of the present study 
are close to those found by Zhang and Park who studied 
a Chinese population (16.4° and 17.3°, respectively) [23, 
38]. The TT was also significantly lower in Asian sub-
jects with a mean difference of 2.8° [8, 12, 31, 32]. Those 
results are consistent with a study from Hovinga and Lerner 
in limited samples of 23 Japanese and 47 Caucasian sub-
jects [12]. The authors described lower TT in the Japanese 
than in the Caucasian group (mean difference 5 ± 10°). The 
studies of Tamara et al. investigated femoral and tibial tor-
sions in a Japanese and Caucasian/Australian population 
[31, 32]. They failed to demonstrate morphological differ-
ences between groups, but acknowledged that osteoarthritis 
changes in the knees of their subjects might have decreased 
the precision of their analysis which was not based on 3D 
imaging. No comparison of the TT based on ethnicity, gen-
der, age, or BMI could be identified in the literature.

A significant asymmetry was found between the left side 
and the right side for both femoral and tibial torsion. This 
result is in line with two 3D studies on the proximal femur 
[3, 10]. Other studies have found differences side-to-side 
difference between TT values based using 2D measurement 
[30, 34].

It is known that long bones of the lower limbs modify 
their torsion during growth [8]. Little is known about 
changes occurring during later life. In the present study, 
no relation between age and femoral or tibial torsion could 
be identified. One may assume that the reason for this was 
the exclusive inclusion of subjects over the age of 18 years. 
However, some studies managed to show the impact of age 
on FNV [9, 10]. Finally, BMI was not a factor impacting 
the FNV or the TT which confirms the results of previous 
studies [3, 10, 22].

This study has several limitations. First, individual char-
acteristics such as activity level or dominance, which have 
the potential to impact the torsion of the femur and the tibia, 
could not be considered because of the retrospective design 
of the study. The population of this study may not be compa-
rable to patients which are eligible for hip or knee surgeries. 
Finally, the measurements were limited to Caucasian and 
Asian subjects only and data focusing on other ethnicities 
are needed to define torsional normality. Finally, this study 
only approximated torsion using previously but arbitrary 
defined landmarks, following a robust but complex method, 
defining points, lines, and angles with an automated soft-
ware. As such, measurement depicted in this research project 
was obtained using a specific process that might have influ-
enced morphological outcomes. Using the same landmarks 
but a different software, dataset and study protocol other 
authors could find substantially different results.

This study determined normal values of lower limb tor-
sion, using a robust 3D-CT analysis. For patients with con-
siderable knees symptoms and based on this study reported 
morphometric data, cut-off values for abnormal torsion 
(outside of the 95% confidence interval FNV > 35° and/or 
TT > 43°) might help surgeons to decide and to plan correc-
tion of those morphometric abnormalities.

Conclusion

The findings showed that lower limb torsional parameters 
were highly variable from patient to patient and from one 
leg to the other for the same patient. The understanding of 
normal values concerning femoral version and external tibial 
torsion in the present healthy population will help surgeons 
to define pathological values of FNV and TT, as well as cor-
rections to perform in case of torsional deformities.
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