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Background: The accurate measurement of the femoral anteversion (FA) angle is always a topic of much debate in the orthopedic surgery
and radiology research. We aimed to explore a new FA measurement method to acquire accurate results without radiation damage using
piglet model.

Methods: A total of thirty piglets were assigned to two groups based on the age. Bilateral femora were imaged with 3.0-T magnetic
resonance (MR) and 64-slice computed tomography (CT) examinations on all piglets. FA was measured on MR-three-dimensional (3D)
postprocessing software with a four-step method: initial validation of the femoral condylar axis, validation of the condylar plane, validation
of the femoral neck axis, and line-plane angle measurement of FA. After MR and CT examinations, all piglets were sacrificed and their
degree of FA was measured using their excised, dried femora. MR, CT, and dried-femur measurement results were analyzed statistically;
MR and CT measurements were compared for accuracy against each other and against the gold standard dried femur measurement.
Results: In both groups, the mean FA value measured by MR was lower than that measured by CT. A statistically significant difference was
observed between CT- and dried-femur measurements but not between MR- and dried-femur measurements. A higher correlation (0.783 vs.
0.408) and a higher consistency (0.863 vs. 0.578) with dried-femur measurement results were seen for MR measurements than CT
measurements in the 1-week age group. However, in the 8-week age group, similar correlations (0.707 vs. 0.669) and consistencies (0.864 vs.
0.821) were observed.

Conclusions: Noninvasive MR-3D-Cube reconstruction was able to accurately measure FA in piglets. Particularly in the 1-week age
group with a larger proportion of cartilaginous structures, the correlation and consistency between MR- and dried-femur measurement
results were higher than those between CT- and dried-femur measurements, suggesting that MR may be a new useful examination tool
for FA-related diseases in children.
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the axes of the femoral condyle and the femoral shaft.
This definition describes FA as an included angle between
plane and plane. This concept has been used by many
two-dimensional (2D) imaging methods for FA measurement
such as radiography, fluoroscopy, ultrasound, and computed
tomography (CT).[13 The limitation of the above modalities

INTRODUCTION

A normal femoral anteversion (FA) angle is an important
factor in maintaining hip stability and normal gait in humans.
Congenital or acquired hip diseases with abnormal FA often
require surgical correction. Accurately determination of the
FA is important in the effective treatment of these hip diseases

and prevents serious complications from occurring.!'! The
accurate measurement of FA is always a topic of much debate
in orthopedic surgery and radiology research.

The concept of FA may be traced back to 1954.1! Billing
believed that FA was an included angle between the
anteversion plane, formed by the axes of the femoral neck
and the femoral shaft, and the condylar plane, formed by
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is that they use 2D measurements to evaluate a complex
three-dimensional (3D) entity such as FA, which can directly
affect the accuracy of the measurement results. We believe
that a correct understanding of FA is the key to its accurate
measurement. Due to the presence of individual variability in
the neck-shaft angle, the true FA should be an angle formed
by the femoral neck axis and the femoral shaft coronal plane,
i.e., a line-plane angle. Only when the concept of FA as a
line-plane angle is established can FA be measured more
effectively and accurately.

In recent years, the 3D-CT technique has been widely
used for FA measurement in hip studies.l'*') Compared
with the previous examination methods, 3D-CT has the
advantages of its ability to visualize the anatomic structure
of the hip from any angle, its freedom from body position
restrictions, and its high reproducibility. However, CT
radiation exposure attracts more and more public concern,
especially for children who are more sensitive to radiation
damage than adults.?**] Several 3D-CT examinations,
including preoperative and postoperative evaluations, are
often required in diseases such as developmental dysplasia
of the hip, which has a relatively high incidence in infants.®
Just as Brenner concluded, each CT scan confers a very small
increased risk of developing cancer in the future, but with
hundreds of thousands of children getting CT scans every
year that small individual risk balloons into a pressing public
concern.””? Compared with CT, magnetic resonance (MR)
examination has several advantages. First of all, MR can
show cartilages on both ends of femur, which cannot be
seen on CT. Meanwhile, radiation-free, multi-plane imaging,
and high soft tissue resolution are also its advantageous
places. Since 1990, several scholars!'>*3% have introduced
MR techniques into the FA measurement field, but similar
methods to 2D-CT and great dependence on patients’ body
position during the examination were limitations for them
to acquire true FA.

