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Abstract
Sagittal imbalance causes low back pain, hip impingement, and 
influences the whole skeleton and muscular system of our body. 
It is documented in the literature on spinal deformities that good 
long-term surgical results can only be achieved by restoring sag-
ittal balance and spinopelvic harmony as part of surgical treat-
ment. Currently, the state of the art in sagittal balance deter-
mination is based on conventional radiology or an EOS system 
both using X-ray radiation. These procedures are associated with 
radiation exposure for the patients. Therefore, a new anterior 
approach is shown in this work to measure sagittal balance with 
a navigated ultrasound system without any radiation exposure. 
The anterior pelvic plane and a newly defined sternum plane are 
considered to provide an assessment of the sagittal balance. This 
new approach was tested in a trial on 10 symptom-free subjects 
by using a smartphone navigated ultrasound system. The rela-
tionship between the rotation of the pelvis and the upper body 
inclination in young healthy people is examined in a standing 
position. The study with new determined landmarks (incisura 
jugularis, superior iliac spinas, and symphysis pubis) gives us sig-
nificant different results between male and female test persons.  
A proposal for a classification of sagittal balance is achieved 
which defines a reasonable range for the Sternum Tilt of -0.1  
± 1.5° / 3.7 ± 2.5°. The significant advantage of this method is to 
evaluate the sagittal balance with a cost effective, smart system 
without any radiation exposure to the patient.

PAWEŁ RADŁO1, 
MATEUSZ DANIOŁ2, 

LUKAS BOEHLER2,
JOSEF KOZAK2,3

1Ortopedicum, Krakow, Poland
2AGH University of Science 

and Technology, Krakow, Poland
3Aesculap AG, Tuttlingen, Germany

Keywords: 
Smart Navigated Ultrasound (SNU); 
Pelvic Tilt (PT) in the Anterior Pelvic 

Plane (APP); Hip-Spine Syndrome 
(HiSS); Range of Motion (ROM); 

Computer Assisted Orthopedic 
Surgery (CAOS); Computer Assisted 

Robotic Surgery



21Medical Robotics Reports – 8-9/2019-20

Paweł Radło, Mateusz Danioł, Lukas Boehler, Josef Kozak

Introduction
The importance of the spinal sagittal balance for a 
normal functioning of the spine has been known for 
decades. The consequences for spinal surgery have 
been discussed and the extensive literature shows 
the need for the surgically restored sagittal profile. 

The sagittal balance of the trunk defines the pos-
ture in which the human body stands upright with 
mini-mal muscle work. The head is above the pel-
vis and the pelvis above the feet, i.e. the support 
quadrilat-eral [1]. The musculature supports the 
bone morphology in order to enable a stable state 
[2]. Body weight is transmitted through the spine, 
sacrum to the pelvis and hips and from there to the 
lower limbs, being mainly supported by the bones 
and with only minimal muscular support. This con-
dition is also described as dynamic stability accord-
ing to Dubousset [3]. Spinal aging, degeneration 
deformity, posttraumatic misa-lignment or postop-
erative trauma can interfere with this alignment and 
lead to a sagittal imbalance. This can be a reason of 
functional, neurological and/or mechanical cascade 
causing back pain [4], worsening of spine disease, 
hip and knees impingement, difficulties in standing 
position and deteriorating walking effi-ciency. Thus 
patient’s quality of life is significantly reduced. The 
results of spinal degeneration surgery also strongly 
depend on maintaining or restoring normal sagittal 
balance [5]. 

As a standard, radiographs of the spine and pel-
vis are performed in anteroposterior (AP) and lat-
eral pro-jections. In AP, view scoliosis (Cobb angle) 
and coronal balance (C7 plumb line and central 
sacral vertical line) are evaluated. While in a later-
al view a sagittal balance is assessed using sagit-
tal vertical axis, lumbar lordosis, thoracic kyphosis 
and spino-pelvic balance parameters such as pelvic 
incidence (PI), sacral slope (SS) and pelvic tilt (PT) 
[6,13]. The basic parameters contained in the X-ray 
image are shown in Fig. 1. The most important clin-
ical parameter of spinal alignment is the line called 
the axis of the sacral spine (SVA). Its relative anteri-
or shift to the sacrum significantly undermines the 
quality of patents’ life.

