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ABSTRACT

Introduction: The wing of ilium bone has a very complex shape and therefore requires a series
of measurements. For complete morphometry, we suggest 22 parameters and statistical
approach, which allows to generate 12 parameters based on regression analysis of already
measured 10 parameters from anteroposterior (AP) radiographic projection.
Methods: The study was conducted on a sample of 32 male CT scans of the right hip bone as input
data. We imported the CT scans, stored in DICOM format, in Computer Aided Design program
and identified 15 anatomical points and 22 parameters (linear distances between the points) on
each wing, measured the values of these parameters, and processed them with tools of
descriptive statistic and regression analysis in order to generate 12 nonlinear regression models.
Results: The results of our study are presented in the form of 12 simple one-parameter
regression equations, where p values for regression coefficients in equations are less then
0.01 and value of variance R? is up to 0.543.
Discussion: Obtained nonlinear regression models (3 square, 6 exponential, and 3 logarithmic)
are theresult of the complex shape of the wing of ilium. According to p-values for coefficientsin
the regression equations, we can consider the results as statistically significant. This approach
is time-efficient because the measuring is conducted only on AP radiographic projection. The
findings of this study are useful for predicting subject-specific morphometry.
© 2015 Anatomical Society of India. Published by Elsevier, a division of Reed Elsevier
India, Pvt. Ltd. All rights reserved.

1. Introduction

technologies, which replicates the morphology of the bone
structure.’
For an accurate anatomical description of the size, shape,

Numerical (computer) and physical models are an important
tool for engineers, scientists, and experts in all fields, for
understanding of physical phenomena, analysis objects, and
systems, as well as in the design process. The physical model
can be in the form of a simple model of the bone (physical
copy) or a solid-model produced by various rapid prototyping
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and orientation of the human hip bone that forms the basis for
morphometry and production of the predictive geometric
model, adequate morphometric measurements are required.
The measurements are performed on human remains in the
case of forensic or archaeological examination, or using
medical images, such as X-ray, computer tomography (CT),
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or magnetic resonance image (MRI). These measurements can
be used as input data for statistical approach to predict subject
statistic morphometry of the human thoracic and lumbar
spine from radiographic images.?

The goal of the study is to prove that it is possible to make
prediction for 12 additional parameters based on 10 measure-
ments from the anteroposterior (AP) radiographic projection of
the wing of ilium. For the purpose of the study, we used CT
data recorded in DICOM format, obtained in a sample of 32
human male hip bone. Input data are imported into the
appropriate Computer Aided Design (CAD) program, in which a
series of measurements of 22 parameters were conducted.
Given the large number of parameters necessary for mor-
phometry of the wing of the ilium bone, our main idea was
to establish dependencies between them, using statistical
analysis procedures.

A large number of morphometric studies of the hip bone
were performed in order to implement the population study,
determining sex or sexual dimorphism.

Morphometric measurements were taken of 100 hip bones
of the Indian population in order to determine the sexual
dimorphism of the hip bone, based on 13 variables on ilium
bone.? In a study conducted over 50 left and right unpaired hip
bones of Indian adults of unknown sex, three values were
measured and statistically analyzed: mass, length, and width
of the hip bone as the maximum distance between anterior
superior and posterior superior iliac spines.* The width of the
pelvic bone was measured in the same way.>°

Morphometric analysis was conducted on a sample of 185
bones in order to determine the sex using the methods of
statistical analysis, including measurements of the hip bone,
with special emphasis on the determination of measures at the
greater sciatic notch and auricular surface elevation.” Landmark
types and definitions at different hip bone regions are described,
with the aim of quantifying the shape and variation of the hip
bone using Procrustes ANOVA method.® Measurements of
linear distances on the hip bone (between anatomical land-
marks) were carried out on the samples from different regions of
the world in order to determine the correlation between
variations in shape, gender, and demographic background,
using the techniques of statistical analysis.’

