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Abstract

Background Pelvic flexion affects orientation of the
acetabular cup; however, pelvic position is not static in
daily activities. During THA it is difficult to know the
degree of pelvic flexion with the patient in the lateral
position and that position is static. However, surgeons need
to appropriately determine pelvic tilt to properly insert the
acetabular component.

Questions/purposes We investigated the reliability of
pelvic flexion angle that was measured by manually iden-
tifying the location of the pubic symphysis and bilateral
anterior superior iliac spines using synthesized lateral
radiographs.

Methods We synthesized 49 lateral radiographs based on
CT data. Each of the 49 radiographs had a unique position:
7° of varying lateral tilt and rotation in each of seven
selected pelvic flexion angles. The pelvic flexion angle was
measured three times by three independent observers in
each position and determined the accuracy (based on the
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true value from the reconstructions) and reliability of the
measures.

Results  The measurement error was 0.1° (range, —4.8° to
4.0°). There was a tendency for errors when the pelvic
flexion angle was 0° or &= 5°; the errors were less when the
pelvic flexion angle was £ 10° or & 20°. Lateral tilt was
associated with greater error than rotation. The intraclass
correlation coefficient (ICC) of the average value was
0.967. For one observer, more than two measurements are
necessary for the ICC to be greater than 0.8, and only one
measurement was needed for two of the three observers.
Conclusions Our data suggest measurement of pelvic
flexion angle using lateral radiographs is reliable. We
recommend the measurement be performed once by two
observers for better reliability.

Introduction

Orientation of the acetabular and femoral components in a
THA is important to prevent malpositioning that may cause
impingement of these components with subsequent
dislocation, acceleration of polyethylene wear, and pain
[10, 13, 24].

There is no consensus regarding the safe zone for
implantation of a prosthesis in a THA. Some authors
consider combined anteversion, the sum of the anteversion
of the acetabular and femoral components, important [6,
21, 23]. However, pelvic position is not static; it is dynamic
during standing, lying, sitting, and other daily activities and
pelvic flexion might affect implantation of the acetabular
cup [5, 11, 16, 22]. The same anteversion angle relative to
the bony landmark cannot be used universally for all
patients because many surgeons, especially those who
perform THAs with patients in the decubitus position, use

@ Springer



1272 Imai et al.

Clinical Orthopaedics and Related Research®

the operative definition of Murray [14]. It is important to
know the appropriate pelvic tilt to insert the acetabular
component in the best position for a given patient.

Pelvic tilt may be measured from lateral radiographs
[3, 7, 11, 12] or by using a software for reconstruction of
a three-dimensional (3-D) model from CT scans for plan-
ning or simulation of implantation or a CT-based surgical
navigation system [2, 15, 17]. Although the various
alignment parameters can be calculated with an accuracy of
1° and 1 mm using 3-D CT scans [9], this requires added
expense and radiation exposure. Many measurements
reflecting pelvic flexion can be measured on lateral radio-
graphs. These include (1) pelvic flexion angle, which is the
angle between the line connecting the bilateral anterior
superior iliac spine (ASIS) and the pubic symphysis with
the vertical line; (2) the pelvic angle, which is the angle
between the line connecting the posterior superior corner of
vertebra S1 to the bicoxofemoral axis and the vertical line;
(3) pelvic tilt, which is the angle between the line con-
necting the midpoint of the sacral plate and the axis of the
femoral heads with the vertical line; and (4) sacral slope,
which is the angle between the superior plate of S1 and the
horizontal line (Fig. 1).

Measurements from lateral radiographs are easy to
acquire and inexpensive [7, 11, 18, 20]. The pelvic flexion

Fig. 1 Methods for measuring pelvic flexion angle from a lateral
projection radiograph of the pelvis are shown. The anterior pelvic
plane (APP) angle is the angle between the line connecting the
bilateral ASIS and the pubic symphysis to the vertical line (V); PA is
the angle between the line connecting the posterior superior corner of
S1 to the center of the femoral heads (C) to V; pelvic tilt (PT) is the
angle between the line connecting the midpoint of the sacral plate to
C and V; sacral slope (SS) is the angle between the superior plate of
S1 and the horizontal line (H).
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angle decreases (ie, is posteriorly tilted) 3° to 5° from the
standing to supine positions [2, 15] and before and after
THA [15, 17]. Eckman et al. [7] reported similar accuracy
when measuring pelvic flexion angle on synthesized lateral
radiographs from CT scans. Eckman et al. [7] reported an
interobserver reliability of measuring the anterior pelvic
plane (APP) angle using synthesized lateral pelvic radio-
graphs from a CT-based surgical navigation system of 0.99.
Furthermore, they found an interobserver error of approx-
imately 4° to 6°, although the authors reported a correlation
of 0.97 to 0.99. They did not report intraobserver reliability
although they did report high interobserver variability.

