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ABSTRACT

Purpose: The anterior pelvic plane (APP) is commonly used as a reference plane to assess ace-
tabular orientation. However, conventional methods for determining the APP may not be accur-
ate and are prone to user variability. To overcome these issues, we developed a robust method
to accurately extract the APP independent of pelvic pose using three-dimensional pelvic com-
puted tomography (CT).

Materials and methods: Twenty-eight studies for suspected nonmusculoskeletal conditions
were obtained. The APP was determined by four landmarks that were automatically extracted
from user-defined regions of interest (ROIs) with compensation of pelvic pose. The APP defined
from these landmarks was quantitatively compared to the APPs determined by an expert and an
unskilled. Intraobserver reliability was measured to evaluate the time-interval variability. Finally,
we evaluate the robustness of this method to patient posture using an arbitrarily rotated vol-
ume. The intraclass correlation coefficients (ICCs) were calculated to determine the interobserver
and intraobserver reliabilities.

Results: The ICC values for the four landmarks and the APP were similar between the semiauto-
mated method and expert determination (ICC >0.937). The ICC values for intraobserver reliability
over time for our method were all 1, demonstrating high reliability. Furthermore, agreement
between the parameters determined from the original volume and the rotated volume was
nearly perfect.

Conclusions: Our method is a useful measurement tool for the APP as it is robust, and the
results were similar to an experienced surgeon’s determination. Furthermore, it was independent
to the direction of the CT slice and more robust than a measurement by an unskilled.

As alternatives to the 2D method, various 3D meth-
ods have been developed based on measurement of
the included angle between a reference plane and the
acetabular rim plane in three-dimensional computed
tomography (CT) slices. In general, three reference
planes have been utilized to measure acetabular orien-
tation: the plane recommended by the Standardization
and Terminology Committee of the International

Introduction

Analysis of the orientation and morphology of the hip
is important in both the medical and the research
communities. In particular, determining acetabular
orientation is a key aspect of pelvic studies in ortho-
pedic surgery. Conventionally, acetabular orientation
has been evaluated by measuring the included angle
between two lines on a pelvic X-ray image; one is the

line connecting the left and right pelvic tear drops,
and the other is the line connecting the rim points of
the acetabulum. Unfortunately, angles on 2D X-ray
images might not be reliable because projected lines
can change along the pose of the pelvis relative to
the X-ray generator in the same patient. This can
cause inaccurate results when time-term studies are
performed [1-5].

Society of Biomechanics (STC plane) [6]; the plane
established using the sacral base (SB) [7]; and the
anterior pelvic plane (APP) [8]. The STC plane is part of
the joint coordinate system and is the reference for
reporting hip joint motion. The SB plane is interpo-
lated from the mesh points on the surface of the
sacral base. Although accurate segmentation of the SB
is crucial, it remains challenging because of the
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difficulty in classifying voxels with ambiguity around
the edges [9]. The APP was described by Lewinnek [8]
as a commonly used reference plane for the assess-
ment of acetabular cup orientation after total hip
arthroplasty (THA). The APP is defined as the tangen-
tial plane of the pelvis determined by four pelvic land-
marks: the right and left anterior superior iliac spines
(R- and L-ASIS) and the right and left pubic tubercles.

Methods to automatically or manually determine
the APP have been developed. Fieten et al. [10] pro-
posed an iterative method based on the approximate
symmetry of the pelvic bone. However, the human
pelvis is not perfectly symmetric, so these authors per-
formed their computations based on approximated
symmetry. In addition, they did not compare their
results to those obtained by a highly experienced sur-
geon. Lobovsky et al. [11] manually selected landmarks
to derive the APP. This method is commonly applied
but is tedious and time-consuming. Furthermore, man-
ual selection methods can be inaccurate if not per-
formed by a well-trained user. The variability of
landmark selection can affect APP determination,
resulting in incorrect hip joint kinematics, operative
evaluation, and/or misalignment of acetabular cup
insertion during THA.

We developed a method in which landmarks are
automatically extracted by iterative compensation of
the pelvic pose after manually defining regions of
interest (ROIs) in 3D models extracted from CT volume.
To verify the robustness of our method, the resulting
landmarks and APP were quantitatively compared to
those determined by an expert and an unskilled.
Finally, intracbserver reliability was evaluated for dif-
ferent pelvic poses in the same CT volume [12,13].

