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a b s t r a c t

The main aim of this work was to test the developed system of a free hand sonographic
probe in the clinical conditions. The measuring system consists of navigation system track-
ing the position of a linear ultrasound probe and the self-developed software to control the
tools and analyse the recorded data. It enables both measurement of geometrical parame-
ters according to the self-designed template and the identification of the three dimensional
shape of bone. Moreover the software provides virtual planning of surgery and supports
the surgeon to execute the planned scenario in the reality.

The paper describes the three methods of the ultrasound probe calibration and the
obtained results of calibration affecting the accuracy of measurement.

There have been performed tests of the femur and tibia mechanical axes, the mechanical
axis of the lower limb and the neck-shaft angle using 3D ultrasound imaging and magnetic
resonance imaging, on a group of five probands. The results revealed high Pearson’s corre-
lation coefficient and small deviations estimated to 0.4–3.5 mm and 2�.

The 3D ultrasound tests of limb geometry were performed on seven patients suffering
from limb deformities and three patients treated with Ilizarov External Fixator. The mea-
surements enable planning and post-operative diagnosing of limb corrections with length-
ening.

The results of measurements are analyzed in terms of applicability in clinical conditions.
� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The aiding of the orthopedic surgery requires high
resolution three dimensional imaging techniques in order
to plan the surgical procedure and diagnose the disease
such as bone deformation. Typically ordained Computed
Tomography is an X-ray examination, introducing relevant
radiation dose into the human body. The magnetic reso-
nance imaging is an efficient, noninvasive, high contrast
soft tissue imaging technique, however it is expensive
and difficult to apply intraoperatively. The ultrasound
. All rights reserved.

.pl (E. Świątek-najwer).
imaging is a non-invasive technique to differentiate tissues
by acoustic impedances.

Nowadays the sonography provides the high resolution
imaging with the quality obtained in case of magnetic res-
onance imaging. It is the advantage of harmonic imaging
with double basic frequency. The latest trends of develop-
ment in ultrasound imaging are: the spatial imaging tech-
niques and the integration of ultrasounds into monitoring
of diagnostic and therapeutic methods, such as control of
targeted drug delivery [9].

Mostly applied method of 3D ultrasound imaging in
pregnancy and soft tissues diagnosing requires tilting of
the ultrasonic beam controlled by precise electronic con-
trols, mechanical engines, phase array and selection of
working transmitters [8]. Three dimensional ultrasound
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Fig. 1. A scheme of 3D sonography to investigate bone geometry.
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imaging using mechanical scanning assemblies found
application in breast biopsy and prostate therapy [1]. The
free hand three dimensional ultrasound imaging applying
the electromagnetic or optical navigation to control the po-
sition of ultrasound probe is currently developed in bio-
medical engineering [13].

The experience in sonography examination has a critical
influence on the imaging quality, since the angle of the
sound beam and the degree of tissues compression affects
the ultrasound image. An important issue concerning the
free hand sonography is also the accuracy of the ultra-
sound probe calibration. The aim of this procedure is to
calculate the matrix transforming a point of ultrasound
scan into the coordinate system of a sensor mounted on
probe. The analysis of papers on ultrasound probe calibra-
tion showed that the main types of phantoms are: the net-
work of markers (wires), the plane visualization, the so
called ‘‘N’’ or ‘‘Z’’ wire-phantoms and the Cambridge phan-
tom (with steel lines) [12].

The ultrasound systems have found application in mus-
culoskeletal measurements. Keppler describes the tests of
bone geometry using a free hand ultrasound system on pa-
tients before and after lower limb osteosynthesis [3]. The
ultrasound imaging is also applied in the measurements
of muscles physiological parameters, such as physiological
cross-sectional area and the volume of muscles [16].

The US intra-operative imaging is nowadays applied as
a method to register landmarks defining the patient coor-
dinate system or parameters such as the mechanical limb
axis during Total Hip Arthroplasty. Kiefer and Mainard sta-
ted that the ultrasound measurement is more precise than
standard palpation performed using a navigated pointer,
especially when the symphysis pubis is identified in case
of obese patients [4,11].

The three dimensional ultrasound intra-operative imag-
ing has also found an application in the neurosurgery. In
SonoWand Invite system by Elekta Neuroscience, the nav-
igated ultrasound probe provides rapid access to intra-
operative 3-D images in high quality. The real-time imag-
ing is crucial during minimally invasive neurosurgery.
The system also applies the results of preoperative CT or
MR imaging. A very useful feature is that the surgeon can
observe any cross-sectional slice calculated from the pre-
operative dataset according to the real-time position of
ultrasound probe. Simultaneously the surgeon observes
the intra-operative ultrasound image [14].

The ultrasound measurements using the developed 3D
free hand system for orthopaedic surgery provides a valu-
able complement to the X-ray examinations. Ultrasound
imaging is readily available in intra-operative conditions
and useful for computer assisted surgical procedures to
register characteristic points of the bone in the patient ref-
erence system. The ultrasound intraoperative imaging en-
ables to follow the surgical scenario designed during the
virtual planning using any 3D image data (ultrasound, CT,
MRI). The ultrasound imaging helps to complete registra-
tion procedure. Basing on the collected characteristic
points related to the patient coordinate system, the match-
ing matrix is calculated and the virtual data are trans-
formed to the intraoperative coordinate system. Through
this procedure, the surgeon can track the position of any
surgical instruments regarding all preoperative image-
based virtual models of tissues. Moreover, the developed
ultrasound system provides identification of the bone
shape for virtual planning of surgical procedures and sup-
porting the real time surgical procedures [15].

