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Abstract

Background Correct quantification of femoral torsion is
crucial to diagnose torsional deformities, make an in-
dication for surgical treatment, or plan the amount of cor-
rection. However, no clear evaluation of different femoral
torsion measurement methods for hips with excessive tor-
sion has been performed to date.

Questions/purposes (1) How does CT-based measure-
ment of femoral torsion differ among five commonly used
measurement methods? (2) Do differences in femoral
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torsion among measurement methods increase in hips with
excessive femoral torsion? (3) What is the reliability and
reproducibility of each of the five torsion measurement
methods?

Methods Between March and August 2016, we saw 86
new patients (95 hips) with hip pain and physical findings
suggestive for femoroacetabular impingement at our out-
patient tertiary clinic. Of those, 56 patients (62 hips) had a
pelvic CT scan including the distal femur for measurement
of femoral torsion. We excluded seven patients (seven
hips) with previous hip surgery, two patients (two hips)
with sequelae of Legg-Calvé-Perthes disease, and one pa-
tient (one hip) with a posttraumatic deformity. This resul-
ted in 46 patients (52 hips) in the final study group with a
mean age of 28 *= 9 years (range, 17-51 years) and 27
female patients (59%). Torsion was compared among five
commonly used assessment measures, those of Lee et al.,
Reikeras et al., Jarrett et al., Tomczak et al., and Murphy
et al. They differed regarding the level of the anatomic
landmark for the proximal femoral neck axis; the method of
Lee had the most proximal definition followed by the
methods of Reikeras, Jarrett, and Tomczak at the base of
the femoral neck and the method of Murphy with the most
distal definition at the level of the lesser trochanter. The
definition of the femoral head center and of the distal ref-
erence was consistent for all five measurement methods.
We used the method described by Murphy et al. as our
baseline measurement method for femoral torsion because
it reportedly most closely reflects true anatomic femoral
torsion. With this method we found a mean femoral torsion
of 28 = 13°. Mean values of femoral torsion were com-
pared among the five methods using multivariate analysis
of variance. All differences between two of the measure-
ment methods were plotted over the entire range of femoral
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torsion to evaluate a possible increase in hips with exces-
sive femoral torsion. All measurements were performed by
two blinded orthopaedic residents (FS, TDL) at two dif-
ferent occasions to measure intraobserver reproducibility
and interobserver reliability using intraclass correlation
coefficients (ICCs).

Results We found increasing values for femoral torsion
using measurement methods with a more distal definition
of the proximal femoral neck axis: Lee et al. (most proxi-
mal definition: 11° = 11°), Reikeras et al. (15° *£ 11°),
Jarrett et al. (19° £ 11°), Tomczak et al. (25° = 12°), and
Murphy et al. (most distal definition: 28° = 13°). The most
pronounced difference was found for the comparison be-
tween the methods of Lee et al. and Murphy et al. with a
mean difference of 17° = 5° (95% confidence interval,
16°-19°; p < 0.001). For six of 10 possible pairwise
comparisons, the difference between two methods in-
creased with increasing femoral torsion and decreased with
decreasing femoral torsion. We observed a fair-to-strong
linear correlation (R range, 0.306-0.622; all p values <
0.05) for any method compared with the Murphy method
and for the Reikeras and Jarrett methods when compared
with the Tomczak method. For example, a hip with 10° of
femoral antetorsion according Murphy had a torsion of 1°
according to Reikeras, which corresponds to a difference
of 9°. This difference increased to 20° in hips with exces-
sive torsion; for example, a hip with 60° of torsion
according to Murphy had 40° of torsion according to
Reikeras. All five methods for measuring femoral torsion
showed excellent agreement for both intraobserver re-
producibility (ICC, 0.905-0.973) and interobserver re-
liability (ICC, 0.938-0.969).

Conclusions Because the quantification of femoral torsion
in hips with excessive femoral torsion differs considerably
among measurement methods, it is crucial to state the ap-
plied methods when reporting femoral torsion and to be
consistent regarding the used measurement method. These
differences have to be considered for surgical decision-
making and planning the degree of correction. Neglecting
the differences among measurement methods to quantify
femoral torsion can potentially lead to misdiagnosis and
surgical planning errors.

Level of Evidence Level IV, diagnostic study.

