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Abstract

Background: Sagittal pelvic alignment is an important aspect of the sagittal balance that can be
quantitatively assessed by measuring pelvic geometrical parameters, i.e. the sacral slope (SS),
pelvic tilt (PT) and pelvic incidence (PI). In this paper we present the results of a completely au-
tomated computer-assisted measurement of the parameters of sagittal pelvic alignment from
radiographic images, and test the hypothesis stating that there are no statistically significant
differences between the obtained and reference manual measurements.

Methods: Automated computer-assisted measurements of the sagittal pelvic alignment param-
eters are based on the latest technologies in the field of medical image processing and analysis,
namely on the convolutional neural networks as a special group of deep learning techniques.
In each sagittal radiographic image of the pelvis, regions of interest (sacral endplate and both
femoral heads) are first automatically defined, and then distinctive points are detected within
these regions, i.e. the anterior edge, the center and the posterior edge of the sacral endplate, to
which a line is fitted at a later stage, and the centers of both femoral heads with the correspond-
ing midpoint representing the hip axis. From the hip axis, and the line along the sacral endplate
and its center point we can finally compute SS, PT and PI.

Results: Measurements were retrospectively performed on 90 sagittal radiographic images of
the pelvis from 47 subjects (19 males and 28 females; mean age 71.3 years). Statistical analysis of
reference manual and automated computer-assisted measurements of the sagittal pelvic align-
ment parameters revealed a relatively good agreement and low variability. For SS, PT and PI, the
mean absolute difference (standard deviation) was 4.9° (3.4 °),2.7° (2.5°) and 5.5 ° (4.2 °) respec-
tively, the correlation coefficient was 0.71, 0.91 and 0.81 (p<10®), and the paired t-test always
confirmed the null hypothesis (p > 0.05).

Conclusion: The results showed that there are no statistically significant differences between
the reference manual and automated computer-assisted measurements of the sagittal pelvic
alignment parameters. Moreover, the deviation from reference manual measurements is within
the repeatability and reliability of manual parameter measurements, and therefore the param-
eters of sagittal pelvic alignment can be accurately determined by the automated computer-as-
sisted measurement. Nevertheless, verification and confirmation of measured values cannot be
completely omitted, as the deviation can be in specific cases quite large, especially due to the
natural biological variability of the human anatomy and properties of radiographic imaging.
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1 Introduction

Sagittal balance as a mechanism for
ensuring correct body posture repre-
sents a key concept in the diagnosis and
evaluation of spinal disorders, including
cases of hyper-kyphosis and hyper-lor-
dosis (1), scoliosis (2), and spondylolis-
thesis (3), as well as in improving sur-
gery planning based on spinal fixation
with pedicle screws (4,5) and cages (6).
Sagittal pelvic alignment is an impor-
tant element of sagittal balance, and can
be quantitatively evaluated by exam-
ining the morphology of the pelvis (7)
and measuring its geometrical parame-
ters (8). In the past few decades, meas-
urement of sagittal pelvic alignments has
been a recurrent research topic (9-15),
moreover, sagittal balance and the asso-
ciated sagittal pelvic alignment were also
among the main topics of the Annual
Spine Experts Group Meeting & Slovenia
Spine Symposium held in November 2017
in Ljubljana, Slovenia (16-18), and the as-
sociated invited lectures (19,20).

One of the most important param-
eters of sagittal pelvic alignment is the
pelvic incidence (PI), which represents
the angle between the line connecting
the centre of the femoral heads with the
centre of the sacral endplate, and the line
orthogonal to the inclination of the sa-
cral endplate (Figure 1) (9,21). It can also
be computed as the sum of the sacral
slope (SS) and pelvic tilt (PT), howev-
er, the latter parameters depend on the
subject position and/or the position of
the imaging device. On the other hand,
PI is an anatomical parameter, meaning
that it is independent of the afore men-
tioned influences and therefore enables
a more objective comparison between,
for example, subject standing and supine
positions, different imaging modalities,
etc. (9) From the clinical point of view,
these parameters are important for sag-