The part of the Reference Geometric Entities (RGEs) was
defined and a surface model of the hip bone for specific patient
in the process of reverse engineering was previously generat-
ed.’®'! Considering that this procedure requires a lot of time,
we decided to try another methodology in generating geometric
surface model of the hip bone. This methodology involves
the application of parameter-based statistical approaches in
morphometry of the partial models of the hip bone.

2. Methods

The process of statistical morphometry of the wing of ilium
was conducted using Method of Anatomical Features,'>*?
through the following steps:

e obtaining input data from CT scans, segmentation, and 3D
reconstruction of the input data,
e importing into CAD program and surfaces reconstruction,

creating the RGEs, on the wing of ilium bone, based on
anatomical and morphological characteristics,*

defining parameters, such as the linear distances between
anatomical landmarks,

establishing correlations between parameters,

formation of mathematical regression model,

e testing the models, and

selection of an appropriate model according to the criterion
of statistical significance.

2.1. Data source

Due to the fact that CT is one of the best methods for generating
3D data for bones, for purposes of the study, we used a sample of
32 male CT scans of the right hip bone, aged from 20 to 83 years
(average 64 years). CT scans were obtained at Toshiba MSCT
scanner Aquillion 64 (120 kV, 150 mA, thickness 1 mm, in-plane
resolution 0.781 x 0.781 (pixel size), acquisition matrix
512 x 512, field of view (FOV) 400 x 400 mm).

Input data obtained from CT scans written in DICOM format
were imported into CAD program as the point clouds in
STereoLithography (STL) format. Polygonal models were
created, followed by a reconstruction of the surface in terms
of healing, eliminating the errors, and smoothing.

2.2.  Methodology

At each of the 32 wings of the ilium bone, RGEs are identified as
anatomical points (bilateral landmarks) and linear distances
(parameters). The following bilateral landmarks are separated
and defined at the wing of the ilium bone:

1 the most superior point on the iliac crest — Sup Iliac
Crest4,6,9,15720.
the most lateral iliac crest point (“bi-iliac tuberosity’’)***"%
3 anterior superior iliac spine (ASIS) - spina iliaca anterior

superior3,4,6,8,9,15720;

4 anterior inferior iliac spine (AIIS) - spina iliaca anterior
inferiorB,G,B,9,15,17,20;

5 posterior superior iliac spine (PSIS) - spina iliaca posterior
Superior3,4,6,8,9,15718,20;

6 posterior inferior iliac spine (PIIS) — spina iliaca posterior
inferior3,6,8,9,15717,20;

7 the most superior point at limbus acetabuli'>*/**:%°;

8 point of maximum curvature (the deepest point) at greater
sciatic noch6,7,9,15,17,19,20;

9 superior point at the sacroiliac joint (art. sacroiliaca) at ala
ossis sacri s. the most supero-lateral alar-auricular point*>?%;

10 inferior point at the sacroiliac joint (art. sacroiliaca) at ala
ossis sacri s. the most infero-lateral alar-auricular point*>%

Zs the point of intersection between the posterior gluteal line
with the outer lip of the iliac crest’;

DS the point of intersection between the inferior gluteal line
with anterior edge of the iliac crest;

PS the point of intersection between the anterior gluteal line

with anterior end of the iliac crest (at the superior edge of
the hip bone);

NISUA the deepest point at the interspinal notch at the anterior
edge”?’;

NISUP  the deepest point at the interspinal notch at the posterior
edge”’;
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Table 1 - Parameters at the wing of the ilium bone.