Based on the concept of FA as a line-plane angle, our
study was designed to explore a new FA measurement
method to acquire accurate results without radiation
damage. For this purpose, we introduced the MR-3D-fast
spin echo (FSE)-Cube technique for volume scanning of
piglet femur and then measured the FA in 3D space by the
postprocessing software.

MeTHoDS
Study design

Experiments were carried out on thirty healthy piglets with
the approval of the Shengjing Hospital of China Medical
University Institutional Animal Investigation Committee.
The MR images were obtained with a GE 3.0-T MR
scanner (Signa Excite HDx; GE Healthcare, Milwaukee, W1,
USA) and the CT images were obtained with a 64-slice CT
system (Philips Healthcare Company, Cleveland, USA). The
piglets were then sacrificed and dissected and their femora
were entirely removed for dried-femur measurement. After

the experiments were completed, FA was measured using
MR and CT 3D postprocessing software.

Experimental animals

Experimental groups

Piglets were assigned to two groups on the basis of age, 15 in
1-week age group and 15 in 8-week age group. The inclusion
criteria were normal development and gait by visual
inspection, and normal shape and signal of pelvis and femur
by MR coronal T1-weighted and T2-weighted imaging. The
exclusion criteria were developmental malformations and
claudicating gaits noted on visual inspection, and abnormal
shape and signal of pelvis and femur on MR images.

Anesthetized procedures

All studies were performed under general anesthesia. The
first anesthetic dose consisted of 40 mg of midazolam
hydrochloride (Nhwa Pharmaceutical Co., Jiangsu,
China) and 20 mg of ketamine hydrochloride (Gutian
Pharmaceutical Co., Fujian, China) per kilogram of body
weight, delivered by intramuscular injection. A second
intramuscular anesthetic dose was given 30 min later, with
20 mg of ketamine hydrochloride and 5 mg of xylazine
hydrochloride (Zizhu Pharmaceutical Co., Beijing) per
kilogram of body weight. A continuous intravenous infusion
of propofol (AstraZeneca PLC, London, UK) diluted in
normal saline at a dose of 0.002 mg/kg per minute during
the scanning sessions.

Magnetic resonance equipment and methods

All images were acquired with a 3.0-T MR imaging unit
using an 8US TORSOPA coil (GE Healthcare, Milwaukee,
WI, USA) with the experimental animals under anesthesia.
The piglets were placed in the prone position, with their
limbs fixed. The first step was the pelvis and femur routine
examination, including coronal T1-weighted and T2-weighted
imaging, for determining whether the piglets met inclusion
criteria. The second step was 3D femoral volume scanning
using the Cube technique, with a scanning range determined
by the coronal localizer which covered the entire femur.
Imaging with the 3D-FSE-Cube technique was performed
using the following parameters: repetition time/echo time,
3000/106 ms; echo train length, 100; matrix, 224 x 224;
field of view, 48 cm; section thickness, 1.4 mm; and receiver
bandwidth, 62.5 kHz. All sections were acquired in 6 min.

The data were transmitted to a workstation (GE AW4.4,
GE Healthcare) after scanning; then, postprocessing was
conducted with 3D-maximum intensity projection software.
The initial operation interface of the workstation was a quadrant
interface, on which there were three display boxes [Figure 1],
representing three series of orthogonal planes (box with
yellow border; box with green border; and box with blue
border). Each display box could show all planes parallel to
the current plane by paging up and down. Two perpendicular
lines within each box represented the corresponding of the
other two boxes. For example, the green line in yellow box
represented the intersection line of the current planes of green
and yellow boxes; adjusting the direction of one line could
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Figure 1: Initial validation of the condylar axis. The yellow line in the
green box was the tangent line of the lowest points of the bilateral
femoral condyles. Point H and | represented the two most posterior
points of the femoral condyles in the stereogram, and the blue plane
came close to the condylar plane.

change the direction of the plane it represented. The three
series of planes were always orthogonal. Initially, we adjusted
the position of the marked lines and enabled the three series
of planes in each box to approximate the coronal, axial, and
sagittal planes of the femur.