ittal balance regulation, which is based
on the capability of the pelvis to rotate
around the femoral heads. In the case of
pelvic retroversion PI increases, where-
as in the case of pelvic anteversion PI
decreases; when PI is large, the vertical
axis through the centre of gravity of the
body is positioned more in the posterior
direction from the femoral heads (22).
Moreover, the pelvic morphology can be
observed through PI, which is defined
by the relative position of the sacral end-
plate against the femoral heads, and is
for normal asymptomatic adult subjects
equal to 50°-60°(9). Large PI values
(70 °-85°) correspond to configurations
with the femoral heads positioned ahead
in the anterior direction compared to
the centre of the sacral endplate, result-
ing in the pelvis being wide in the sag-
ittal and narrow in the axial direction.
Conversely, low PI values (35 °-40 °) cor-
respond to configurations with the fem-
oral heads positioned directly below the
centre of the sacral endplate, resulting
in the pelvis being narrow in the sagittal
and wide in the axial direction (8). The
latter pelvic shape is capable of a lower
retroversion and is similar to those of big
primates, therefore less adapted to the
standing position and bipedalism (8).
Apart from the fact that the parameters
of sagittal pelvic alignment can be, to a
certain extent, used to describe the body
posture, these parameters are also related
to the regulation of sagittal spinal curves
through the lumbar lordosis and thorac-
ic kyphosis (23), and therefore important
for diagnosing and quantitatively eval-
uating specific spinal deformities (9).
For example, SS and therefore also PI
are large in the case of spondylolisthe-
sis, as they increase approximately lin-
early according to the level of vertebral
slippage (24), while an increased value
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start to investigate a specific pathological
condition of the bone structures due to
its accessible price and relatively high di-
agnostic value (30). However, the deter-
mination of the sagittal pelvic alignment
parameters from radiographic images is
a very tedious and relatively subjective
task, mostly due to the quality of the ac-
quired images and the projective nature
of the imaging technique, resulting in
difficulties in identifying the sacral end-
plate (31,32). Moreover, to compute PI it
is necessary to also determine the centre
of the femoral heads, specifically the hip
axis as the midpoint between the centres
of both femoral heads. However, in radi-
ographic images the femoral heads usu-
ally overlap due to the projective proper-
ties of the imaging technique (33).
Although several software packag-
es for computer-assisted evaluation of
the afore mentioned parameters ex-

Figure 1: (a) A sagittal radiographic image of a pelvis (clipping of a larger
image). (b) Sagittal pelvic alignment parameters, namely the sacral
slope - SS (the angle between the horizontal line and the line along the
sacral endplate), pelvic tilt - PT (the angle between the vertical line, and
the line through the hip axis - HA and the center of the sacral endplate)
and pelvicincidence - Pl (the angle between the line through HA and
the center of the sacral endplate, and the line orthogonal to the sacral
endplate). HA is defined as the midpoint between the centers of both

femoral heads. The relationship is PI=SS + PT.

of both parameters can be an indicator
of the risk for the development of this
disease (19,25). On the other hand, a de-
crease of SS and a simultaneous increase
of PI is common for degenerative spinal
diseases, such as hernia or the degen-
erative intervertebral disc disease (26).
Recent studies also indicate that there
exists a relationship between the pelvic
morphology and sagittal pelvic/spinal
alignment for some types of idiopathic
scoliosis (16,27).

Pelvic incidence is commonly meas-
ured from medical images of the spine
and pelvis,and can be most accurately de-
fined in three-dimensional images such
as those acquired by computed tomog-
raphy (10,28). Nevertheless, PI meas-
urements are usually obtained from ra-
diographic (X-ray) images (Figure 1), as
imaging of the spine and pelvis is in gen-
eral first performed by radiography (29),
which is the modality of choice when we

Computer-assisted measurement of sagittal pelvic alignment parameters from radiographic images

ist (12,13,31,34,35), the resulting meas-
urements are still obtained manually by
placing points with the support of ge-
ometrical constructs and statistical mod-
elling, and therefore such measurements
are not completely automated. In this pa-
per we present the results of a completely
automated computer-assisted measure-
ment of the parameters of sagittal pelvic
alignment from radiographic images.
Our basic research (null) hypothesis is
that there are no statistically significant
differences between the reference manu-
al and the obtained automated comput-
er-assisted measurements of the sagittal
pelvic alignment parameters.