No. Parameter Label Points

1. Distance between anterior and posterior superior iliac spines (4-6, 9, 16, 18); dq 3-5

2. Distance between anterior and posterior inferior iliac spines (3, 9); dy 4-6

3. Distance between anterior superior and posterior inferior iliac spines (3); ds 3-6

4. Distance between the most lateral iliac crest point and the most supero-lateral alar-auricular point ds 2-9

5. Distance between the point of intersection between the inferior gluteal line with anterior edge of the ds DS-10
iliac crest and the most infero-lateral alar-auricular point

6. Distance between the deepest points at interspinal notches (anterior-posterior) des NISUA-NISUP

7. Distance between the point of intersection between the anterior gluteal line with anterior end of the iliac dy PS-ZS
crest and the point of intersection between the posterior gluteal line with the outer lip of the iliac crest

8. Distance between anterior inferior iliac spine and point of maximum curvature (the deepest point) at dg 4-8
greater sciatic notch (9, 19);

9. Distance between the most superior point on the iliac crest and point of maximum curvature (the dgy 1-8
deepest point) at greater sciatic notch

10. Distance between posterior inferior iliac spine and the point of intersection between the posterior d1o 6-ZS
gluteal line with the outer lip of the iliac crest

11. Distance between the most superior point on the iliac crest and the most superior point at limbus dyq 1-7
acetabuli (19);

12. Distance between posterior inferior iliac spine and the deepest point at the interspinal notch at the dio 6-NISUP
posterior edge (at posterior side)

13. Distance between the most lateral iliac crest point and anterior superior iliac spine dis 2-3

14. Distance between posterior superior iliac spine and the point of intersection between the posterior dia 5-ZS
gluteal line with the outer lip of the iliac crest

15. Distance between the most superior point on the iliac crest and posterior superior iliac spine dis 1-5

16. Distance between the most superior point on the iliac crest and anterior superior iliac spine die 1-3

17. Distance between the most superior point on the iliac crest and posterior inferior iliac spine d17 1-6

18. Distance between the most superior point on the iliac crest and anterior inferior iliac spine dig 1-4

19. Distance between the most superior point on the iliac crest and the point of intersection between the dig 1-ZS
posterior gluteal line with the outer lip of the iliac crest

20. Distance between the most superior point on the iliac crest and the most lateral iliac crest point dao 1-2

21. Distance between anterior superior iliac spine and the deepest point at the interspinal notch at the do1 3-NISUA
anterior edge

22. Distance between the most supero-lateral alar-auricular point and the most infero-lateral alar-auricular doo 9-10

point

In order to fully meet the complex form of the wing of ilium,
we have selected 22 parameters (linear distances between
landmarks). These parameters are chosen in such a manner as
to completely describe the morphology of the wing. Param-
eters are described in Table 1.

Bilateral landmarks — points and parameters (distances) are
presented in Fig. 1.

The parameters are separated in 2 groups:

NISUA

Fig. 1 - Bilateral landmarks and parameters at the wing of
the ilium bone.

(1) the parameters that can be measured from radiographic
A-P projection, such as dy, dy, ds, dg, ds, do, d1s dig, d17,
and d,, (10 parameters), treated as independent variables,
and

(2) the parameters, ds, de, d7, d1o, d11, d12, d13, d14, dis, d19, dao,
and dy; (12 parameters), treated as dependent variables,
and for which it was possible to set up regression
equations.

The results of the measurements are presented in Table 2.

Dependencies between variables were determined by
means of correlation coefficients between parameters. Scat-
ter plots were used for determination of regression models.
Each of the parameters from group 2 was individually
regressed. Least squares method was used to determine the
parameters in the regression equations. Linear and nonlinear
models - polynomial (squared and third-degree polynomial),
logarithmic models, and exponential models were tested for
every predicted variable. In this study, we consider that there
is a statistical significance if value of p < 0.01. Therefore,
consequently, all models in which the p-values for any of the
coefficients in the regression equations were greater than 0.01
were discarded. From the models in which the p-value was
less than 0.01, the one thathas the highest value of variance R?
was elected.

The methodology of testing of different model parameter,
ds, as example, is shown in Table 3. In this case, only
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Table 2 - Summary statistics of the measured parameters.