The FA measurement method was performed in four steps.

e Step I: Initial validation of the condylar axis. An
adjustment of the marked lines in yellow and green boxes
was made so that the yellow line in green box became
the tangent of the line connecting the 2 posterior femoral
condyle margins; this line was determined by the lowest
points of the bilateral femoral condyles. This provided
the initial validation of the condylar axis [Figure 1].

e Step 2: Validation of the condylar plane. Keeping the
intersection point on the condylar axis, the position of
the upper part of the yellow line in blue box was adjusted
[Figure 1] so that the yellow line passed through the lowest
point of the greater trochanter. In Steps 1 and 2, it was little
difficult to determine simultaneously the lowest points of
the bilateral femoral condyles and the greater trochanter
at once. However, after two or three times of adjustments,
we found that the yellow lines passed through both the
2 lowest points of the femoral condyles and the greater
trochanter in green and blue boxes simultaneously, and
then the validation of the condylar plane was completed.
The plane in yellow box was therefore the femoral coronal
plane (condylar plane) [Figure 2].

e  Step 3: Validation of the direction of the head-neck axis.
The goal of this step was to find the plane passing through
the femoral head-neck axis and was perpendicular to the
condylar plane in yellow box. All adjustments in this

Figure 2: Validation of the condylar plane. The yellow lines were the
tangent lines of the lowest points of the bilateral femoral condyles and
the greater trochanter in the green and blue boxes. The two yellow lines
determined the current plane in the yellow box, which was the femoral
coronal plane (condylar plane). As it was shown in the stereogram, three
points (point H and point | were the two most posterior points of the
femoral condyles and point J was the most posterior point of the femoral
greater trochanter) determined the blue plane (the condylar plane).

step were performed in yellow box. The central section
of the femoral neck was first determined by paging up
and down between the uppermost and lowermost femoral
neck, then the intersection point of the 2 marked lines
was fixed at the center point of the narrowest part of the
femoral neck. With the same method, the center point
of the widest part of the femoral head on the central
section of the femoral head was found. The green line
was then adjusted to pass through the above two points,
so it represented the femoral head-neck axis. The current
plane in green box was the plane which passed through
the femoral head-neck axis and was perpendicular to
the femoral coronal plane; its intersection line with
the femoral coronal plane was the yellow line in green
box [Figure 3].

e  Step 4: FA measurement. The midpoints of the longest
part of the femoral head and the shortest part of the
femoral neck were determined in the current plane in
box B [Figure 4]. The line connecting these 2 midpoints
was the head-neck axis, and the included angle between
this line and the yellow line was the FA.

All MR-3D postprocessing FA measurements were conducted
independently by two experienced radiologists (Shi-Nong
Pan and Dong-Mei Sun), and the mean value of three
separate measurements was recorded.

Computed tomography equipment and methods
3D-CT scans were performed with a 64-slice CT machine.
The scanning parameters were 120 kV and 150 mA, with
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Figure 3: Validation of the direction of head-neck axis. The current plane
in the blue box went through the head-neck axis and was perpendicular
to the yellow box (the condylar plane) and their intersection line was
the yellow line in the blue box. The stereogram showed how to find
the current plane in the green box. All the blue planes presented the
planes in the yellow box (that was paralleled to the condylar plane).
The upper blue plane passed through the biggest section of the femoral
head (with the central point K), and the mid blue plane passed through
the smallest section of the femoral neck (with the central point J). Then,
line b was the head-neck axis, and the pink plane (i.e., the current plane
in the green box) went through line b and was perpendicular to the
blue plane (the condylar plane). The two planes intersected at line a,
which represented the yellow line in the current plane in the green box.

a 0.5 s rotation time. Contiguous slices at 1.0 mm intervals
were obtained from the upper rim of the femoral head to the
distal femur. The piglets were placed in the same position
as in the MR examination. The images were retrospectively
reconstructed at a CT workstation (Extended Brilliance
workstation V3.5, Phillips Healthcare, Cleveland, USA)
to produce the 3D images. The FA measurement methods
adopted were those that had been widely used in current
3D-CT studies®™!'31 [Figure 5]. All CT postprocessing were
conducted independently by the same radiologists (Shi-Nong
Pan and Dong-Mei Sun), and the mean value of three
separate measurements was recorded. Different processing
orders were used to ensure that the radiologists did not know
the corresponding MR results.