Introduction

Torsional deformities of the femur have increasingly been
recognized as a cause of hip pain in young adults [15, 17, 29]
and femoral torsion abnormalities recently have been in-
tegrated into the concept of femoroacetabular impingement
(FAI) [3, 17, 24] separate from cam and pincer deformities.
Femoral torsion considerably affects impingement-free hip
ROM and can thereby aggravate or compensate cam- or
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pincer-type impingement [5, 15]. More specifically, de-
creased femoral torsion can predispose patients to anterior
intraarticular FAI, whereas excessively high femoral torsion
can lead to posterior extraarticular impingement [24]. Severe
torsional deformities have been reported in one of six
symptomatic patients eligible for joint-preserving surgery
[17]. Femoral osteotomies to correct these deformities
have increasingly been performed with encouraging results
[4, 8, 13, 25].

The correct quantification of femoral torsion is of up-
most importance for diagnosing femoral torsional
deformities, for making an indication for surgical correc-
tion osteotomy, and for planning the amount of correction
needed [7, 17]. Differences among the various methods
described to measure femoral torsion have been shown in
cadavers; however, these studies have neither included
symptomatic hips with excessively high femoral torsion
nor did they analyze the effect of high femoral torsion on
the resulting differences among different measurement
methods [1, 12]. In practice, we have seen that patients with
excessive femoral torsion and posterior ischiofemoral FAI
appear to have differing degrees of femoral torsion
depending on the method we have used to measure femoral
torsion. More specifically, we have found that the method
of Murphy et al. [19] typically produces the highest values
for femoral torsion, but this differs from previously pub-
lished results [12].

Therefore, we asked: (1) How does CT-based mea-
surement of femoral torsion differ among five commonly
used measurement methods? (2) Do differences in femoral
torsion among measurement methods increase in hips with
excessive femoral torsion? (3) What is the reliability and
reproducibility of each of the five torsion measurement
methods?

Patients and Methods

After institutional review board approval, we performed a
retrospective diagnostic study to compare five commonly
used assessment measures to measure femoral torsion on a
CT scan, those of Lee et al. [16], Reikeras et al. [22],
Jarrett et al. [11], Tomczak et al. [28], and Murphy et al.
[19], in a series of symptomatic patients. Between March
and August 2016, we saw 86 new patients (95 hips)
with hip pain and physical findings suggestive of FAI at
our outpatient tertiary clinic. These physical findings
include a positive anterior and/or posterior impingement
test [24] and restricted ROM of the hip (typically re-
stricted internal rotation with anterior impingement and
restricted external rotation with posterior impingement).
Furthermore an in-/out-toeing gait can be found in hips
with femoral maltorsion [31]. Thirty patients (33 hips)
without a CT scan were excluded.
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Fifty-six patients (62 hips) with suspected complex
osseous deformities had a pelvic CT including the distal
femur for measurement of femoral torsion and underwent
virtual impingement analysis using collision detection
software [20, 21, 27]. Seven patients (seven hips) who had
undergone previous surgery, two patients (two hips) with a
sequelae of Legg-Calvé-Perthes disease, and one patient
(one hip) with a posttraumatic hip deformity were ex-
cluded. This left 46 patients (52 hips) in the final study
group. The mean age in the patient series was 28 * 9 years
(range, 17-51 years) with 27 female patients (59%).

Three-dimensional CT was performed (Somatom Def-
inition Flash; Siemens Medical Solutions, Erlangen, Ger-
many). The scanned volume included the entire pelvis and
the distal femoral condyles using the following parameters:
voltage 100 kVp; intensity 160 mAs; pitch 0.8; field of
view 39 cm; voxel size | mm?; and reconstruction kernels
I31f and 170f. Patients were positioned supine, with both
feet taped together, resulting in 10° to 15° of internal hip
rotation.