We therefore investigated: (1) the reliability of single
and multiple measurements of pelvic flexion angle;
(2) related factors contributing to the measurement errors
using a synthesized pelvic model configured from the
pelvic flexion angle, lateral tilt, and external rotation of the
pelvis; and (3) the number of times the surgeon should
make the measurement to obtain a reliable value.

Patients and Methods

We used the CT scan of a 35-year-old woman referred to
our institution for evaluation of femoroacetabular
impingement. She had no abnormalities in the lumbar
spine; in particular, there was no evidence of spon-
dylolisthesis or spondylosis. The acetabula and femoral
heads on both sides appeared normal on AP and lateral
radiographs. We reconstructed the pelvis model using the
Zed Hip®™ system (Lexi, Tokyo, Japan) (Fig. 1). This was
used for 3-D assessment of lower extremity alignment as
described previously [1, 9, 18]. One of us (NI) synthesized
pelvic models. According to our preliminary study of 3-D
measurements, at least 90% of patients with osteoarthritis
had an APP angle of —20° to 20° for flexion and extension,
respectively, and within 6° lateral tilt when in the standing
position. Based on this, we first defined the APP angle in
the following seven categories: —20°, —10°, —5°, 0°:
parallel to the vertical line, and +5°, +10°, +20°. Next,
lateral tilt (Lt) and rotation (R) were assigned to each
pelvic model corresponding to each of the seven different
APP angles, respectively, in the following seven catego-
ries; Lt0°~R0°: parallel to APP, Lt3°-R0°, Lt6°-R0°, Lt0—
R3°, Lt0°-R6°, Lt3°-R3°, and Lt6°-R6°. Therefore, we
synthesized 49 (seven x seven) 3-D pelvic models. We
then synthesized a 2-D lateral radiograph using these 49
pelvis models; all pelvis models were projected to the same
sagittal plane; therefore, we synthesized 49 different lateral
radiographs of the pelvis.

Because multiple positioning factors might influence
reliability, we identified flexion, tilt, and rotation on the
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synthesized images. All the values of the synthesized APP
angle were true values because once we registered the
bilateral ASIS and pubic symphysis, we could synthesize
flexion, rotation, and lateral tilt of the pelvis digitally. The
measurement error was defined as the difference between
the true value of the pelvic flexion angle and its measured
value.

Three orthopaedic surgeons (HS, RT, YH) measured the
APP angle (Observers A, B, and C) on the simulated lateral
radiographs [7]. Data collection and analysis were per-
formed by an independent evaluator (NI) who was not one of
the observers. The three observers measured 49 shuffled
simulated lateral pelvic radiographs; all the images were
arranged in random sequences and were assessed three times
each by three individuals (ie, 441 measurements). All nine
sets of radiographs were arranged in different sequences
three times at 1-week intervals. Horizontal and vertical
frames were established by using the software that was used
for analysis regardless of pelvic flexion, tilt, and rotation; all
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Fig. 2 The relationship between the anterior pelvic plane (APP)
angle and the number of measurement errors greater than 2.5° is
shown. When the APP angle was within & 5°, the number of
measurement errors was substantially less than when the APP angle
was within &= 10° to & 20°.

reference frames were based on the standing position. The
origin of the pelvic anatomic coordinate system was defined
as the pubic symphysis. The X axis was the transverse axis,
defined as a parallel line from the left ASIS to the right ASIS.
The Z axis was perpendicular to the X axis in the plane of the
APP. The Y axis was perpendicular to the APP. The APP
angle was measured as the angle between the line connecting
the bilateral ASIS to the pubic symphysis and the vertical line
(Fig. 2). If a gap was present between the two ASIS (rather
than coincident or overlapping), the observers measured the
angle between the lines connecting the midpoint of the two
ASIS as reported by Eckman et al. [7]. This was done in 378
of the 441 cases.