Dried-femur measurement method

After MR and CT examinations, the piglets were sacrificed
with an intracardiac injection of 10 mg pentobarbital
sodium (Xinya Pharmaceutical Co., Shanghai, China) per
5 kg of body weight. Their femora were entirely removed
for evaluation.

First, the femur was placed on a horizontal table, with the
bilateral posterior margins of the femoral condyles and the
posterior margin of the greater trochanter contacting the
table surface. Next, the femoral head was measured using

Figure 4: Validation of the head-neck axis and measurement of
femoral anteversion. The midpoints of the longest part of the femoral
head and the shortest part of the femoral neck were found out in the
current plane in the green box. The included angle between the line
connecting these two midpoints and the yellow line in the green box was
femoral anteversion. As it was shown in the stereogram, the included
angle between line b and line a both in the pink plane was the angle
formed by the femoral head-neck axis and the femoral coronal plane,
i.e., femoral anteversion.

a Vernier caliper, with the caliper’s external measurement
claw in line with the femoral head-neck axis. The midpoints
of the longest part of the femoral head and the shortest part
of the femoral neck were determined. The femoral head
and neck were opened along the connecting line of these
two midpoints, perpendicular to the table surface, with
the greater trochanter preserved in order to determine the
femoral coronal plane. The midpoints of the longest part of
the femoral head and the shortest part of the femoral neck
were determined again by measuring with a Vernier caliper,
and the included angle between the connecting line of these 2
midpoints and the horizontal plane was designated as the FA.
The FA was measured with a conimeter, with the bottom edge
aligned to the connecting line of the above midpoints, and
a deltoid plate, with one rectangular edge on the horizontal
table and the other rectangular edge passing through the
central point of the conimeter. Both the conimeter and the
deltoid plate were perpendicular to the table surface. The
angle indicated by the edge passing through the central point
of the conimeter, —90°, was the value of FA [Figure 6]. The
results of this measurement method were considered as the
gold standard.

Statistical analysis

The formulation of statistical methods and the statistical
analysis was both completed by a professional
statistician (Li-Qiang Zheng) using Statistical Package
for the Social Sciences software, version 17.0 (SPSS, Inc.,
Chicago, IL, USA). All continuous variables met Gaussian
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Figure 5: Computed tomography measurement method (only
containing bony component).

distribution and homogeneity tests for variance and were
therefore expressed as a mean + standard deviation (SD).
Analysis of variance with randomized block design was
performed for MR, CT, and dried-femur measurement results
to determine whether the differences between the results of
the three methods were statistically significant. Using the
dried-femur measurement as the gold standard, Pearson’s
correlation coefficient analysis was conducted to determine
the correlation between MR/CT measurement results and
dried-femur measurement results. The intraclass correlation
coefficient and Bland—Altman plots of the design data from
the two-way mixed model were employed to analyze the
consistency of MR and CT measurements with the gold
standard. For all statistics reported, two-tailed tests with
P <0.05 were considered to indicate statistically significant

differences.

ResuLts

The FA measurement results of the two piglet groups,
by different methods, are shown in Table 1. In both age
groups, the FA measurement results obtained by MR were
lower than those by CT; the differences between MR and
CT measurement results, and between CT and dried-femur
measurement results, were statistically significant. No
statistically significant difference was observed between
MR and dried-femur measurement results.