Mean Median Sum Min. Max. Var. Std. dev. Std. error
dq 164.775 163.898 5272.817 149.309 188.997 69.172 8.317 1.470
d, 127.614 128.123 4083.667 113.895 149.822 69.859 8.358 1.477
ds 149.147 148.032 4772.720 133.296 174.589 73.043 8.546 1.510
da 100.234 98.804 3207.496 84.474 116.202 50.445 7.1024 1.255
ds 81.0242 80.7340 2592.775 69.467 94.5180 43.689 6.6097 1.168
de 136.034 135.959 4353.105 121.084 167.253 74.8527 8.6517 1.529
d; 122.657 123.365 3925.039 96.972 141.403 159.173 12.616 2.230
dg 82.2257 81.9640 2631.223 70.982 95.128 29.3186 5.414 0.957
do 110.672 109.395 3541.508 99.329 125.985 44,4444 6.666 1.1785
dqo 67.530 68.476 2160.981 43.995 88.149 124.954 11.178 1.976
dqq 129.510 130.027 4144.349 115.052 140.158 43.778 6.616 1.169
dy, 15.491 16.692 495.7120 5.9640 25.834 245191 49516 0.875
dqs 54.322 54.3305 1738.315 30.754 84.859 125.432 11.199 1.979
dqa 48.485 48.800 1551.542 26.112 69.971 123.105 11.095 1.9613
dqs 105.188 105.352 3366.027 83.084 126.25 88.725 9.419 1.665
dig 117.930 116.068 3773.775 101.589 146.81 73.420 8.568 1.514
dq7 112.497 111.197 3599.926 97.566 136.81 63.890 7.993 1.413
dig 133.678 133.499 4277.714 121.638 149.090 46.700 6.833 1.208
dqo 62.465 62.157 1998.898 34.918 83.550 136.828 11.697 2.067
dao 80.954 80.359 2590.553 65.989 93.394 57.778 7.601 1.343
dyq 26.586 26.374 850.751 15.039 36.946 23.307 4.827 0.853
dyy 41.020 41.192 1312.644 32.506 50.016 30.102 5.486 0.969

Table 3 - Regression models for parameter ds.

No. Tested models p R? p-value

() Linear

1. ds=a+Db xdg a 0.365223 0.5078 >0.01
b 0.000007

2. ds=a+bxdg+cxdy a 0.704053 0.5319 >0.01
b 0.005909
@ 0.23942

3. ds=a+bxdg+cxd a 0.857623 0.5182 >0.01
b 0.000735
@ 0.442617

(®) Squared

1. ds=a+b x dg? a 0.000000 0.5179 <0.01
b 0.000005

2. ds =a x dg? a 0.000000 0 <0.01

3. ds=a+b x dg +c x dg? a 0.190147 0.5341 >0.01
b 0.33246
c 0.218715

(@] Third-degree polynomial

1. ds=a+b x dg+cx dg?+d x dg> a 0.841976 0.5343 >0.01
b 0.882373
@ 0.896377
d 0.920606

(d) Logarithmic

1. ds=a + b x In(dg) a 0.000520 0.4951 <0.01
b 0.000010

2. ds = a x In(dg) a 0.000000 0.2298 <0.01

(e) Exponential

1. ds=a x ebx% a 0.000000 0.5167 <0.01

b 0.000004
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Fig. 2 - Scatter plot and regression curves for parameter ds.

dependencies from parameters d,, d,, and dg are tested,
because the values of correlation coefficients are the highest.

The linear regression models (al), (a2), and (a3) presented in
Table 3 are discarded because the p-value is greater than 0.01,
as well as squared (b3) and the third-degree polynomial (c1).

From the remaining models (b1), (b2), (d1), (d2), and (e1), model

(b1) is chosen because the value of R? is the highest.

The accepted models in terms of p-value are represented in
Fig. 2. From 5 regression curves, the curves that represent
squared model (light green curve) and exponential model (red

Table 4 - Regression models for parameters at the wing of the ilium.

No. Parameter Chosen model p-value R?