The main objectives of this paper are to (1) present
a robust method for extracting the APP from a three-
dimensional pelvic CT volume that is independent of
pelvic pose and (2) to statistically quantify the reliabil-
ity and accuracy of this method.

Materials and methods
Materials

The institutional review board of our institution
approved this study. Twenty-eight pelvic CT studies for
individuals imaged for suspected nonmusculoskeletal
conditions were obtained from our institution’s data-
base. CT images were acquired using a 16-row mul-
tiple detector CT (MDCT) scanner (Somatom Sensation
16, Siemens Medical Solutions, Erlangen, Germany) or
a 64-row MDCT scanner (Brilliance 64-channel, Philips,
Netherland) using a standard protocol with settings of
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120 kVp, 170 mAs and collimation of 16 x 0.75mm.
Transaxial CT images were transferred to a
workstation.

The 28 CT pelvic scans (14 men and 14 women)
had a mean age of 51years (ranging from 14 to
75years), no apparent hip pathology and no previous
hip joint surgery. Image files standardized to the
Digital Imaging and Communications in Medicine
(DICOM) system for each patient were used for further
analysis.

APP extraction using a semiautomated method

Four anatomical points were used as landmarks for
determining the APP: the right and left anterior super-
ior iliac spines (R- and L-ASIS), and the right and left
pubic tubercles. We developed software using
Microsoft Visual Studio 2012 to manage the DICOM
files and implement our algorithm. The Visualization
Tool Kit (VTK) library [14] was used for data visualiza-
tion. Several processing techniques were implemented
across two phases to generate the APP.

In the first phase, for each CT volume, the pelvic
bone was obtained using denoising and segmentation
techniques. To reduce noise without loss of detail
from the CT volume, Gaussian filtering was applied
[15]. The pelvic bone was then segmented by the
technique called ‘Otsu’s thresholding’, which is a prob-
abilistic method for optimal segmentation that uses
the variance of the voxel intensities [16].

To robustly compute landmarks and extract the APP
in the second phase, we had to define the positions of
the four landmarks. In the actual computation, how-
ever, since the true APP is not known, we used an
iterative method (Figure 1). This method consists of six
steps: (Step 1) define the regions of interest (ROls);
four ROIs for each landmark are defined by the user.
(Step 2) define the pseudolandmarks: the most anter-
ior points are specified as pseudo landmarks, not true
landmarks. (Step 3) estimate the APP: a plane fitting
the pseudolandmarks is generated by the least-squares
method. This is the estimated APP, not the true APP.
(Step 4) rotate the pelvis so that the estimated APP is
aligned parallel to the anterior plane. The ROIs are
also moved in this step. (Step 5) repeat steps 2-4;
once the pelvis is rotated, the most anterior points in
the ROIs can be changed. Pseudolandmarks are auto-
matically defined, and the pelvis is rotated iteratively
through steps 2-4. The iteration is stopped when the
angle difference between the estimated APP of the
current iteration and that of the previous iteration is
less than one degree (<1°). Step 6 defines the true
landmarks and the APP; the pseudolandmarks from
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Figure 1. Iterative method for determining the APP consisting of the following six steps: (Step 1) Manually specify four ROIs (4
red boxes) for each landmark. (Step 2) Define the pseudolandmarks: the most ventral points (red point) in each ROI (red box) are
defined as the pseudo landmarks, not true landmarks. (Step 3) Estimate the APP (blue plane) using the least squares method.
(Step 4) Rotate the pelvis so that the estimated APP is aligned parallel to the anterior plane (green plane). (Step 5) Repeat steps 2
to 4 until the angle difference between the estimated APPs of the current and previous iteration is less than one degree. (Step 6)
Define the true landmarks and the APP: the pseudo landmarks from the last iteration are defined as the true landmarks, and the

APP fitting them (green plane) is defined as the true APP.

(b)

Figure 2. Examples of selected landmarks. The blue points were selected manually by an orthopedist; the red points were calcu-

lated using our method.

the last iteration are defined as the true landmarks,
and the APP fitting them is defined as the true APP.

Statistical methods to assess reliability

To quantify the accuracy and robustness of our
method, we analyzed the agreement between the

findings of a clinical expert and our method, the
results obtained by our method at different times, and
the robustness of the estimated APP to difference pel-
vic poses in the same CT volume.

