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It is strongly challenging to obtain functional movement of the pelvis based on
the three-dimensional (3D) dynamic anterior pelvic plane (APP) orientation
information. This study provided the 3D APP orientation measurement
technique by registration with an inertial measurement unit (IMU), and its
reliability was tested. The local coordinate systems of the APP and the IMU
sensor were registered using two images of the pelvic part from the frontal
and left sagittal views in a neutral standing posture. Then, the measurement
errors in the APP orientation were analyzed by comparing the values
obtained from manually measured four points in the IMU sensor and the
known exact values in 10 different postures. Moreover, the errors between
values obtained from manually measured three anatomical points and the
known exact values were also compared. The average errors were quite
small (less than 0.6°) when measuring from three anatomical points and
were acceptable (1.6°-3.4°) when measuring from four points in the IMU
sensor. These results indicate that the measurement of APP direction using
four points in the IMU sensor could be considered reliable in terms of intra-
participant and inter-participant. The present technique to register the IMU
sensor position and the APP direction by taking X-ray images from the
frontal and sagittal directions can be fundamental information to measure
the APP direction during dynamic motion when the IMU position is obtained
from the IMU sensor data instead of the four-point location information.
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Introduction

Total hip arthroplasty (THA) is a highly successful surgical intervention to restore
the hip joint function and relieve pain in patients with symptomatic end-stage
osteoarthritis (OA) of the hip (1). THA is also the primary treatment method for
femoral neck fracture and osteonecrosis of femoral head (1). The anterior pelvic plane
(APP) formed by the bilateral anterior superior iliac spines and the upper margin of
the pubic symphysis was regarded as an anatomical reference for the navigation
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system during THA (2, 3). The pelvic tilt (PT) was defined as
the angle of the APP relative to a vertical axis, and many
reports denoted a certain relationship between PT and
acetabular anteversion and lumbar back deformity (4, 5).

Several useful radiological-imaging techniques have been
reported to obtain the APP orientation (6-12). Radiological
imaging was limited to a certain posture and it merely provided
the frontal and sagittal views (6-10). The computed tomography
and ultrasound device can provide a three-dimensional (3D)
reconstruction of the pelvic bony model to analyze the normal
direction of the APP plane, but these methods easily led to APP
orientation errors because of soft-tissue thickness (6-10). The
EOS imaging system can provide a high-quality image and is
reliable for assessing the APP orientation with lower radiation
(11, 12). However, it can only provide a static posture and is
also difficult to maintain in proper position while taking
measurements. Therefore, a 3D pelvis-motion measurement
system will be useful in clinical fields since it can resolve certain
weaknesses in previous technologies.

Recently, inertial measurement units (IMUs) have been widely
utilized in clinical and rehabilitation settings. The IMU is a small
electric device that measures velocity and acceleration, angular
velocity and acceleration, and orientation of the body using
(13-17).
Functional movement of the lumbar spine was measured with the

accelerometers, gyroscopes, and/or magnetometers

IMUs for assessment of movement-related disorders (13). The
IMU-based wearable device has been used for measuring spinal
shape and posture (14-16) and performing sport motion analysis
(17). Moreover, the PT was analyzed using one IMU sensor (18,
19). However, it is strongly challenging to obtain functional
movement of the 3D dynamic APP orientation information. This
study provided the 3D APP orientation measurement technique
by registration with an IMU, and its reliability was tested.

Materials and methods

The 3D orientation of APP can be represented by two
linearly independent vectors: a normal vector to APP and a
vector included in the APP (20). The following procedure
aims to find two vectors to represent the APP from the
position information of the IMU sensor.

The local coordinate system for the IMU sensor can be
defined by four points (end points of the horizontal and
vertical bars attached to the IMU sensor), while the local
coordinate system for the APP can be defined by three points
(two anterior superior iliac spine points and a marginal point
on the pubic tubercles). Two images of the pelvic part from
the frontal and left sagittal views in a neutral standing posture
were used to register the local coordinate systems of the APP
and the IMU sensor (Figure 1A). The two images were
obtained by virtually projecting a 3D pelvic bony model with
the IMU sensor from the frontal and left sagittal views, where
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the 3D pelvic model was developed in our previous study
(21). Those images included the four points (P, P,, Ps, and
P;) from the IMU sensor and the three points (Ps, P,
and P;) from the APP. Here, P, and P, were the top and
bottom end points of the vertical bar, and P; and P, were the
left and right end points of the horizontal bar. Ps and P; were
the left and right anterior superior iliac spine points, and Pg
was the marginal point on the pubic tubercles. The x-, y-, and
z-axes in the global coordinate system were from left to right,
from back to front, and from bottom to top, respectively.