To test the intraobserver and interobserver reliabilities,
we calculated the intraclass correlation coefficient (ICC)
and two-sided 95% CIs for each pairing of assessors using
a weighted calculation. We showed the interobserver and
intraobserver errors by using the ICC. We used multiple
regression analysis to determine which of the following
factors contributed to this measurement error: Lt§, Lté, R§,
and R6. We calculated how many times the observers
might have to repeat the measurement to obtain an ICC
greater than 0.8 using the Spearman-Brown formula as
follows:

k= p2(1—pl)/pl(1 - p2)

where k is the number of times the observer(s) may have to
repeat the measurement, pl is the true value of the ICC,
and p2 is the target value of the ICC (0.8 in this analysis).
Statistical analysis was performed using SPSS software
(SPSS, Inc, Chicago, IL, USA).

Results

The mean measurement error between the true and measured
values of pelvic flexion was 0.1° (range, —4.8° to 4.0°)
(Table 1). The ICC score of the single measurement value
for the ICC was 0.767 and the average value was 0.967
(Table 1). According to multiple regression analysis, lateral

Table 1. Mean values of the anterior pelvic plane as measured by three independent observers

Measurement Total Observer A Observer B Observer C
Difference from true value* (degrees) 0.11 + 1.59 0.29 + 1.42 —-0.03 £ 1.76 0.10 &+ 1.57
Range (degrees)" —4.8 to 4.0 —2.8t0 3.7 —4.8 to 4.0 —3.21t03.5
ICC (single measure) 0.767 0.803 0.705 0.829

95% CI 0.686-0.841 0.707-0.867 0.577-0.808 0.744-0.893
ICC (average measure) 0.967 0.924 0.878 0.936

95% CI 0.952-0.979 0.879-0.955 0.804-0.927 0.897-0.962
p value < 0.001 < 0.001 < 0.001 < 0.001

* Average + SD, Tminimum value, maximum value; ICC = interclass correlation coefficient; CI = confidence interval.
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tilt and rotation were considered to affect measurement error
and lateral tilt was associated with greater error than rotation
(Table 2). Based on the Spearman-Brown formula, an ICC of
0.80 identifies a highly reliable parameter (see Methods
section). Accordingly, we calculated a kappa value that the
number of measurements required by each observer to
increase the ICC score greater than 0.8 varied between three
and nine times for one observer, two to seven times for two
observers, and four times for three observers.

In the case of one of the observers, more than two
measurements were necessary for the ICC to be greater
than 0.8, whereas only one measurement was needed for
two of the three observers (Table 3).

Discussion

Computer-assisted navigation systems decrease the number
of outliers regarding positioning of acetabular components
[16], whereas mechanical acetabular guides for intraoper-
ative alignment often are insufficient to achieve the desired
implant orientation [4]. Ishida et al. [8] reported a reliable
way to assess the APP angle on lateral radiographs. Some
investigators suggest combined anteversion of the acetab-
ular and femoral components is important to avoid
impingement of the components [4, 21, 23]. However, in
two of these studies, positions were calculated using
computer simulations and mathematical formulae [21, 23].
Subsequently they may be positioned incorrectly if the
acetabular component is placed relative to the bony anat-
omy without considering the pelvic flexion angle of each
patient. Surgeons therefore may need to accurately identify

Table 2. Multiple regression analysis for lateral tilt and rotation

Independent variable Odds ratio 95% CI
Lateral tilt of the pelvis 2.60 1.416, 4.786
Rotation of the pelvis 1.77 1.004, 3.130

CI = confidence interval.

the position of the pelvic flexion angle because positioning
of the acetabular component relative to the femoral com-
ponent will change according to the change of pelvic
flexion. The assessment of the pelvic flexion angle from
lateral projection radiographs is convenient, inexpensive,
and widely used [7, 8]. In the current study, we showed that
measurement of the pelvic flexion angle from lateral
radiographs is clinically reliable.