To quantify agreement between our results and
those of a clinical expert, we used the intraclass correl-
ation coefficient (ICC). An ICC value close to 1



indicates excellent agreement when comparing two
methods. In contrast, an ICC value close to 0 indicates
poor agreement between two methods [17]. We used
SPSS software (version 21.0, IBM Inc., Chicago, IL) to
calculate the ICC, and the equation can be found in
[18]. To calculate the ICC for the landmark, 3D coordi-
nates (x, y and z) from the CT volume for two sets of
landmarks determined by our method and experts
were extracted. ICCs between two normal vector sets
from the two APP sets were calculated to verify the
degree of agreement for APP orientation. Moreover,
we also calculated errors to measure the differences
between our method and the expert determinations.
The means and standard deviations of the absolute
differences between the extracted landmark point sets
and the absolute angle differences between the nor-
mal vectors were calculated. For reference, the expert
and unskilled began with the initial DICOM images
and performed preprocessing to obtain the 3D pelvic
model, and each landmark was selected manually on
the 3D pelvic model. The ICCs and errors between our
method and the unskilled were calculated as well.

To measure and compare the robustness of our
results between the trials held at different times at
least 4 weeks apart, APPs from 28 CT pelvic scans
were extracted on two occasions using our method.
Each trial was performed independently. Two data sets
(3D coordinates of the landmarks and the normal vec-
tor of the APP) were compared between the trials by
calculating the ICCs. As a reference, the two data sets
obtained from the unskilled were obtained for the two
different points and analyzed as described earlier.

Finally, to evaluate the robustness of our method to
patient posture, two APP sets were extracted. One was
from the original CT volume, and the other was from a
CT volume arbitrarily rotated on an arbitrary axis by an
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angle between 15° and 30°. The ICC values for the
two normal vector sets from each volume were calcu-
lated to determine the extent of agreement.

Results

The agreement between our method and the expert's
determination was nearly perfect for the two sets of
landmarks that were compared (i.e. ICC=1) (Table 1).
The ICC values for the unskilled were relatively lower;
the differences between the x and z components were
especially large. These results indicate that the
surgeon’s determinations were more similar to our
method than those of the unskilled. The results for the
x and y components of the right pubic tubercle for
the unskilled trial showed similar errors, even though
the ICCs were different. The angle errors of the normal
vector also showed that the expert’s results and those
obtained using our method were similar.

Example landmarks for the APP are shown in
Figure 2. The blue points were selected manually by
an expert orthopedist, and the red points were calcu-
lated based on our algorithm. As is clear from this
image, the semiautomated method produced results
similar to those of the expert.

The ICC values for each method from two trials con-
ducted at least 4 weeks apart are presented in Table 2.
Our landmarks and APP estimates did not differ with
the time of trial (the values are all 1s). However, the
results of the unskilled were dependent on the time of
the trial (0.795-1). This result indicates that our semiau-
tomated method yielded more robust APPs than when
an unskilled operator specified the ROls.

Agreement between the two landmark sets was
very high when our method was used for different vol-
umes from the same patient (0.964-1) (Table 3). The

Table 1. Agreement in coordinates obtained using our method and those determined by experts and unskilled.

Expert rater vs. Our method

Expert rater vs. Unskilled rater

Measure X y X y z
Left ASIS

Icc 0.992 0.995 0.983 0.922 0.945 0.855

Error (mm)® 1.597 £1.253 1.989 +1.487 6.123 £3.149 4.281+3.443 4.771+4.288 10.468 + 6.338
Right ASIS

ICC 0.991 0.998 0.993 0.765 0.958 0.961

Error (mm) 2.941 £2.491 2257 £2.135 6.217 £3.786 7.043 £5.120 5.215+£4.593 4.207 +£8.268
Left pubic tubercle

ICC 0.947 0.994 0.964 0.756 0.947 0.879

Error (mm) 4.122+4.510 1.692+1.724 3.792+£3.299 8.268 +£5.908 5.789+5.746 5.057 £4.631
Right pubic tubercle

ICC 0.937 0.995 0.978 0.781 0.951 0.921

Error (mm) 4.310+3.884 1.434 +1.600 3.762+£2.648 6.149 £ 6.238 5.379+5.349 4.496 +3.200
APP normal vector

ICC 0.977 1.000 0.966 0.764 1.000 0.852

Error(mm) 1.553+1.374 4378 +2.681

Values are ICC scores with 95% confidence intervals (value of 0.90 to 1.00 for Cronbach’s alpha is considered almost perfect).