However, X-ray methods allow us to determine 
the exact location of SVA we need a more standard-
ized and less radiation-laden test. There is the EOS, 
however, it is a stationary system, still based on ion-
izing radiation [7]. Radiological examinations hold 
a risk for the health, that is why the frequency of 
measure-ments should be limited making it difficult 
in follow-up [8] Therefore, this work focusses on the 
develop-ment of a non-radiological measurement 
method. An evaluation of the currently used meas-
uring systems leads to the use of a sonographic sys-
tem, because there is no radiation exposure for the 

patient. Howev-er, the problem occurs that the ana-
tomical landmarks used in radiological examinations 
are very difficult to detect using ultrasound (US). For 
this reason, new landmarks are proposed for an an-
terior measuring approach.

Material and Methods
DESCRIPTION OF THE SYSTEM
The measuring system consists of an ultrasonic sys-
tem with a combined passive infrared transmitter (3) 
connected to a computer (4) and a recording device 
in the visible light (camera of mobile phone) with 
localization software. The system uses 2 passive in-
frared transmitters (1, 3). First infrared transmitter 
is a fixed reference and the second is attached to 
ultrasound probe. Smartphone serves as an optical 
localizer of both infrared transmitters.

The hardware components used by the navigated 
ultrasound system are shown in Fig. 2.

The ultrasound (US) images are captured by an 
Echo Blaster 128 US device (Telemed). The width of 

Figure 1. The Pelvic Incidence (PI) corresponds to an angle 
between the connecting line between the hip joint center and 
the midpoint of S1 and a line perpendicular to the S1 end plate. 
The most important clinical parameter of spinal alignment is 
the line called the axis of the sacral spine (SVA)

Figure 2. Components of the measurement system: (1) referen-
ce rigid body (Aesculap AG, Tuttlingen, Germany), (2) handheld 
tracking system (iPhone 7, Apple Inc., Cupertino, USA), (3) 
Ultrasound device (Echo Blaster 128, Telemed, Vil-nius, Lithu-
ania) and (3) ultrasound transducer with attached rigid body, 
(4) central unit (Microsoft Surface Pro 4 tablet)
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Figure 3. (a) Pelvic tilt in the APP, defined as the angle between 
the APP and the gravity vector in upright position, and (b) 
Anterior Pelvic Plane (APP), defined as the plane through the 
right and left anterior superior iliac spines (1 and 2) and the 
symphysis pubis (3)

Figure 4. The graphical representation of the landmarks and 
their ultrasound images, clockwise: incisura jugularis (IJ), ante-
rior superior iliac spina left (ASIS-L), symphysis pubis (SP) and 
anterior superior iliac spina right (ASIS-R)

the probe and the scanning depth are both 80 mm 
[9]. The probe is tracked by an optical localizer run-
ning on an mobile phone, using the calibrated rear 
camera and the built-in light emitting flashlight. For 
getting the gravitational vector into the referencing 
coordinate system the integrated orientation sen-
sors of the mo-bile device are used. An iOS app is 
currently available and the hardware is iPhone 7. 
The main application is running on the Microsoft 
Surface Pro 4 tablet with USB connected ultrasound 
device. Application guides the operator through the 
measurement steps, displays the US images, offers 
a marking function to select the exact landmarks 
and presents the results after the marking process. 
The application communicates with the optical lo-
calizer using a Wi-Fi Direct connection over TCP/IP 
to get the rotation and translation da-ta of the in-
frared transmitters. System described by Martin et 
al [10]. Is able to record 3 pelvic landmarks: the left 
and right Anterior Superior Iliac Spine (ASIS) and the 
symphysis pubis. The three landmarks span the An-
terior Pelvic Plane (APP) and the Pelvic Tilt of this 
plane towards the gravity vector is calculated by the 
software. Software of Martin et al. is extended in 
this work with the incisura jugularis (IJ) as additional 
landmark and a Sternum Tilt. 