In the frontal and left sagittal figures, the top left corner points
were set as the origins O and Os. Next, the horizontal and vertical
distances in pixel from O to P; (1 < i < 7) were defined by NF;;
and NF;,. Similarly, the horizontal and vertical distances in pixel
from Og to P; (1 <i < 7) were NS;; and NS;,.

Let us define v; = ﬁ and v, = m for the local
coordinate system of the IMU sensor and v; = ITP; and
vy = m for the local coordinate system of the APP.
However, the scales of the frontal and left sagittal figures may
not match. Since the real distance of P; and P, in the z-
direction in each figure should be the same,
UF = NF,, — NF;, and US = NS,, — NS, , represented the
same length. By assuming the UF and US as a unit length in
each figure, the vector FP} can be obtained with NF;;, NF,,,
NS, and NS;, (1 <i<7)as

. [NFy —NF;; NS; —NS;,
bp; = , ,
UF UsS
1 NFi,z — NFj,z n NS,‘)Z — NS]‘,Z
2 UF [ON

where the x-component and y-component are normalized by
the UF and US, respectively, and the z-component is the
mean of z-components normalized by the UF and US. Then,

— — —_— —
vi = PP, va = P3Py, v3 = PsPs, vy = PsPg

represented by

and are

— NFZ,I — NFl,l NSz,l — NSl,l
v =hh= UF  Uus
l NFz)z — NFlyz i NSZ,Z — Nsl,z
2 UF US
— NF3,1 — NF4)1 NS3,1 — NS4,1
V) = P3P4 = 5 5
UF US
1 (NF3; — NFy n NS3, — NS4
2 UF UsS
— NFs; — NF;; NSs; — NS7,;
V3 = P5P7 = 5 5
UF UsS
1 (NF5; — NF7, n NS5, — NS;7,
2 UF UsS
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< Frontal view >

< Frontal view >

FIGURE 1

Frontal and left sagittal images of pelvic model, including the IMU sensor and the APP. (A) Neutral standing posture. (B) Flexion 30° posture.

< Left sagittal view >

< Left sagittal view >

— NFs; — NFg; NSs5; — NSq;
vy = PsPs = - =, . =,
UF US
1 (NFs; — NF» n NS5, — NSe
2 UF UsS

Three unit vectors, u; =v;/|[n1]l, uy =w/||»||, and
Uz = u; X Uy, construct an orthonormal basis for the local
coordinate system of the IMU sensor. Let the 3 x 3 matrix U
be Uy = [u;:uz:u3]. Moreover, another three unit vectors,
ug = v3/||vsl|, us =wvs/||v4|], and wus = uy4 X us, represent
the APP orientation, where ug is the normal vector to the
APP, and uy is a vector included in the APP from left to
right anatomical points. Two vectors, ug and uy, are used as
reference unit vectors to estimate the APP orientation in other
postures.

To geometrically understand us and uy, the latitude and
longitude concepts are introduced. The latitude 6., of a
vector is defined as an angle between the vector and the
xy-plane, where the +z direction is +90° and the -z direction
is -90°. The longitude 6p,,, of a vector is defined as an angle
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FIGURE 2
Definition of the latitude and longitude of a vector.

between the vector and zx-plane, where the x-direction is 0°
and the y direction is 90° (Figure 2).

In an arbitrary posture, the normal vector to the APP and the
vector from the left to right anatomical points can be estimated
when frontal and left sagittal figures are given, only including
the four end points in bars attached to the IMU sensor. Let the
four points be Py, P,, P35, and P,. As in the neutral standing
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posture, three unit vectors, 2, i, and #3, can be obtained and
construct an orthonormal basis for the local coordinate system
of the IMU sensor in an arbitrary posture. Let the 3 x 3 matrix
U be U = [u;:uyius]. Under the assumption that the IMU
sensor and the APP were attached to the pelvis, the normal
vector to the APP i and the vector from left to right
anatomical point #4 in the arbitrary posture can be estimated
as g = UU; 'ug and 21y = UU; 'uy (Figure 1B). Let ay, and
@rong be the latitude and longitude of #s, and By, and By,
be the latitude and longitude of 4.