PValues are means and standard deviations of absolute differences.
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Table 2. Intraobserver ICC values® for the determination of landmarks and the APP on two separate occasions (n= 28).

Our method Expert rater Unskilled rater
Measure X y z X y z X y z
Left ASIS 1.000 1.000 1.000 0.981 0.991 0.969 0.924 0.945 0.861
Right ASIS 1.000 1.000 1.000 0.975 0.994 0.974 0.795 0.958 0.942
Left pubic tubercle 1.000 1.000 1.000 0.971 0.993 0.958 0.818 0.953 0.877
Right pubic tubercle 1.000 1.000 1.000 0.977 0.984 0.966 0.843 0.940 0.935
APP normal vector 1.000 1.000 1.000 0.958 1.000 0.978 0.834 1.000 0.867

The values for each method were calculated for two trials at least 4 weeks apart.

Table 3. ICC values for measuring agreement between ori-
ginal volume and rotated volume (n = 28).

Original volume vs. Rotated volume

Measure X y z

Left ASIS 0.964 0.999 0.987
Right ASIS 0.991 0.999 0.990
Left pubic tubercle 0.977 0.999 0.982
Right pubic tubercle 0.991 0.998 0.993
APP normal vector 0.991 1.000 0.998

Values are ICC scores with 95% confidence intervals (Cronbach alpha val-
ues of 0.90 to 1.00 are considered almost perfect).
The rotation angle range on the arbitrary axis was 15° to 30°.

agreement in parameter estimates between the ori-
ginal volume and the arbitrarily rotated volume was
almost perfect.

Discussion

We developed a robust method to determine the APP
as a reference plane for evaluating acetabular parame-
ters. The method was applied using ROI to extract four
landmarks. Using this methodology, the APP was
determined from 28 CT pelvic scans without apparent
hip pathology. Our method was independent of pelvic
pose and vyielded similar results to those obtained by
an experienced surgeon. This method for determining
the APP could be used as a stable reference for evalu-
ating the orientation of the acetabulum.

Generally, the APP is determined using two ASISs
and two pubic tubercles as anatomical reference
points. In 1922, Robinson et al. first described the APP
as the pelvic frontal plane [19]. In 1978, Lewinnek
et al. used a special positional reference for conven-
tional radiographs that defined the APP to measure
the inclination and anteversion of the cup [8]. In 1998,
Jaramaz et al. used the anterior pelvic plane to deter-
mine computer-assisted cup placement in THA [20].

Understanding the orientation of the acetabulum is
of key importance in many orthopedic procedures
including periacetabular osteotomies and the plan-
ning, execution and evaluation of total hip arthroplas-
ties. Abduction and anteversion angles have long
been recognized as the two main parameters that
define the geometry of the acetabulum. However,

abduction and anteversion angles cannot be reliably
evaluated on plain X-ray film because pelvic tilt can
change the measured angles of the native acetabulum
and the prosthetic acetabular cup by as much as 10°
[21,22]. To overcome these problems, many studies
have used 3D anatomical structures for CT volume
[4,7,9].

Although the landmarks defining the APP are obvi-
ous, the APP may not be accurate because of incor-
rectly designated landmarks in 3D CT slices. There are
two reasons for this: human (operator) error and the
thickness of the CT slices. With regard to the former,
the ASISs and pubic tubercles are ambiguous anatom-
ical structures that are difficult to represent precisely.
This can make it difficult for operators to recognize
the landmarks on CT slices. With regard to the latter,
landmarks may not be found if the landmarks are hid-
den between slices. Certainly, the greater the slice
thickness, the larger the potential error. In this case,
estimation methods, such as linear approximation, are
necessary to obtain more accurate landmarks. For ref-
erence, we reduced the error from the thickness by
using the CT volume, which has a thin slice thickness
(0.5 mm).