To determine how CT-based measurement of femoral
torsion differs among the five measurement methods, one
of the authors (FS), an orthopaedic resident with 5 years of
experience in diagnostic imaging of the hip and who was
not involved in the surgical treatment of the patients,
measured femoral torsion in all 46 patients (52 hips) using
five methods (Table 1). All measurements were performed

on 1-mm thick slices of the pelvis and the femoral con-
dyles. Similar to our clinical practice, we selected the
method described by Murphy et al. as our baseline for
measurement because it reportedly most closely reflects
true femoral torsion [1, 19] and found a relatively high
mean femoral torsion of 28° = 13°. Using this measure-
ment method, the lowest value of femoral torsion was 5°
and the highest value was 63°. Four of those measurement
methods [16, 19, 22, 28] are based on true axial images,
whereas the method according to Jarrett et al. [11] is based
on reformatted axial-oblique images that are aligned to the
femoral neck axis (Fig. 1). The femoral head center is used
as a proximal landmark for all methods. The definition of
the proximal femoral neck axis differs among the five
methods. According to the methods of Lee et al. [16] (axial
slices) or Jarrett et al. [11] (axial-oblique slices), the
proximal femoral neck axis is defined on the same slice as
the femoral head center (Table 1). The other three methods
use two superimposed and more distal axial slices to define
the proximal femoral neck axis (Fig. 1). The method of
Reikeras et al. [22] defines this landmark at the level of the
femoral neck where the anterior and posterior cortices run
parallel. Tomczak et al. [28] uses the center of the greater
trochanter at the base of the femoral neck. Murphy et al.
[19] has defined the proximal femoral neck axis at the level
just superior to the lesser trochanter (Fig. 1). The distal
femoral reference was a line connecting the medial and

Table 1. Definitions of the five methods for CT-based measurement of femoral torsion are summarized

Methods Slice orientation

Single/superimposed image(s)

Definition of landmarks for proximal
femoral reference line

Lee et al. [16] Axial Single

Reikeras et al. [22] Axial

Jarrett et al. [11] Axial-oblique Single

Tomczak et al. [28] Axial

Murphy et al. [19] Axial

Two superimposed images

Two superimposed images

Two superimposed images

A line is drawn on the first image on
which the femoral head center can be
connected with the most cephalic
junction of the greater trochanter and
the femoral neck

A line connecting the femoral head
center with the femoral neck center is
drawn on an image where the anterior
and posterior cortices run parallel to
each other

A line is drawn on a single image that
runs from the femoral head center
trough the center of the femoral neck
The femoral head center is connected
with the center of the greater
trochanter at the base of the femoral
neck

The femoral head center is connected
with the center of the base of the
femoral neck directly superior to the
lesser trochanter

Distal femoral reference was a line connecting the medial and lateral posterior condyles in all five definitions of torsion
measurement; see also Fig. 1 for schematic illustration of each method.
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Fig. 1 Schematic drawings show the five different methods that were used for CT-based
measurement of femoral torsion. The blue lines indicate the methods that are based on true
axial slices (A-D); the green line indicates the method (E) that is based on axial-oblique images.
All five methods used the femoral head center and the posterior distal femoral condyles as
landmarks. They differed regarding the definition of the proximal femoral reference axis,
which gradually moves from proximal (A) to distal (D). For a detailed definition of each

measurement method, see also Table 1.

lateral posterior condyles in all five methods (Fig. 1). The
means of femoral torsion were compared among all five
measurement methods.

To determine whether the difference in femoral torsion
among measurement methods increases in hips with ex-
cessive femoral torsion, the difference between two mea-
surement methods was plotted over the entire range of
femoral antetorsion from 5° to 63°, which had been found
for the baseline measurement performed according to
Murphy et al. [19]. We evaluated whether the difference in
femoral torsion methods increases with increasing femoral
torsion. To convert one of the five methods of femoral
torsion measurement into another, we provided the linear
regression equations.

To assess the intraobserver reliability and interobserver
reproducibility of each of the five torsion measurement
methods, all the measurements were performed twice by
two observers (FS, TDL), neither of whom were involved
in the surgical treatment of the patients, with at least 5 years
of experience in diagnostic hip assessment. Image analysis
was performed independently from each other at two

{J:J?@Wolters Kluwer

different timepoints at a 3-month interval and blinded to
patients’ names and identifying features to minimize recall
bias.