2 Material and methods

The automated computer-assisted
measurement of the sagittal pelvic align-
ment parameters is based on the deep
learning technologies, which have in the
past few years considerably improved the
performance of computerized medical
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Figure 2: Automated computer-assisted measurement of the sagittal pelvic alignment
parameters. (a) The region of interest for the sacral endplate - S1 and the regions of interest
for both femoral heads - FH1 and FH2. (b) Distinctive points within the regions of interest: the
anterior edge, the center and the posterior edge on the sacral endplate, and the centers of both
femoral heads. (c) The sacral slope is determined by fitting a line to the distinctive points on
the sacral endplate, while the hip axis - HA is defined as the midpoint between the centers of
the femoral heads. From the sacral slope, the center of the sacral endplate and the hip axis, the
parameters of sagittal pelvic alignment can be computed.

image processing and analysis (36). Deep
learning, a special group of machine
learning and data mining techniques,
imitates the information processing and
communication patterns of biological
neural systems, and can in terms of per-
formance even outperform the capabili-
ty of the human brain. Among different
deep learning approaches, convolutional
neural networks (CNNs) systematically
search for distinctive patterns in a rel-
atively large set of training images, in
which these patterns have been already
defined, and learn about the rules for de-
tecting the same patterns in a new, un-
known image that was not included in
the training set.

The automated computer-assisted
measurement is composed of three steps,
namely the determination of the re-
gions of interest, detection of distinctive
points and measurement of the sagittal
pelvic alignment parameters (Figure 2).
The first step (Figure 2(a)) is therefore
the automated determination of the
regions of interest, which contain the

observed anatomical structures in the
given radiographic image, namely the
sacral endplate and each individual fem-
oral head. For this purpose we designed
a special architecture of CNNs (37) and
performed training on a set of radio-
graphic images with already defined
regions of interest, so that the CNN
was then able to automatically define
the same regions of interest containing
the observed anatomical structures in a
new, unknown image. The second step
(Figure 2(b)) is the automated detection
of distinctive points within individual
regions of interest, namely the centres
of both femoral heads as the centres of
the corresponding regions of interest,
and the anterior edge, the centre and the
posterior edge of the sacral endplate, for
which we designed a second CNN ar-
chitecture (38) that was trained on a set
of already detected distinctive points.
The third step (Figure 2(c)) is the auto-
mated determination of the inclination
of the sacral endplate by fitting a line
to the distinctive points on the sacral
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Figure 3: Correlation diagrams for the reference manual and automated computer-assisted
measurements of the sagittal pelvic alignment parameters. (a) Sacral slope - SS. (b) Pelvic tilt -

PT. (c) Pelvicincidence - PI.

endplate with the least squares method.
Afterwards, the hip axis is defined as the
midpoint between the centrer of both
femoral heads. In the case the femoral
heads overlap so that only one region of
interest is defined for both, the hip axis
is defined as the centre of this region of
interest. From the hip axis and the line
along the sacral endplate, the parameters
of sagittal pelvic alignment, i.e. SS, PT
and PI, are computed while considering
PI=SS+PT.

The automated computer-assisted
measurement of the sagittal pelvic align-
ment parameters was trained on 145 sag-
ittal radiographic images of the spine and
pelvis from 145 subjects (32 males and
113 females; mean age 66.8 years, range
61-75years), acquired with the Kodak
Elite CR and Kodak DRX-Evolution
(Carestream Health; Rochester, NY,
USA), Discovery XR656 (GE Healthcare;
Chicago, IL, USA), EOS 3.2++ and
EOS 3.5 (EOS Imaging; Paris, France),
and Fluorospot Compact FD (Siemens
Healthineers; Erlangen, Germany) scan-
ners,and then tested on 97 sagittal radio-
graphic images of the spine from 55 sub-
jects (21 males and 34 females; mean age
69.6 years, range 35-85years), acquired
with the Kodak Elite CR and Kodak
DRX-Evolution (Carestream Health;

Computer-assisted measurement of sagittal pelvic alignment parameters from radiographic images

Rochester, NY, USA) scanners. All im-
ages were obtained from the University
clinic Charité (Berlin, Germany) for pur-
poses not related to this study. Moreover,
the study was performed retrospectively,
and therefore the observed subjects were
not submitted to any additional proce-
dure or radiation. Confidential data (e.g.
subject name, subject identification, etc.)
were removed from images before they
were handed over for analysis. For each
training image, the required regions
of interest and distinctive points were
manually defined, whereas for each test-
ing image we manually defined only the
reference measurements of the sagittal
pelvic alignment parameters, which en-
abled statistical comparison to the meas-
urements, obtained by the completely
automated computer-assisted method
described. The results are presented in
the form of the mean absolute difference
and the corresponding standard devi-
ation. We also computed the Pearson
correlation coefficient R and searched
for statistically significant differences by
applying the Student’s paired t-test (level
of significance set at p <0.05), with the
null hypothesis (Ho) stating that there
are no statistically significant differences
between the reference manual and auto-
mated computer-assisted measurements

online edition - 5



NEUROBIOLOGY

of the sagittal pelvic alignment parame-
ters.