SELECTION OF ANATOMICAL PARAMETERS 
In the radiological examination, three critical 
spinopelvic parameters pelvic incidence (PI), sacral 
slope (SS) and pelvic tilt (PT) and anterior pelvic 
plane tilt (APPT) are defined as shown in Fig. 3. [11, 
12].

The Pelvic Incidence (PI) is an individually differ-
ent morphological constant and geometrically de-
scribes the position of the sacrum in the pelvis and 
its correlations to the acetabulums.2 The value of 
PI is charac-teristic of each individual and does not 
change throughout the life. Sacral Slope (SS) is the 
angle between a horizontal line and a line along 
the top of S1 endplate. Pelvic Tilt (PT) is the angle 
between the vertical of the geometrical center of 
hips joints and the connecting line between the ge-
ometrical centers of hips joints to the midpoint of 
S1 endplate.

The value of PI is equal to the sum of the PT and SS. 
It has been shown that the larger the PI, the higher 
a pelvic rotation [14]. The pelvis rotates anterior or 
posterior around the femoral head axis responding 
to a change from the spine or legs geometry. 

The Pelvic Tilt is being considered to define cur-
rent (dynamic) pelvic rotation. 

Pelvic tilt is a parameter determining the current 
pelvic rotation which is indication of spino-pelvic 
imbal-ance compensation. For this value, the land-
marks of the sacrum and the acetabula are used. 

Due to the difficulty to detect the anatomical struc-
tures of the current landmarks using ultrasound, in 
this paper the new landmarks are defined.

It has been proven that there is a strong correla-
tion of PT with Anterior Pelvic Plane (APP). APP is 
defined by the plane between ASIS and symphysis. 
In this paper PT describes the rotation of the APP 
[12]. APPA is the angle between APP and gravity line 
(see Fig. 3). The landmarks of APP are well recogniz-
able with ultrasound (see Fig. 4) [10]. Also the ASIS 
balance is defined by the angle between the ASIS 
relative to the horizontal vector as Spinas Balance 
(Coronal Pelvic Rotation). Since a pelvic rotation in 
the coronal plane must also be considered as shown 
in Fig. 4. This parameter provides an information 
about the coronal balance. In this work the focus 
was on the sagittal balance which is why the Spinas 
Balance (Coronal Pelvic Rota-tion) is not evaluated. 
Still, all measured subjects are coronal balanced for 
a good comparability in this study.   
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Since the incisura jugularis is the highest point of 
the sternum and easily recognizable by the ultra-
sound measurement, it is recorded as the fourth 
landmark. A plane between the ASIS and the IJ is 
spanned. The angle of this plane, relative to the ver-
tical plane, is defined as Sternum Tilt (ST) and eval-
uates the upper body inclination. Based on ST, the 
general posture of the subjects can be determined, 
and misalignments can be detected. In our ultra-
sound measurement method, the condition of the 
spine is evaluated with the help of the upper body 
inclination.

Measurement procedure
The study includes 10 subjects (five men, five wom-
en) at the age between 24 and 30. One additional 
fe-male subject has an unrecognizable scoliosis. The 
other subjects have no known preexisting diseas-
es. It is therefore assumed that the subjects have 
a healthy alignment due to their age. Each subject 
was examined in standing position. The foot dis-
tance was about 20 cm and the head was aligned 
forward. For each subject, the measurement was 
repeated five times. 

Additional to the study and in order to investigate 
the influence of different upper body alignments, on 
one subject two further test cases were examined, 
see Fig. 7. The regular measurements were done in 
an upright stand (a). In addition, a measurement 
was carried out in such a way that the subject was 
first examined with a hyperlordotic alignment (max-
imum anterior rotated pelvis and posterior inclined 
upper body) (b). Subsequently, the subject stood 
with an anterior maximum inclined upper body (c). 
These test cases were repeated three times. The ul-

trasound probe was always held by the same user to 
minimize the deviation.