We confirmed normal distribution with the Kolmogorov-
Smirnov test. To assess differences between measurement
methods, the five definitions to measure femoral torsion
were compared using multivariate analysis of variance.
For pairwise comparison of two measurement methods,
we used the pairwise t-test. Bonferroni correction for five
groups was used (p adjusted = 0.05/5 = 0.01). To assess
whether differences between techniques increased with
increased torsion, linear regression analysis was per-
formed for pairwise comparison of the measurement
methods. The differences between two methods were
plotted against the femoral torsion measured using the
method of Murphy as a baseline reference [19]. Linear
regression analysis was performed to compare the differ-
ence of two methods with the method of Murphy etal. [19]
or to directly compare two methods of femoral torsion
measurement. The Pearson correlation coefficient was
graded as: R < 0.2 for very weak; 0.20 to 0.39 for weak;
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Fig. 2 The five methods for CT-based measurement of torsion differed (p < 0.001; white box
plots for definitions on axial slices; gray box plot for definition of axial-oblique slices). The
lowest values of torsion were found for the Lee method, which had the most proximal
definition of the landmark for the proximal femoral reference. With the Murphy method,
which had the most distal definition of the landmark for the proximal femoral axis, we found
the highest values of torsion. All pairwise comparisons showed significant differences (each p

< 0.001; for detailed results, see also Table 3).

0.40 to 0.59 for moderate; 0.60 to 0.79 for strong; and =
0.8 for very strong correlation [6]. To assess intraobserver
reliability and interobserver reproducibility, we calculated
intraclass correlation coefficients (ICCs) including 95%
confidence intervals (Cls). The ICC was graded as ICC <
0.20 for slight; 0.21 to 0.40 for fair; 0.41 to 0.60 for
moderate; 0.61 to 0.80 for substantial; and > 0.80 for al-
most perfect agreement [18]. We used SPSS Version 25.0
(IBM, Armonk, NY, USA) for statistical analysis.

Table 2. CT-based measurements of femoral torsion differed
among the five definitions for torsion (p < 0.001)

Methods
Lee et al. [16] Axial
Reikeras et al. [22]  Axial
Jarrett et al. [11] Axial-oblique
Tomczak et al. [28]  Axial
Murphy et al. [19] Axial

Femoral torsion (°)

11 = 11 (-13 to 45)
15+ 11 (-8 to 47)
19 = 11 (1-49)
25 * 12 (0-60)
28 *+ 13 (5-63)

Slice orientation

Notably negative values of femoral torsion (that is, retro-
torsion) were found for the Lee et al. [16] and Reikeras et al. [22]
methods, whereas no negative values of femoral torsion were
measured with the remaining methods; values are expressed
as mean * SD with range in parentheses.

Results

We found increasing values for femoral torsion using
methods with a more distal definition of the proximal
femoral neck axis (Fig. 2). Comparing the four methods for
measurement of torsion on axial slices, the lowest values of
femoral torsion were found for the method of Lee et al. [16]
with a mean torsion of 11° = 11° (Table 2). The highest
values of femoral torsion were found for the Murphy et al.
method [19] with the most distal definition for the proximal
femoral neck axis and a mean torsion of 28° = 13°
(Table 2). The most pronounced difference between two
measurement methods was found for the comparison be-
tween the methods of Lee et al. [16] and Murphy et al. [19]
with a mean difference of 17° = 5° (95% CI, 16°-19°; p <
0.001; Table 3). On axial-oblique slices, the method
according to Jarrett et al. [11] showed a mean femoral
torsion of 19° = 11° (Table 2). Compared with the other
methods on axial slices, this method showed an increased
torsion compared with Lee et al. [16] (11° = 11°; differ-
ence: 8° £ 5°,95% CI, 6°-9°; p <0.001) or Reikeras et al.
[22] (15° £ 11°; difference: 3° = 5°, 95% CI, 2°-5°; p <
0.001) and decreased torsion compared with Tomczak et al.
[28] (25° £ 12°; difference: 7° = 5°, 95% CI, 5°-8°; p <
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Table 3. Pairwise comparison of the five measurement methods

Methods Lee [16] Reikeras [22] Jarrett [11] Tomczak [28] Murphy [19]
Lee et al. [16] —_— 4° + 3° (4°-5°) 8° = 5°(6°-9°) 14° £ 3°(13°-15°) 17° = 5°(16°-19°)
Reikeras et al. [22] p < 0.001 —_— 3°+5°(2°-59 10° = 3°(9°-11°) 13° = 5°(12°-14°)
Jarrett et al. [11] p < 0.001 p < 0.001 _ 7° = 5°(5°-8°) 10° £ 5°(8°-11°)
Tomczak et al. [28] p < 0.001 p < 0.001 p < 0.001 _ 3° + 4° (2°-4°)
Murphy et al. [19] p < 0.001 p < 0.001 p < 0.001 p < 0.001 S

In the upper right-hand corner, the values represent the mean difference of femoral torsion + SD with 95% confidence intervals in
parentheses; in the lower left-hand corner, the values represent the level of significance for each comparison; the dashes represent
the cells for which no pairwise comparison was possible because they represent the same measurement methods.