Two vectors, # and iy, also can be obtained using Ps, Ps, and
P;, which are three anatomical points in the arbitrary posture.
Two calculation methods should result in the same vectors
based on the fundamental linear algebra. However, there may be
measurement errors when obtaining P; and P; (1 <i < 7) since
the pixel values of points are manually measured.

To investigate the reliability in measuring the 3D APP
orientation only using positional information from one IMU
sensor, 10 volunteers (26.1 + 3.5 years old, visual acuity 0.86 +
0.45) participated in the test experiment with the written
informed consent. An Android tablet (Samsung Galaxy Tab

baysaa | Set: 1| Frontalview | Extension 30"

FIGURE 3
Android tablet/pencil used in the experiment.

TABLE 1 Errors from manually measured three anatomical points (unit: °).

10.3389/fsurg.2022.1011432

$3 9.7, Korea) was used to collect point data and touch pencil
was used to mark the four points in the IMU sensors and the
three anatomical points (Figure 3). Each participant clicked
seven points on frontal and left sagittal images from eleven
different image sets and repeated the experiment five times
with randomly reordered image sets.

The 11 image sets were obtained using the 3D pelvic bony
model: (1) neutral standing posture, (2) flexion 15° (3)
extension 15° (4) extension 30°, (5) right rotation 15°, (6) right
rotation 30° (7) left bending 15° (8) left bending 30° (9)
extension 15° and right rotation 15° (10) right rotation 15°
and left bending 15°, and (11) extension 15° and right bending
15°. First, the 3D pelvic bony model (21) with the IMU sensor
was set to the given posture among the 11 postures using
commercial CAD software. The images were then taken by
projecting the 3D model from frontal and left sagittal views.
Thus, the exact values of g, Arong, By and BLong in a given
posture were known. Then, the measurement errors in ag,,
QLongs Brap and P, were analyzed by comparing the values
obtained from manually measured four points in the IMU
sensor and the known exact values. Moreover, the errors
between values obtained from manually measured three
anatomical points and the known exact values were also
compared. The average errors of all participants’ results from
five trials were analyzed. The interclass correlation coefficients
(ICCs) among 10 participants for ara, @rongs Bra and Broyg
were investigated in each measurement cases, using four points
in the IMU sensor and using three anatomical points.

Results

Table 1 shows the average and standard deviation (SD) of
errors in @, Arong> Prap and B,y of 11 image sets for each
participant when the error was calculated from three
anatomical points. Additionally, the average+SD of 10

Participant Error in aj, Error in agre,y Error in 3;,, Error in B;,,,
Average SD Average SD Average SD Average SD

1 0.3 02 0.3 03 02 0.1 03 04

2 0.8 04 0.8 0.6 04 03 0.7 0.6

3 0.7 05 05 04 03 02 05 04

4 0.7 03 0.7 0.7 03 03 0.7 0.7

5 0.5 03 05 04 03 03 04 04

6 0.7 04 0.7 0.8 05 05 0.6 0.8

7 05 02 04 05 03 02 04 05

8 0.7 0.3 05 0.4 03 02 05 04

9 0.6 02 04 03 02 0.1 04 0.3

10 04 0.1 0.3 03 02 0.1 03 03

Average + SD 0.6+0.2 0.3+0.1 0.5+0.2 0.5+0.2 03+0.1 02+0.1 0.5+0.2 0.5+0.2
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TABLE 2 Errors from manually measured four points in the IMU sensor (unit: °).

Participant Error in ajq Error in oy, Error in 3;,, Error in B,,,
Average SD Average SD Average SD Average SD

1 33 0.6 1.0 0.6 13 03 12 0.7

2 3.7 14 3.1 2.0 1.6 0.7 3.0 1.6

3 33 0.3 17 1.0 17 1.0 1.9 11

4 3.8 1.0 32 14 22 1.1 32 1.8

5 33 0.9 1.9 1.0 17 0.6 19 1.0

6 4.0 1.6 3.8 14 25 0.7 3.7 17

7 3.0 0.8 14 11 13 04 17 0.9

8 3.6 12 1.6 0.7 1.6 05 1.6 0.7

9 33 0.7 12 0.7 11 03 1.4 0.6

10 3.1 0.5 12 1.0 14 0.4 16 0.8

Average = SD 34203 0.9+ 0.4 20%1.0 1.1+04 1.6+0.4 0.6%0.2 21%08 1.1£04

averages were provided as 0.6° £ 0.2° 0.5° £ 0.2°, 0.3°+ 0.1°, and cup position in THA as a safe zone (2). Wang et al