Results
The data in standing position are analyzed differenti-
ated by sex. In the evaluation, the measured values 
are defined as negative, when the pelvis or the trunk 
rotates anterior. A posterior rotation or inclination is 
defined as positive. 

Fig. 6 shows the ST and PT distribution on the 
young subjects (dots: male, triangles: female). Over-
all, the results show a ST between -30 and 70 and a 
PT between -140 and 80.

There are no guidelines in literature to determine 
a pathological and a healthy status of the Sternum 
Tilt. Based on the measurements of young subjects, 
a first definition of a healthy range for the Sternum 
Tilt can be made. 

The mean values for the Sternum Tilt are -0.1 
±1.50 for male and 3.7 ±2.50 for female.

The mean values for the Pelvic Tilt are 2.9 ±3.10 
male for male and -5.3 ±1.90 for female.

Fig. 7 shows the three body alignments of the test 
cases. If the test person stands in the hyperlordosis 
(b), the pelvis rotates anterior and the upper body 
rotates accordingly posterior. Subsequently, the 
sub-ject stands with anterior maximum inclined up-
per body (c).

Consistent with Fig. 7 the following Fig. 8 shows 
quantitatively the relationship between Pelvic Tilt 
and Sternum Tilt in these postures (dots: (a), rectan-
gle: (b), triangle: (c)).

Figure 5. The defined planes for the measurements: The Ster-
num Tilt Plane (green) is used to determine the upper body 
inclination. The Anterior Pelvic Plane (red) is used to determine 
pelvic rotation

 male    female
Figure 6. Results of the measurement. Subjects 1 to 5 are male 
(dots), 6 to 10 are female (triangles). On the top the Ster-num 
Tilt is shown, on the bottom the diagram shows the results for 
Pelvic Tilt
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In test case (a) the value of PT is -1.640 and of 
ST is -1.560. For the posture (b), the PT increases 
compared to the previous results in posture (a) to 
compensate the hyperlordosis. Posture (c) has the 
maximum an-terior ST compared to the postures (a) 
and (b). 

One female volunteer with scoliosis is excluded 
from the study of symptom-free subjects and is not 
con-sidered for the new proposed reference values 
for anterior sagittal balance due to her pathological 
alignment. Noticeable in her results is a significant 
anterior Pelvic Tilt. The mean value of her Pelvic Tilt 
is -29.7 ± 3.2° and the value of the Sternum Tilt is 
6.48 ±1.4°.

Discussion
Spino-pelvic alignment is one of the most impor-
tant parameter of a healthy spine. The correlation 
be-tween PI, SS, PT and lumbar lordosis has been 
sufficiently proven, especially in asymptomatic in-
dividu-als [15]. However, there is a wide range of 
normal values of the parameters of  spino-pelvic 
balance and dif-ferent for each individual because 
it depends on the shape of the pelvis, sacrum and 
sacro-iliac joints. The anatomy of the pelvis has not 

changed since the end of bone ossification, so it has 
remained constant in adult. The anatomy of pelvis 
is expressed by the Pelvic Incidence and its correla-
tion with the sacral slope and lumbar lordosis [16]. 
As a result, the value of lumbar lordosis in a young, 
healthy person is characteristic for him, however, it 
changes with age or disease. Pelvic Tilt or pelvic ro-
tation is normall spino-pelvic parameter [17]. PT can 
change and in result is a compensatory mechanism 
that occurs during the degenerative process or ag-
ing. Maintaining or restoring the existing spino-pel-
vic balance is a main goal in spine surgery, aspecially 
fusion [18].

Based on the results of the measurements on 
asymptomatic young subjects, a new proposal for 
refer-ence values is made. 

To determine the sagittal balance, first the Ster-
num Tilt is considered. The method of creating a 
sternum plane with one additional landmark incisu-
ra jugularis and left and right superior iliac spina that 
are also used for the anterior pelvic plane, is an easy 
extension of the method described by Martin et al 
[10].  The measured mean values of the Sternum 
Tilt are 0.1 ± 0.7° (male) and 3.7 ± 1.2° (female). The 
measured values show a difference between male 
and female subjects. The Sternum Tilt for asympto-
matic young male subjects is approximately 0o. 