0.001) or Murphy et al. [19] (28° = 13°; difference: 10° =
5°,95% CI, 8°-11°; p < 0.001) (Table 3).

For six of 10 possible pairwise comparisons, the dif-
ference between two methods increased with increasing
femoral torsion and decreased with decreasing femoral
torsion (Table 4). A strong correlation was found for the
differences between Murphy et al. [19] and Reikeras et al.
[22] as well as between Murphy et al. [19] and Jarrett et al.
[11] (R of 0.622 and 0.619, respectively; both p < 0.001;
Fig. 3). A moderate correlation was found for the differ-
ences between Murphy et al. [19] and Lee et al. [16] (R =
0.534; p < 0.001); Murphy et al. [19] and Tomczak et al.
[28] (R =0.493; p <0.001) as well as Tomczak et al. [28]
and Reikeras et al. [22] (R =0.426; p < 0.001). Correlation
was fair for Tomczak et al. [28] and Jarrett et al. [11] (R =
0.306; p = 0.014). The method of Murphy et al. [19]
showed an increasing difference compared with any of the
other four methods with increasing femoral torsion
(Table 4). For example, in a hip with normal femoral tor-
sion of 10°, the difference between the methods of Murphy
et al. [19] and Reikeras et al. [22] was 9° (Fig. 3A). The

difference in the same hip increased to 14° when we
compared the methods of Murphy et al. [19] and Lee et al.
[16] (Fig. 3B). In contrast, in a hip with an excessive
femoral torsion of 60°, the difference between methods of
Murphy et al. [19] and Reikeras et al. [22] increased to 20°
(Fig. 3A). The difference in the same hip increased to 23°
when we compared Murphy et al. [19] and Lee et al. [16]
(Fig. 3B).

We found excellent agreement (ICC > 0.800 [18])
for both intraobserver reproducibility (ICC range,
0.905-0.973) and interobserver reliability (ICC range,
0.938-0.969) for all five CT-based definitions of femoral
torsion (Table 5).

Discussion

The correct CT-based quantification of femoral torsion is
essential for surgical decision-making and planning of
corrective osteotomies [29]. However, different measure-
ment methods have to our knowledge not been compared

Table 4. Pairwise comparison of the five different methods to measure femoral torsion correlated with femoral torsion using linear

regression analysis

Correlation between differences in

two methods versus Murphy method Equation R p value
Murphy et al. [19] - Reikeras et al. [22] y =6.786 + 0.221*x 0.622 < 0.001
Murphy et al. [19] - Jarrett et al. [11] y =2.790 + 0.242*x 0.619 < 0.001
Murphy et al. [19] - Lee et al. [16] y =12.191 + 0.184*x 0.534 < 0.001
Murphy et al. [19] - Tomczak et al. [28] y =-0.664 + 0.134*x 0.493 < 0.001
Tomczak et al. [28] - Reikeras et al. [22] y = 7.449 + 0.087*x 0.426 < 0.001
Tomczak et al. [28]- Jarret et al. [11] y = 3.453 + 0.108*x 0.306 0.014
Tomczak et al. [28] — Lee et al. [16] y = 12.854 + 0.050*x 0.218 0.060
Reikeras et al. [22] - Lee et al. [16] y = 5.405 - 0.037*x -0.180 0.100
Jarrett et al. [11] - Lee et al. [16] y = 9.401 - 0.058%*x -0.156 0.134
Reikeras et al. [22] —Jarrett et al. [11] y =3.996 - 0.021*x -0.059 0.337