The consistencies and correlations of CT and MR results
with the gold standard measurements are demonstrated in
Figures 7 and 8. In the 1-week age group, FA measurement
results obtained by MR had better correlation with
dried-femur measurement results than by CT (0.783 vs.
0.408) [Figure 7a and 7c]. Bland—Altman plots showed a
measurement error of 9.4° between CT and the dried-femur
measurement method, which was significantly greater
than an error of —1.0° between MR and dried-femur
measurement method [Figure 7b and 7d]. In the 8-week
age group, FA measurement results obtained by MR were
lower than those by CT, but MR and CT measurement
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Figure 6: Physical measurement method. The femoral anteversion
value = 104°-90° = 14°. The femur was placed on the horizontal
table, with the lowest points of the bilateral femoral condyles and the
greater trochanter contacting the table surface. The bottom edge of a
conimeter was aligned to the head-neck axis. The angle indicated by
the rectangular edge of the deltoid plate passing through the central
point of the conimeter (as was shown by the yellow line, 104°) —90°
was just femoral anteversion.

Table 1: FA values of different groups with different
methods (°)

Groups n MR CT Dried-femur
measurement

1 week 15 17.23+£2.32%  27.63+3.26' 18.23 +2.97

8 weeks 15  1438+2.86"  20.80 +3.21¢ 15.13+2.13

Data were shown as mean + SD. *P = 0.063, compared with dried femora
measurement; 'P<0.001, compared with dried femora measurement; P =
0.110, compared with dried femora measurement; $P<0.001, compared
with dried femora measurement. MR: Magnetic resonance; CT: Computed
tomography; FA: Femoral anteversion; SD: Standard deviation.

results were both well-correlated with dried-femur
measurement results (0.707 vs. 0.669) [Figure 8a and 8c].
Bland—Altman plots showed a greater measurement error
for CT than for MR (5.7 vs. —0.8) [Figure 8b and 8d]. There
was significantly higher consistency between MR and the
dried-femur measurement results than between CT and the
gold standard (0.863 vs. 0.578) in the 1-week age group; in
the 8-week age group, there was similar consistency between
MR/CT and dried-femur measurement results (0.864 vs.

0.821).

In 1-week and 8-week age groups, the mean CT radiation
dose was 155 mGy/cm and 159 mGy/cm, respectively.
The two-sample #-test showed no statistically significant
difference in CT radiation dose between the groups (1= 1.163,
P=0.255).

Discussion

Only sectional images are displayed using MR-3D
postprocessing software for FA measurement and it is
difficult to understand the 3D structure from these images.
In order to facilitate the presentation, a schematic diagram
was established that places the femur in a 3D coordinate
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Figure 7: Correlation and Bland—Altman plots for 1-week group using magnetic resonance versus physical measurement (a and b) and computed
tomography versus physical measurement (c and d). (a and c): the correlation between a trial method (magnetic resonance or computed
tomography) and the gold standard method (physical method, i.e., dried-femur measurement); horizontal axis shows femoral anteversion values
by dried-femur measurement, and vertical axis shows femoral anteversion values by magnetic resonance or computed tomography method.
(b and d) (Bland—Altman plot) For comparing the agreement between a trial method (magnetic resonance or computed tomography) and the
physical method of femoral anteversion values, the difference of femoral anteversion values from a trial method and the physical method (y-axis)
are depicted in relation to the mean of femoral anteversion values from a trial method and the physical method (x-axis).
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tomography versus physical measurement (c and d).

system. From Figure 9, we could come to the conclusion only if the neck-shaft angle is 90°. The above analysis
that the line-plane angle (FA) is smaller than the plane-plane explains the reason why the mean FA value measured by
angle (torsion angle, i.e., the angle measured by CT method). CT was larger than that measured by MR in our study.
The true FA is not identical to the torsion angle as the femoral This result happens to be consistent to those of studies by
neck-shaft angle must be factored in; they would be equal ~ Botser et al. and Tomczak et al.l'>3" In those studies, large
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Figure 9: Geometrical structure of femur. Plane &: A horizontal plane
on which the femur was placed, i.e., femoral condylar plane; line OH:
Femoral head-neck axis, intersecting plane & at point O; line OD: the
line along femoral shaft axis and within plane &; plane €: passing
through both line OH and line 0D, i.e., anteversion plane; #HOC (c):
the intersection angle between femoral head-neck axis and condylar
plane, a line-plane angle, i.e., the true FA; ~AO0B (B): the included angle
between plane & and plane ¢, a plane-plane angle, called as torsion
angle); ZAOH (6) = neck-shaft angle (£HOD) —90°; h represents
the height of the cuboid; h™ = line OA; | = line OH sin = h/h"=
Isincy/l-c0s6, .-.sino. = sinf-cos, -0 < coso <1, .o < B.

correlations between CT and MR anteversion measurements
were found, along with higher CT values than those of MR.
However, both of them used the 2D imaging modalities, and
they cannot explain the reason for the bias value clearly.