1. ds ds=a+b x dg? a 0.000000 0.5179
a =45.99044; b = 0.00510 b 0.000005

2. de dg=a x eb% a 0.000000 0.6679
a =48.68143; b = 0.00623 b 0.000000

3. d, d,=a x ebx% a 0.000095 0.4326
a=41.51965; b = 0.00974 b 0.000031

4. dio dip=0a+b x di? a 0.008656 0.1739
a =39.82035; b = 0.00249 b 0.017586

5. dqiq di1=a+b x In(do) a 0.001969 0.4889
a=-236.556; b =77.831 b 0.000012

6. dyo dip=a x dy,? a 0.000000 0.0956
a=0.001189

7. il di3=a x eP*de a 0.007761 0.4364
a=9.1589; b = 0.015011 b 0.000015

8. dia dys = a x In(dys) a 0.000000 0.0451
a=10.47298

9. s dig=a x e?*® a 0.000000 0.2707
a=89.80292; b = 0.00312 b 0.002629

10. dyo dio=a x b x In(ds) a 0.001467 0.3477
a=-523.964; b = 124.585 b 0.000481

11. dao dop=a x e?*% a 0.000015 0.3467
a=38.09926; b = 0.00754 b 0.000448

12. doy dyy = a x eP*%s a 0.035099 0.1185
a=64.25015; b = —0.00746 b 0.062974
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Table 5 - Absolute and relative errors between measured and predicted values.

Parameter ds de dy dio di11 dio dy3 d1q dig dio dao dp1

Measured value 81.974 142.642 118.439 72.798 133.557 18.407 39.714 54.050 128.262 56.877 80.478 24.402
Predicted values 80.221 135.679 124.637 75.464 131.283 17.020 47.274 49.026 137.911 64.841 82.276 28.421
Absolute error 1.753 6.963 6.198 2.666 2.274 1.387 7.560 5.024 9.649 7.964 1.798 4.019
Relative error 0.021 0.049 0.052 0.037 0.017 0.075 0.190 0.093 0.075 0.140 0.022 0.165

curve) are the best fitting curves. Bearing in mind the fact that
the value of R?is slightly higher, the quadratic model is chosen,
as we stated before.

3. Results

The results of our study and obtained regression models are
presented in Table 4, where a and b represent regression
coefficients in equations, p is the level of significance, and R?
represents value of variance.

4, Discussion

Different regression models, which are obtained, are the result
of a complex shape of the wing of ilium bone. From the other
side, all regression models, except for dyo, d1,, and d,4, at which
the variance is small, can be considered as statistically
significant results, according to the values for the statistical
significance of coefficients in the regression equations. The
fact that the linear regression cannot describe the proper
dependencies, but only the nonlinear regression models, of
which 3 are square, 6 exponential, and logarithmic 3, can be
considered as important conclusion. For the parameter, dy; is
difficult to choose the appropriate model because of the value
of statistical significance (p > 0.01).

In order to confirm our results, we have conducted
measurements on more male right hip bones. The predicted
values are calculated using equations from Table 4; the
differences between measured and predicted values are
calculated and presented in the form of absolute errors.
Relative errors are also calculated in order to better compar-
isons, because of the fact that the values for parameters are
from 18.407 to 142.642 mm.

The values of relative errors presented in Table 5 can be
seenin correlation with the values of standard deviation of the
experimental data (presented in Table 2). Further improve-
ments can be achieved by increasing the number of samples.

The obtained model eliminates the need for processing CT
or MRI scans because it is sufficient to execute the measure-
ment simply and precisely only on radiographic AP projection
of the hip bone. The methodology presented here can be
applied to the other parts of the hip bone (pubic and ischium
bone) and for obtaining partial models of the hip bone.
Regression values are easy to calculate because all obtained
dependencies are one-parametric. Calculated values are a
useful tool to predict subject-specific morphometry of the
wing of ilium bone.

The values of the measured parameters, as well as those
derived from the prediction equation regression, will be used
in our further research to obtain the prediction models for the

points on the surface of the other parts of the hip bone and
their statistical surface models.
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