Six of 10 comparisons showed a significant linear correlation and all six showed an increasing difference between the two
measurement methods with increasing femoral torsion (positive correlation coefficient); the strongest correlation was found for the
difference between the methods of Reikeras et al. and Murphy et al. (see Fig. 3 for the scatterplot); with every degree of femoral
torsion, the difference between these two methods increased by 0.22°.
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Fig. 3 A-B With increasing femoral torsion, the difference between two mea-
surement methods increased for six of 10 possible pairwise comparisons (for de-
tailed information, see Table 4). (A) The strongest correlation was found for the
difference between the methods of Reikeras et al. [21] and Murphy et al. [18] (R =
0.622; p < 0.001). In a hip with normal femoral torsion of 10°, the difference between
the Reikeras et al. [21] and the Murphy et al. [18] method was 9°. In a hip with
excessive femoral torsion of 60°, the difference between these two measurement
methods increased to 20°. (B) Moderate correlation was found for the difference
between the methods of Lee et al. [14] and Murphy et al. [18] (R=0.534; p < 0.001).In
a hip with normal femoral torsion of 10°, the difference between the Lee et al. [14]
and the Murphy et al. [18] methods was 14°. In a hip with excessive femoral torsion
of 60°, the difference between these two measurement methods increased to 23°.
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Table 5. Results of reproducibility and reliability for the five measurement methods

Methods

Reproducibility
(ICC reader 1)

Reproducibility
(ICC reader 2)

Reliability (ICC reader

1 versus reader 2)

Lee et al. [16]
Reikeras et al. [22]

0.970 (0.948-0.983
0.962 (0.934-0.978

0.970(0.948-0.982)
0.948 (0.912-0.970
0.905 (0.839-0.944

0.969 (0.947-0.982)
0.939 (0.897-0.965

Jarrett et al. [11]
Tomczak et al. [28]
Murphy et al. [19]

0.973 (0.954-0.984

( )
( )
0.928 (0.878-0.958)
( )
0.958 (0.928-0.976)

0.946 (0.908-0.969

(
(
0.938 (0.894-0.964
(
0.964 (0.939-0.979

= 2=

)

( )

0.947 (0.910-0.969 )
0.962 (0.934-0.978 )

Values are expressed as mean with 95% confidence interval in parentheses; ICC = intraclass correlation coefficient.

in a group of symptomatic patients who have a wide range
of femoral torsion. Consequently, the effect of increased
femoral torsion on the resulting differences between mea-
surement methods has not been defined. We therefore
compared five commonly used methods to measure CT-
based femoral torsion. We found considerable differences
between measurement methods with a maximum mean
difference up to 17° (Fig. 2). Femoral torsion measured at
the most proximal landmark for definition of the neck axis
such as with the method of Lee at al. [16] yielded lower
values compared with the methods with a more distal
definition of the landmark such as the Murphy et al. method
[19] (Fig. 1). In addition, we observed that differences
between measurement methods rose with increasing fem-
oral torsion; for example, the difference in femoral torsion
between the method of Murphy et al. and Lee et al. in-
creased from 14° (in a hip with normal torsion of 10°) to
23° (in a hip with excessive torsion of 60°; Fig. 3B). Thus,
especially in hips with excessively high femoral torsion, it
is not sufficient to just add differences of mean femoral
torsion between two measurement techniques for conver-
sion of torsion values. However, we found a high linear
correlation (correlation coefficient R ranging from 0.904 to
0.975; Table 6) among all 10 possible pairwise compar-
isons for the five evaluated methods for measurement of

femoral torsion (Table 6). Therefore, these linear re-
gression models can be used to convert femoral torsion
measurements from one definition to another. Finally, we
found that variations among two readers and differences on
repeated measurements were negligible (Table 5).

This study has a number of limitations. First, the range
of femoral torsion from 5° to 63° (according to the Murphy
et al. method [19]) included in the current study does not
cover the entire possible range of femoral torsion. A range
of 100° of femoral torsion (-16° to 84° measured according
to the Murphy et al. method) [19] has been reported [17].
Therefore, we could have missed the most extreme forms
of excessive femoral antetorsion or retrotorsion. Regard-
less, mean femoral torsion as measured with the Murphy
method [19] was 28° = 13°, which is higher than the
reported normal range of 10° to 25° [29], and thus we
believe it was adequate for answering our study questions.
Second, no evaluation of femoral torsion measurement has
been performed on MR images. MRI is increasingly used
in clinical routine to reduce radiation in the typically young
patients who are eligible for joint-preserving surgery [10,
23, 26]. We note that MR-based measurements of femoral
torsion showed a high reproducibility and reliability in one
study, comparable with CT-based measurements [10].
However, CT is still considered the gold standard for

Table 6. Conversion of one method for femoral torsion measurement into another using linear regression analysis