3 Results

Due to partially visible femoral heads
(6 cases), ambiguities in the determina-
tion of the centre and inclination of the
sacral endplate (4 cases), and poor im-
age quality (1 case), the reference manual
measurements could not be performed
for 7 out of 97 radiographic images. For
these images, the comparison of the sag-
ittal pelvic alignment parameters would
be inappropriate, and therefore they
were excluded from further analysis, re-
sulting in reference measurements being
manually obtained for 9o radiographic
images from 47 subjects (19 males and
28 females; mean age 71.3years, range
49-85 years). For these images, the man-
ually measured reference parameters
of sagittal pelvic alignment were on
average (standard deviation) equal to
SS=36.0° (8.5°), PT=20.0° (7.8°) and
PI=56.0° (11.7 °), which is in agreement
with the existing demographic studies
of these parameters (9). By applying the
described automated computer-assist-
ed measurement we then successfully
obtained the sagittal pelvic alignment
parameters for the same radiographic
images, which were on average (stand-

Table 1: Statistical comparison of the reference manual and automated
computer-assisted measurements of the sagittal pelvic alignment
parameters, i.e. the sacral slope - SS, pelvic tilt - PT and pelvicincidence
- PI, from 90 sagittal radiographicimages.

Mean absolute difference
(standard deviation)

Pearson correlation R (p-value)

HO confirmed by paired t-test

(p-value)

6 - online edition

4.9°(3.4°) 2.7°(2.59) 5.5° (4.2°)
0.71 0.90 0.82
(p<10-6) (p<10-6) (p<10-6)
YES YES YES
(p=0.968) (p=0.074) (p=0.328)

ard deviation) equal to SS=36.0° (6.1°),
PT=20.7° (8.1°) and PI=56.7° (9.3°).
For each radiographic image we there-
fore obtained paired measurements
(manual and automated), which enabled
their comparison and statistical analy-
sis in terms of measurement agreement.
The results are presented in Table 1 and
Figure 3.

4 Discussion

The determination of the sagittal
pelvic alignment parameters from radi-
ographic images is a relatively challeng-
ing task, as the anatomical structures of
interest may overlap due to the proper-
ties of radiographic imaging; moreo-
ver, different characteristics such as the
natural biological variability of the hu-
man anatomy may cause ambiguities in
their determination. Classical manual
measurements, performed by drawing
on radiographic films, were eventual-
ly replaced by the computer-assisted
manual determination of geometrical
constructs (e.g. points, lines, circles) in
digital radiographic images using a com-
puter mouse (12,13,31,34,35), which also
proved to be more repeatable (from the
perspective of multiple measurements
performed by a single observer) and
reliable (from the perspective of meas-
urements performed by multiple observ-
ers). Vialle et al. (34) reported a mean
repeatability of R=0.86 (p=o0.014) and
0.96 (p < 0.001),and a mean reliability of
R=0.65 (p=0.024) and 0.99 (p <0.001)
respectively for classical and comput-
er-assisted manual measurements of
PI from radiographic images. An even
worse agreement was reported by Dimar
IT et al. (35), who achieved a mean re-
peatability of R=o0.71, 0.55 and 0.65, and
a mean reliability of R=0.61, 0.44 and
0.29 for SS, PT and PI, respectively, when
performing classical manual measure-
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Figure 4: Comparison of the reference manual (in yellow) and automated computer-assisted (in
red) measurements of the sagittal pelvic alignment parameters (cf. Table 2). (a) Poor agreement
(radiographicimage No. 11). (b) Average agreement (radiographic image No. 24). (c) Good

agreement (radiographic image No. 30).

ments, while the mean agreement with
computer-assisted manual measure-
ments was (from the perspective of a
single observer) respectively equal to
R=0.72, 0.63 and o0.59. Although com-
puter-assisted measurements improved
the repeatability and reliability of the
results, this task is still relatively sub-
jective especially from the perspective
of observer inexperience, and also quite
time-consuming. On the other hand, a
completely automated computer-assist-
ed approach has not been presented yet,
mainly because the task is challenging
also from the perspective of automated

analysis and processing of radiographic
images.