Few studies have investigated methods for deter-
mining the pelvic reference plane. Kobashi et al. [13]
proposed a method to determine the APP based on
anatomical points. In this method, an algorithm using
ROIs specified by quadrant in the CT volume calculates
each anatomical point. Even though this method
applies a calibration algorithm for CT poses using sil-
houette images, finding two landmarks in narrow
structures, such as the pubic tubercle, is difficult. In
some cases, one of two pubic tubercle points might
not be extracted appropriately (Figure 3). A second
method that involves selecting anatomical landmarks
for APP manually has inconsistencies because the ASIS
and pubic tubercle are ambiguous anatomical struc-
tures that are difficult to represent with specific points.
Furthermore, manual selection of landmark points on
CT images is tedious, time-consuming and error-prone
[11]. A third method utilizes the SB plane. A crucial
step when using this method is segmentation of the
SB; however, finding certain boundaries of the SB in



Figure 3. ROI for the CT volume specified by quadrant (the
APP might be based on fewer than four landmarks in some
cases).

CT slices is difficult [9]. A specific segmentation
method was not proposed in the method [7]; there-
fore, we could not evaluate its efficacy.

In order to avoid ambiguity, our semiautomated
method defines the APP using specified landmarks
detected by a computer program. The extracted ASIS
and pubic tubercle are the maximum ventral points in
user-defined ROIls without reference to patient
posture.

ICC values for landmarks found by our method and
those found by experts were higher than 0.937, which
was larger than the ICC values for landmarks desig-
nated by an unskilled and an expert (Table 1). Errors
between landmarks designated using our method or
by the expert were smaller than the errors when com-
paring landmarks between the unskilled and the
expert (Table 2). The ICC and error values indicate that
the landmarks and the APP determined by our semiau-
tomatic software were closer to the expert’'s determin-
ation than the unskilled.

We note that the ICC value may be different, even
if errors are similar. For example, the results for the x
and y components of the right ASIS for the unskilled
trial in Table 1 showed similar errors, even though the
ICCs were different. The low ICC and high error of the
x component of the right ASIS suggested bias.
Furthermore, the high ICC and high error of the y
component of the left ASIS suggested that the
unskilled tried to select points accurately without bias.
In fact, ICC was computed by quantification of the
agreement between two variables. In our experiments,
we selected landmarks in frontal view of the 3D space.
The anatomical structures of each landmark area were
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flat in the direction of sight. Therefore, the ICC values
for the y components were relatively higher than
those of the other components (Tables 1-3). The intra-
observer reliability between the points chosen by the
unskilled and by the semiautomated method suggests
that our method was robust for the same volumes
(Table 2). In contrast, the results of the unskilled
changed over time.

Our method was also robust to changes in pelvis
position (ICC >0.964). A change in voxel intensities
derived from interpolation in the rotation process can
affect the pelvic bone model so that the ICC values
were not 1 (Table 3). A strength of our method was
less dependence on the direction of the CT slice than
the expert’'s designations. Acetabular orientation can
therefore be accurately measured without reference to
patient posture.

Our study has several limitations. First, a method
using user-selected ROIs can be tedious. To overcome
this limitation, an automated method for specifying
each region is essential. This is still challenging, how-
ever, because landmark areas do not indicate how to
divide the CT volume by image processing. Second,
we focused only on healthy cases. To use our method
for subjects with implants, additional processes, such
as noise reduction of metal artifacts, need to be imple-
mented. Failure to remove metal artifacts around the
implant could result in false detection of landmarks.
Third, this method was developed using high-reso-
lution CT images, which expose patients to a large
amount of radiation. We hope to adapt this method to
pelvic MRI in the future. However, the CT images had
already been acquired, so our study did not impose an
additional burden on patients. Fourth, we evaluated
our method in a relatively small population of subjects
(nh=28).

Operative determination of the APP orientation is
difficult because the percutaneous palpation of bony
landmarks is not precise. Some studies have shown
that the APP is not appropriate for positioning the
acetabular components [23]. To our knowledge, there
is no reliable reference that can be easily identified
during an operation.

In conclusion, we developed a robust method for
measuring the APP using ROI boxes. The similarity in
the landmarks detected using our method and those
designated by an experienced surgeon indicate that
our method is a useful tool for determining the APP.
Furthermore, the method was not affected by the dir-
ection of the CT slice, and the landmarks were the
most ventral points. This suggests that robust and
accurate results can be acquired, even if unskilled uses
our method.
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