Original method of torsional

Designated method of torsional

measurement (X)

measurement (Y)

Murphy et al. [19]
Murphy et al. [19]
Murphy et al. [19]
Murphy et al. [19]
Tomczak et al. [28]
Tomczak et al. [28]
Tomczak et al. [28]
Jarrett et al. [11]
Jarrett et al. [11]
Reikeras et al. [22]

Tomczak et al. [28]
Reikeras et al. [22]
Lee et al. [16]
Jarrett et al. [11]
Reikeras et al. [22]
Lee et al. [16]
Jarret et al. [11]
Reikeras et al. [22]
Lee et al. [16]

Lee et al. [16]

Equation R p value
y = 0.664 + 0.866*x 0.964 < 0.001
y =-6.786 + 0.779*x 0.941 < 0.001
y =-12.191 + 0.816%*x 0.942 < 0.001
y =-2.790 + 0.758*x 0.927 < 0.001
y =-7.364 + 0.899*x 0.975 < 0.001
y =-12.590 + 0.934%*x 0.967 < 0.001
y =-2.427 + 0.838*x 0.920 < 0.001
y =-1.906 + 0.920*x 0.909 < 0.001
y =-6.975 + 0.958*x 0.904 < 0.001
y =-4.625 + 1.018*x 0.972 < 0.001
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assessing femoral torsion [2]. The five evaluated methods
to measure femoral torsion may be used as well on MRI. It
would seem plausible that our finding of increasing dif-
ferences in femoral torsion values resulting from different
measurement methods in hips with excessive femoral tor-
sion apply as well for MRI-based measurements. However,
this assumption has to be tested in future studies. Third, not
all known methods for measuring femoral torsion have
been included for evaluation in the current study. Often, no
detailed description was available in the original reports or
only small variations of a method have been described [9,
30, 32]. Fourth, we cannot rule out selection bias because
our results are based on a predominantly female western
European patient population seen at a tertiary hip preser-
vation center and did not include patients with more
complex deformities such as sequalae of slipped capital
femoral epiphysis or Legg-Calvé-Perthes disease. Al-
though overall differences in femoral torsion related to sex
and ethnicity may be negligible according to a recent study
[14], our findings should be reproduced first, before being
directly applied to patients with pediatric hip deformities.

All five evaluated measurement methods for femoral
torsion differed (Fig. 2). We found that femoral torsion was
dependent on the definition of the proximal femoral neck
axis; the more distal this landmark was defined (Fig. 1), the
higher was the measured femoral torsion (Table 1).
Therefore, the largest difference was found between the
methods of Lee et al. [16] (the most proximal definition of
the femoral axis) and Murphy et al. [19] (the most distal
definition) with a mean difference of 17° (Table 3). In the
original description of Murphy et al. [19], two measure-
ment methods of femoral torsion using a single axial image
and two superimposed images were compared. Both
methods were evaluated at different levels and compared
with the true anatomic femoral torsion in cadaveric femora.
At the level of the femoral head center, the method with a
single axial image (similar to the method later described by
Lee et al. [16]) underestimated torsion by a mean of 18°
[19]. By selecting more distal axial cuts at the level of the
neck, the underestimation of femoral torsion decreased
gradually. The femoral torsion closest to the anatomic
value was found for the method with two superimposed
images, one at the level of the femoral head center and
another 6 mm proximal to the center of the lesser trochanter
(axial slice including typically the most proximal part of the
lesser trochanter in the dorsal aspect; Fig. 1) [19]. Berry-
man et al. [1] reported comparable results. They observed
the highest values of femoral torsion with the method of
Murphy et al. [19] and the lowest values with the method of
Leeetal. [16] and reported a mean difference of 15°[1]. By
contrast, Kaiser et al. [12] did not report the highest values
of femoral torsion using the method according to Murphy
et al. [19]. Instead, the method of Waidelich et al. [30]
(comparable to the method of Tomczak et al. [28] used in

the current evaluation [Table 1]), in which the proximal
femoral neck axis is defined as the center of the greater
trochanter, yielded the highest values of femoral torsion.
This difference may be related to the fact that the slice for
the method of Murphy et al. [19] was chosen more proxi-
mal as shown in the published figures [12]. According to
Murphy et al. [19], femoral torsion should be measured
directly superior to the center of the lesser trochanter,
typically with the proximal part of the lesser trochanter in
the dorsal aspect of the cross-section to minimize the dif-
ference to true anatomic femoral torsion. This was recently
confirmed in a study that used a computerized neck-fitting
method and showed that the Murphy et al. [19] method
most closely reflects anatomic femoral torsion compared
with more proximal measurement methods [1].