In this study the Pelvic Tilt of the Anterior Pelvic 
Plane was also measured. The PT values were in a 
range of -3.3 ± 2.3° for male subjects and -5.0 ± 1.7° 
for female subjects. All subject had a comparable 
outcome to the values measured by Marques et al 
[19-21], who measured the Pelvic Tilt with the same 
components on symptom-free young subjects. Due 
to their age, health condition and correct posture, 
all subjects involved in the study are supposed to 
have a neutral sagittal balance. 

Regarding to the three test cases, the scoliosis pa-
tient belongs to case (b) due to her Sternum Tilt of 
6.48°, which is in the defined range, and a patholog-
ical pelvic rotation of -29.7° [22]. It is suspected that 
in this case, the pelvic rotation balanced the anterior 
Sternum Tilt to prevent an uncompensated sagittal 
posture. It is expected that unlike the young scolio-
sis patient, old people no longer have the flexibility 
by rotating the pelvis to balance the spinal disorder. 
Then a Sternum Tilt out of range can be problematic 
and immediately lead to an imbalance.

The examined young women shows a significant 
larger posterior Sternum Tilt compared the male 
group. A statistical T-test shows that there is a dif-
ference in the Sternum Tilt between young men 
and young women (P = 0.03). In the study according 
to Smith [23], the posture of 766 adolescents was 
measured using motion analysis. The evaluation 
shows that in the group of men, a significantly higher 

Figure 7. Additional cases of different postures

Figure 8. Pelvic Tilt and Sternum Tilt in the three different po-
stures, (a) is in straight posture, (b) in hyperlordosis and (c) with 
straight legs and maximum anterior upper body inclination



25Medical Robotics Reports – 8-9/2019-20

proportion of sub-jects has a flat 
posture. A study by Michiel et al 
[24]. Found that women have a 
different form of the spine. The 
female spine tilts more posteri-
or in the sagittal plane than the 
men’s. The results of this work 
are comparable with the litera-
ture. The definition of Sternum 
Tilt correlates with an additional 
load on the lower spine and pel-
vis. Many literature sources have 
shown that women suffer more 
frequent from hip problems [25].

When considering the stand-
ard deviation of the measure-
ment results between 1.50 and 
3.10, it be-comes clear that there 
is a significant variance. One 
reason for this may be that the 
subject is moving during the 
measurement because there 
is a dynamically balanced area 
standing upright. The concept of 
the dynamical standing is called 
Pendulum [26]. 

However, comparing the 
measured values with the liter-
ature, the new method provides 
reasonable results [22, 24, 25]. 

Conclusion
The new measurement approach 
of the sagittal balance has the 
potential to evaluate the upright 
posture in the sagittal plane. On 
the one hand, the system pro-
vides a diagnostic tool to capture 
the status of the sagittal balance. 
On the other hand, it is applica-
ble for long-term monitoring af-
ter surgery without health risks. 
The measuring method achieves 
a new approach for measuring 
sagittal balance parameters by 
considering the Sternum Tilt and 
Pelvic Tilt without any radiation 
exposure for the patient. First 
measurements in symptom-free 
young subjects also showed a 
difference between male and 
female probands. This can be a 
result of the different anatomy 
between male and female. How-
ever, this needs to be investigat-
ed in a larger test group. RE
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Analizowana praca dotyczy zagadnień związanych z deformacją kręgosłupa. W sposób szczególny ukierunkowana została na problematykę 
przywrócenie równowagi strzałkowej i harmonii spinopelwicznej w ramach leczenia chirurgicznego. Autorzy pracy zaproponowali zastąpie-
nie powszechnie stosowanej metody z wykorzystaniem promieniowania rentgenowskiego. W pracy zaprezentowano nowe podejście do 
pomiaru równowagi strzałkowej za pomocą nawigowanego systemu ultradźwiękowego bez narażenia pacjentów na oddziaływanie promie-
niowania rentgenowskiego. Autorzy pracy założyli, że przednia płaszczyzna miednicy i nowo zdefiniowana płaszczyzna mostka zapewniają 
ocenę równowagi strzałkowej. W pracy przedstawiono wyniki uzyskane na grupie badawczej wynoszącej 10 pacjentów. Zaprezentowanym 
w pracy efektem zrealizowanych pomiarów jest propozycja klasyfikacji równowagi strzałkowej, która określa zakres prawidłowych wartości 
kątowych przechyłu mostka.
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An important field of research in medicine is the replacement of invasive methods with less invasive. Authors of the article propose to 
introduce the ultrasound method to study the geometry of spinal „deformations” at equilibrium instead of the conventional radiography. 
If this method will be improved, advantage can be expected due to the cost of the examination, but more importantly due to the patient 
being not exposed with an X-ray. The proposal is interesting and, I think, further comparative research of these methods will allow to 
compare the accuracy obtained in these methods and decide whether the new method will complement or replace the previous one.