Atpresent, 3D-CT FA measurement is used in many hospitals.
In our daily clinical work (an overwhelming majority of the
patients are children in 3D-CT FA examinations, especially
under 2 years of age), we find that CT FA measurement has
the following disadvantages. (1) Due to the low-density
resolution of CT, the femoral ends in images obtained by the
surface-shaded 3D technique contain the ossified parts but
no cartilage. Furthermore, children with hip diseases often
have delayed development of the ossification nucleus in the
femoral head, and the ossification nucleus maybe not in the
center of the affected femoral head during development.
Hence, only ossified parts cannot represent the true femoral
head and femoral condyles in CT method, which will directly
affect the accuracy of CT measurement results in small
children. On the contrary, MR can show clearly not only
the secondary ossification center but also the surrounding
cartilage. (2) In current 3D-CT FA measurement, the
projection of FA on the axial plane is measured, giving the
aforementioned torsion angle. We have demonstrated that the
torsion angle is larger than the actual degree of FA in theory.
(3) Although in order to reduce radiation exposure, the CT
scanning range is divided into two parts, femoral head part
and distal femur part, compared with zero-radiation MR, CT
examination will inevitably subject child patients to more
radiation damage.

The key difference in the childhood and adult skeleton
is that children possess epiphyseal cartilage. Thus, in the
present study, two different piglet age groups were designed
to explore the effects on the trial methods of different
ratios of ossification center and epiphyseal cartilage. Our
study results showed that in the younger piglet group,
with smaller ossification nuclei and more cartilage, the

consistency and correlation between CT and dried-femur
measurement results were not as good as those between MR
and dried-femur measurement results. In the older piglet
group, with bigger ossification nuclei and less cartilage,
the consistency and correlation in FA measurement results
were similar between CT and MR, compared with the gold
standard. This suggests that CT has good reproducibility
only when there are more ossification components at both
ends of the femur.

3D-FSE-Cube is a promising MR imaging sequence that
allows the rapid acquisition of high-spatial resolution
isotropic data that can be reformatted in arbitrary planes,
making this modality ideal for evaluating body parts with
complex regional anatomy.'-**! The advantages of the
Cube technique include 3D imaging, as well as sensitive
and specific imaging of cartilage. In the present study,
the application of this MR technique in the 3D volume
scanning of piglet femur enabled a full view of the bone
and cartilage composition of the femur, from its head to
its distal portion, as well as of the adjacent acetabulum.
Because of the large scanning range and high resolution
of soft tissues, this modality may also be used to detect
the surrounding abnormalities and further to explore the
correlations between FA abnormalities and pathological
changes in bones, cartilages, or ligaments.[343%!

The present experimental study investigated piglet FA
measurement using different methods. However, as the
experimental animals were piglets with shorter femoral
necks, measurement errors may have occurred when
determining the femoral neck axis in any modality.
A longer femoral neck can be seen in pediatric CT/MR
examinations; this will facilitate the accurate determination
and measurement of the femoral neck axis. Our future study
objective is the applications of this experimental study to
pediatric patients.

In summary, MR is a unique tool which can achieve
noninvasive examination with zero-radiation, multiplane
imaging, and high soft tissue resolution. It has great potential
clinical value in providing a radiation-free FA measurement
method for tens of thousands of pediatric patients. 3D-MR FA
measurement can not only accurately measure the degree of
FA but also can provide a full view of other abnormalities of
the surrounding structures of the femur. If this experimental
study method could be used in clinics, we expect it to be a
beneficial supplement to the current examination methods
in the screening, diagnosis, and treatment of FA-related hip
diseases in children.
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