With increasing femoral torsion, we found increasing
differences between the method of Murphy et al. [19] and
any other measurement method (Fig. 3). In addition, dif-
ferences between the Tomczak et al. [28] method, the
second most distal method, and the more proximal methods
of Reikeras et al. [22] or Jarrett et al. [11] rose with in-
creasing torsion (Table 4). Conversely, these differences
declined with decreasing femoral torsion; for example, in a
hip with a normal femoral torsion of 10° as measured
according to Murphy et al. [19], the resulting difference of
femoral torsion compared with the methods of Reikeras
et al. [22] or Lee et al. [16] was 9° and 14°, respectively
(Fig. 3). Notably, this is less than the observed mean dif-
ference between two methods: 13° between Murphy et al.
[19] and Reikeras et al. [22] and 17° between Murphy et al.
[19] and Lee et al. [16] (Table 3). By simply adding this
mean difference to the measurements of Reikeras et al. [22]
or Lee et al. [16] would result in an overestimation of 4°
and 3°, respectively, in a hip with 10° of femoral torsion
according to Murphy et al. [19]. In a hip with excessive
femoral torsion of 60°, this difference increased to 20° for
the method of Reikeras et al. [22] and 23° for the method of
Lee et al. [16] (Fig. 3A-B). In this hip with excessive
femoral torsion, these differences exceed the mean differ-
ence between two methods (13° between Murphy etal. [19]
and Reikeras et al. [22] and 17° between Murphy et al. [19]
and Lee et al. [16]). Therefore, by simply adding the mean
difference to the measurements of Reikeras et al. [22] or
Lee et al. [16] would result in an underestimation of 7° and
6°, respectively, in a hip with 60° of femoral torsion
according to Murphy et al. [19]. This effect has to be
considered, especially when planning the degree of tor-
sional correction, which is usually performed in hips with
severe torsional deformities [4, 8, 13, 25, 29]. Because a
strong linear correlation (R > 0.904, p < 0.001; Table 6)
was observed among all 10 possible pairwise comparisons,
conversion of one measurement method to another is
possible (Table 6). However, in a clinical setting, we rec-
ommend the use of a consistent method for measuring
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femoral torsion and use the corresponding reported normal
values and the respective pathologic thresholds to which
the surgeon refers. Also, one should always state which
measurement method was used when reporting femoral
torsion. Simply adding a mean difference of torsion be-
tween two methods can result in overestimation in a hip
with low torsion or underestimation in a hip with high
torsion when converting to the Murphy et al. method [19].

Agreement was excellent for each of the five evaluated
measurement methods for both reproducibility (ICC range,
0.905-0.973) and reliability (ICC range, 0.938-0.969;
Table 5). This is in accordance with previously published
results in cadavers that showed excellent reproducibility
(ICC range, 0.88-0.99) and reliability (ICC range,
0.91-0.99) for different methods to measure femoral tor-
sion [12] among two trauma surgeons and two radiologists.
Thus, errors related to person and time are negligible when
measuring femoral torsion.

In summary, we found that femoral torsion differed
considerably depending on the measurement method used.
We found that the differences depend on the definition of
the anatomic landmark for the proximal reference line; the
more distal this landmark was defined, the higher the
measured femoral torsion. In contrast, reproducibility and
reliability were excellent, suggesting that errors related to
person and time do not reflect a relevant source of error
between measurement techniques. Increased differences
between different measurement methods were found in
hips with excessive femoral torsion. In these hips, the ap-
plied measurement method may play an even more im-
portant role. One has to keep in mind that correction among
various methods just by adding reported mean differences
will result in a discrepancy of femoral torsion. Neglecting
the differences among methods for measuring femoral
torsion can potentially lead to misdiagnosis and errors in
surgical planning. Especially in hips with an excessive
femoral torsion potentially undergoing femoral derotation
osteotomy, the differences among the methods to quantify
femoral torsion are increased. It is crucial to state the used
measurement methods when reporting femoral torsion and
to be consistent regarding the used measurement method.
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