[14] Legaye J., Analysis of the Dynamic Sagittal Balance of the Lumbo-Pelvi-Femoral 
Complex, in Biomechanics in Applications. 2011.

[15] Vaz G, et al., Sagittal morphology and equilibrium of pelvis and spine, Eur Spine 
J. 2002 Feb; 11(1): 80–87.

[16] Legaye J, et al., Pelvic incidence: a fundamental pelvic parameter for three-di-
mensional regulation of spinal sagittal curves, Eur Spine J. 1998; 7(2):99-103.

[17] Le Huec JC, et al., Pelvic Parameters: Origin and Significance’. European Spine 
Journal : Official Publi-cation of the European Spine Society, the European Spi-
nal Deformity Society,  European Section of the Cervical Spine Research Society 
20 (August 2011): 564–71. doi:10.1007/s00586-011-1940-1

[18] Głowacki M, et al., Importance of Radiological Evaluation of Global Spinal Bal-
ance Together with Lower Limb Alignment in Planning Lumbar Spine Deformity 
Surgery - Illustrative Case Presentation. Pol J Radiol. 2017; 82: 287–292.

[19] Marques, CJ, et al., Intra-and Inter-rater Reliability of Navigated Ultrasound in 
the Assessment of Pelvic Tilt in Symptom-Free Young Adults. Journal of Ultra-
sound in Medicine 2018.

[20] Marques CJ, et al., The Effects of Body Position on Pelvic Tilt Angles Measured 
with a Smartphone-Based Navigated Ultrasound System in Symptom-Free 
Young Adults. Journal of Functional Mor-phology and Kinesiology, 3(1), 2018.

[21] Marques CJ, et al., Intra-and Inter-rater Reliability of Navigated Ultrasound in 
the Assessment of Pelvic Tilt in Symptom-Free Young Adults. Journal of Ultra-
sound in Medicine.

[22] Kochman A, et al., Preoperative Ultrasonographic Assessment of the Anterior 
Pelvic Plane for Personalized Total Hip Replacement. Ultrasound Med, 2017. 00.

[23] Smith A, et al., Classification of Sagittal Thoraco-Lumbo-Pelvic Alignment of the Ado-
lescent Spine in Standing and Its Relationship to Low Back Pain. SPINE 2008. 33(19).

[24] Michiel MA, et al., Differences in Male and Female Spino-Pelvic Alignment in 
Asymptomatic Young Adults. SPINE, 2009. 34: p. E826-E832.

[25] Kennedy D, et al., Comparison of Gender and Group Differences in Self-Report 
and Physical Performance Measures in Total Hip and Knee Arthroplasty Candi-
dates. The Journal of Arthroplasty 2002. 17: p. 70-77

[26] Gagey PM, et al., Two mechanical models for postural stabilization:the Tactics of 
the Center of Gravity and the Tactics of the Center of Pressure.