There were limitations to our study. First, we used
synthesized images for the measurements rather than the
original images. We frequently had difficulty identifying
the ASIS and pubic symphysis owing to low bone density,
overlap of the pelvis, image contrast, and soft tissue arti-
facts. The images used in this study, therefore, may have
been easier to measure than the original radiographs, pos-
sibly resulting in smaller measurement error. Although
Eckman et al. [7] reported the accuracy of lateral radio-
graphs for measuring the pelvic flexion angle, one outlier
with an error of 12.4° was observed. We suspect the
observers tended to define the ASIS anteriorly when the
pelvis was flexed anteriorly; therefore, APP angle seemed
to be higher. Similarly, they might have tended to define
the ASIS posteriorly when the pelvis was extended poste-
riorly; therefore, the APP angle seemed to be lower. We
observed a tendency of errors greater than 4 2.5° when
the APP angle was 0°, +5°, and —5° than when the APP
angle was +10°, —10°, 4+20°, or —20° (Fig. 2). The ASIS
was observed twice in almost all the cases when the pelvis
was rotated. However, we speculate that when the pelvis
was tilted laterally, one of the ASIS may overlap with the
iliac crest and it may be difficult to define in some cases.
For that reason, we recommend measurement by at least
two observers, although we observed high reliability with
one of our three observers. Second, it is unclear how large
the distance between the two ASIS projected onto a plane
is acceptable from our observations. Ishida et al. [8]
obtained repeat radiographs when they found a large gap
between the two ASIS. Our findings seemed to confirm
smaller errors in measurement with smaller gaps between

Table 3. The number of repeat measurements required of the APP angle

Observer A B C A and B B and C Cand A All
Difference from true value* 029 =142 —-0.03+176 010+ 157 0.13£158 004166 0.19+149 0.11 £ 1.59
(degrees)
Range (degrees) —2.8, 3.7 —4.8, 4.0 —-3.2,35 —4.8,4.0 —4.8, 4.0 —-3.2,3.7 —4.8, 4.0
1CC 0.803%#%* 0.705%* 0.829%%* 0.883 0.872 0.808 0.897
95% CI 0.707, 0.867  0.577, 0.808 0.744, 0.893  0.793, 0.934  0.774, 0.928  0.649, 0.888  0.827-0.940
p value < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
k value - 1.6 - - - - -

APP = anterior pelvic plane; ICC = intraclass correlation coefficient; CI = confidence interval; k = number of repeat measurements required,

* mean =+ standard deviation, ** single measurement.
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the two ASIS. Third, it is difficult to make any recom-
mendations on the accuracy achievable through this
process because we do not know the accuracy required to
reduce long-term wear and improve survival.

We observed that the measurement error was 0.1° on
average and the ICC was high similar to those reported by
Eckman et al. [7]. Therefore, measurement of the pelvic
flexion angle using a lateral radiograph of the pelvis was
considered a reliable method whereas lateral radiographs can
be easily acquired, convenient, and inexpensive [3, 11, 12].

We found the ICC increased to greater than 0.8 when
one observer measures twice or more and when two
observers measure one time each. Therefore, we believe
that the average value of one observer measuring twice or
more and two observers measuring once provides a reliable
value whereas lateral radiographs can be easily analyzed
[7].

We also showed that less pelvic rotation and lateral tilt
appear to decrease the measurement error. We believe the
measurement error can be decreased to correct pelvic
rotation and lateral tilt during radiographic examination.
These data suggest that pelvic flexion angle measurements
were considered clinically useful.

When surgeons measure the pelvic flexion angle, the
measurement may not correspond to the true value. In most
cases, we measured the image of the same patient two or
more times to determine the intraobserver variability. The
intraobserver and interobserver variabilities should be low
(high ICC) with a minimal risk of outliers. We found a
tendency for less likelihood of errors greater than 2.5°
when the APP angle was 0° or & 5°. Nishihara et al. [15]
reported the pelvic flexion angle was within & 10° in
almost 80% of patients undergoing THA. We found that
when the APP angle was —10° to +10°, the measurement
error was decreased. Since the errors were lower, pelvic
flexion angle can be considered clinically useful in many
cases. Moreover, lateral tilt and rotation were considered
risk factors for measurement errors greater than 2.5° and
lateral tilt was associated with greater error than rotation.
We may be able to reduce the measurement errors if the
rotation is corrected, for example, if the bilateral ASIS is
positioned perpendicular to the x-ray film for a lateral
radiograph. In standing and sitting positions, lateral tilt
may not be corrected. However, in the supine position, we
may be able to correct not only lateral tilt, but also rotation.
With this method, the measurement errors may be reduced
and reliability may be improved.

We found less measurement error with less pelvic
rotation and lateral tilt. We believe the measurement is best
made once by two observers.
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