The described approaches solve this
problem to a certain degree, as it rep-
resents a completely automated meas-
urement of the sagittal pelvic alignment
parameters from radiographic imag-
es. Statistical comparison (Table 1) has
revealed that there are no statistically
significant differences between the ref-
erence manual and automated comput-
er-assisted measurements of the sagittal
pelvic alignment parameters (the null
hypothesis was always confirmed). We
can also conclude that the automatical-
ly obtained measurements are in agree-

Table 2: Comparison of the reference manual and automated computer-assisted measurements of the sagittal pelvic
alignment parameters, i.e. the sacral slope - SS, pelvic tilt - PT and pelvicincidence - PI, for selected radiographicimages

(cf. Figure 4).

Radlographlc Reference manual measurements Automated computer-assisted Absolute difference

image No. measurements

1 33.0° 17.3° 50.3° 19.6° 17.6° 37.2° 13.4° 0.3° 13.1°
24 39.6° 19.2° 58.8° 45.8° 18.7° 64.5° 6.2° 0.5° 5.7°
30 28.0° 33.4° 61.4° 21.7° 33.4° 61.1° 0.3° 0.0° 0.3°

Computer-assisted measurement of sagittal pelvic alignment parameters from radiographic images online edition -7
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ment with the reference manual meas-
urements, i.e. within the range of the
repeatability and reliability of classical
manual and computer-assisted manu-
al measurements (34,35). The resulting
agreement can be labelled as good in the
case of SSand PI (0.7 <R <0.9),and very
good in the case of PT (0.7<R<1.0),
while the correlation was always statisti-
cally significant (p < 0.05). Nevertheless,
we have to be careful, as a high correla-
tion and low mean absolute difference
do not necessarily mean that the auto-
mated measurements are always cor-
rect, and therefore we present selected
examples of a poor, an average and a
good agreement in Figure 4 and Table 2.
From Figure 4(a) it can be observed that
poor agreement originates from the au-
tomated measurement of SS, where the
distinctive point at the posterior edge of
the sacral endplate was relatively poor-
ly detected (i.e. excessively in the poste-
rior and caudal directions), causing an
inadequate inclination of the line along
the sacral endplate. However, if we take
a closer look at the radiographic image,
we can conclude that in this case the
distinctive point at the posterior edge
of the sacral endplate is very difficult
to identify even manually due to image
blurring and overlapping of anatomical
structures. Figure 4(b) shows an average
agreement, which can be observed also
from the results (Table 2), as the differ-
ence of around 5 ° for manual measure-
ments can originate from the compari-
son of multiple measurements of a single
observer (measurement repeatability) or
from the comparison of measurements
performed by multiple observers (meas-
urement reliability) (9,28). The good
agreement of the reference manual and
automated computer-assisted measure-
ments shown in Figure 4(c) is due to
the application of the state-of-the-art
technologies in the field of medial im-

age processing and analysis, namely the
CNNs as a form of deep learning (36). It
has to be pointed out that the described
method does not make use of already
implemented solutions, but is augment-
ed according to the detailed knowledge
in CNN architectures, and correspond-
ing criterion functions and supervised
learning methods, as well as detailed
knowledge in detecting spinal and pelvic
anatomical structures, and measurement
of geometrical parameters in medical
images.

We presented the results of a com-
pletely automated computer-assisted
measurement of the sagittal pelvic align-
ment parameters from radiographic im-
ages. The results indicate that the param-
eters of sagittal pelvic alignment can be
precisely determined, as the deviation
from the reference manual measure-
ments is within the repeatability and re-
liability of manual parameter determina-
tion. Nevertheless, the described method
should not replace manual verification
and confirmation of the measured values,
as the deviation can be for specific cases
quite large, especially due to the natu-
ral biological variability of the human
anatomy and properties of radiographic
imaging. The next step in method devel-
opment is the automated determination
of the position of the seventh cervical
vertebra (C7), which would allow deter-
mining the plumb line and consequently
describing the sagittal alignment of the
spine, which would in turn be combined
with the sagittal pelvic alignment to de-
scribe the sagittal balance of the whole
body. Moreover, the described measure-
ment approach will have to be evaluated
on a larger number of radiographic im-
ages and compared to a larger number of
reference manual measurements. As the
described computer-assisted measure-
ment of the sagittal pelvic alignment pa-
rameters is completely automated, other
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