0.5°+0.2°, while the average+ SD of 10 SDs were 0.3°+0.1°, demonstrated seventy-five percent of the errors across all

0.5°+0.2° 0.2°+0.1° and 0.5°+0.2° in @ra, QLong> Bra» and measurements were within 5° of the radiograph measurements

Brong- All averages and SDs were less than 1° The ICCs (19). Kalteis et al. showed that the precision of acetabular cup

among 10 participants for ara, Qrong, Brap and By, were inclination and anteversion were 3° and 10° with plain X-rays,

0.9954, 0.9058, 0.9967, and 0.9979, respectively. while those were approximately 2° with CT-scan (22). In
Table 2 shows the average and SD of errors in oy, QLongs addition, the SDs for the image set and the participant, which

Brar» and Bi,,, of 11 image sets for each participant when were related to the variability according to the image set and

using four points in the IMU sensor. The average + SD of 10 the participant, were also very small (less than 1.4° and 1.1°).

averages were also presented as 3.4°+0.3° 2.0°+1.0°, 1.6°+ Similar to the measurement from three anatomical points, the

0.4°, and 2.1°+0.8°, while the average +SD of 10 SDs were ICCs for four angles were greater than 0.9. These results also

0.9°+0.4°% 1.1°£0.4° 0.6°£0.2° and 1.1°+0.4° in @rar, Qrongs indicate that the measurement of APP direction using four

Bra> and B;,,. The maximum average and SD of errors were points in the IMU sensor could be considered reliable in

4.0° in «ay, for participant 6 and 2.0° in ULong for participant terms of intra-participant and inter-participant.

2. The ICCs among 10 participants for aras, Qrong> Bras and The technique presented in this study, the registration of the

Brong Were 0.9933, 0.9668, 0.9933, and 0.9671, respectively. IMU sensor position and the APP direction determined from

three anatomical points and four IMU points by taking X-ray
images from the frontal and sagittal directions, can be applied

Discussion to measure the APP direction during dynamic motion when
the IMU position is obtained from the IMU sensor data
In measuring from three anatomical points, the average instead of the four-point location information. In future
errors in @rar, Xrong> Prap» and Pie,, were quite small (less study, the registration of the IMU position from four points
than 0.6°). The SDs for the image set and the participant, and the IMU position data from the three inside sensors
which were related to the variability according to the image (accelerometers, gyroscopes, and magnetometer) can be
set and the participant, were also very small (less than 0.3° completely obtained by calculating the orthonormal matrix
and 0.5°). Moreover, the ICCs for four angles were greater from the local coordinate system in the IMU sensor position
than 0.9. These results indicate that the measurement of the to that in the IMU sensor data. Then, the APP direction can
APP direction using three anatomical points could be be predicted from the IMU sensor data.
considered accurate; thus, it can be used as the true value of There were limitations in this study. Various anatomical
APP direction due to the difficulty in the direct measurement and biomechanical factors, which could generate additional
of the APP direction in a common clinical setting. error such as the soft tissue tension, contracture, and skin
In measuring from four points in the IMU sensor, the movement as well as the body mass index and pelvic
average €rrors in @ra, Qrong, Brap and PBi,,, were acceptable deformation, should be considered in order to enhance the
(1.6°-3.4°) in comparison with errors or variations (2°-10°) clinical relevance. In addition, more participants can improve
provided in previous studies (2, 19, 22). Lewinnek et al. statistical confidence since the sample size of study (10
proposed 10° of margin in inclination and an anteversion of participants) was relatively small.
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Conclusion

This study provided the 3D APP orientation measurement
technique by registration with an IMU, and its reliability was
tested. The measurement errors in the APP orientation were
analyzed by comparing the values obtained from manually
measured four points in the IMU sensor and the known exact
values in different postures. Moreover, the errors between
values obtained from manually measured three anatomical
points and the known exact values were also compared. The
average errors were quite small when measuring from three
anatomical points and were acceptable when measuring from
four points in the IMU sensor. The ICCs among participants
were greater than 0.9 in both measurements. These results
indicate that the measurement of APP direction using four
points in the IMU sensor could be considered reliable in
terms of intra-participant and inter-participant. The present
technique to register the IMU sensor position and the APP
direction by taking X-ray images from the frontal and sagittal
directions can be fundamental information to measure the
APP direction during dynamic motion when the IMU
position is obtained from the IMU sensor data instead of the
four-point location information.
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