This paper describes the results of comparative tests of
the lower limb geometry applying the developed ultra-
sound free hand system and magnetic resonance imaging
(test performed for healthy probands). The 3D sonographic
tests of seven patients suffering from limb deformities
were performed to check the system in case of nonphysio-
logical state. To check the usability of the developed tool in
the most difficult conditions, three patients under osseoin-
tegration treatment (using Ilizarov External Fixator) were
examined.

2. Materials and methods

A free-hand ultrasound measuring system combining
the ultrasound machine EchoBlaster 128, (Telemed, Lithu-
ania) and the optical tracking system Polaris Spectra (NDI,
Canada) has been developed. It allows for control of the
ultrasound probe position in a specified reference system.
The idea of the system and the results of the tests in labo-
ratory conditions have already been described in details in
paper by Świątek-Najwer [15] (see Fig. 1).

2.1. Calibration phantom

To calibrate the ultrasound probe a new calibration
phantom has been designed. Its construction differs from
existing phantoms. The calibrating markers are made of
wire with 0.5 mm diameter, which creates five levels of dou-
ble ’’N’’ structures (see Fig. 2). The levels 1, 3, and 5 are iden-
tical and shaped as double ‘‘N’’ structures differing in the
geometry, whereas the levels: 2 and 4 create double in-
versed ‘‘N’’ structures also differing in the geometry (Fig. 2).

To measure the locations of holes in the phantom the
3D-Real-Time-Motion-Capture System – Optotrak Certus
(full focus e-type) (NDI, Canada) has been applied. Its accu-
racy in dynamic conditions is as high as 0.15 mm. However
the measurements have been performed in static condi-
tions, therefore the accuracy was higher. The deviation of



Fig. 2. The configuration of double ‘‘N’’ levels in the calibration phantom.
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the measured coordinates was estimated to 0.0001 mm. A
pointer with curled tip has been designed and produced to
measure the locations of holes (Fig. 3). The positions of
holes for wires mounting (A–J) in the phantom were re-
lated to the coordinate system defined by the reference
frame mounted on phantom.

The second phantom construction contained eight
metallic foveae mounted on the corners of the two square
plates on different levels. The positions of the foveae have
been measured with Zeiss coordinate machine. The main
advantage of the phantom is that the foveae are easily
identified on the ultrasound scan (see Fig. 4).

2.2. Methods of calibration

To calibrate the ultrasound probe, the wire phantom was
immersed in the water with stabilized temperature at 37.0�,
and the probe was introduced into the rim over the phantom
to record scans (see Fig. 2). The ultrasound scans and the
ultrasound probe locations (in the phantom reference
coordinate system) were recorded simultaneously. On the
Fig. 3. A self-designed pointer to define the positions of holes in the
calibration phantom.
ultrasound image the 25 echoes of the wires were identified
manually (see Fig. 5) and the inter-echoes distances were
measured taking into account the depth of scanning and
the width of probe [7].

Basing on the assertion of triangles similarity, the posi-
tions of fiducial echoes (in the reference coordinate sys-
tem) were determined [5,6]. The transformation matrix
from the image coordinate system to the phantom coordi-
nate system is the product of the unknown calibration ma-
trix and the transformation matrix from the phantom to
the on-probe sensor coordinate system.

Two methods of calibration have been applied (also
presented in [7]).

1. First method was to minimize the sum of distances
between the proper echoes positions in the phantom
reference frame coordinate system (xPi, yPi, zPi) and
the positions of the ultrasound echoes transformed by
the unknown calibration matrix (xFi, yFi, zFi).

2. The main idea of the second method was to calculate
the calibration matrix basing on the fitted ultrasound
scanning plane in space. To fit the least square orthog-
onal plane to the locations of 25 echoes, the Singular
Value Decomposition was applied. To define the trans-
formation matrix from the image coordinate system
to the coordinate system of the phantom reference sen-
sor, the position of the image coordinate system origin
in the phantom coordinate system and the directional
vectors of axes were defined. Finally the calibration
matrix was calculated basing on linear matrix equation.

The third method of calibration applied the calibration
plate with eight foveae. The echoes of foveae were identi-
fied on eight separate scans. The transformation matrix
from the coordinate system of sensor mounted on probe
to the coordinate system of the reference sensor mounted
on the plate was recorded simultaneously with each scan.
The calibration matrix was calculated to optimize the



Fig. 4. The calibration plate and the ultrasound scan of a metallic fovea.

Fig. 5. An ultrasound image with echoes of wire fiducials.
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distance between the calculated and the measured (by
Zeiss coordinate machine) positions of the foveae in the
coordinate system of sensor mounted on plate. The depth
of scanning and the width of linear probe were taken into
account.

2.3. Clinical tests of the developed system

The purposes of clinical tests were as following:

1. A comparative analysis of the limb geometrical param-
eters investigated using the ultrasound system and the
parameters measured on the magnetic resonance
images (test performed for probands).

2. The tests of the limb geometrical parameters on the
patients suffering from limb deformities.

3. The tests of limb geometrical parameters on the
patients, who undergo osteosynthesis applying the
Ilizarov External Fixator.

All these measurements were performed applying the
dynamic reference frame (DRF) mounted noninvasively
on the anterior surface of shank using a blood arrest band.
The location of the DRF was selected because of its stable
position on the shank. The DRF defines one anatomical
coordinate system. The position of patient on the adapted
couch is crucial. Since only one DRF is applied, the rotation
and position of the shank in relation to the thigh need to be
constant during the measurement. Therefore, the feet and
the distal part of thigh were stabilized, also the patient
was asked to lay still during the procedure. So far the tests
applying two reference frames have been performed to
identify landmarks of pelvis (anterior superior iliac spines
and symphysis pubis). However, the tests revealed that
one DRF is sufficient to identify landmarks of the lower
limb to provide both repeatability and accuracy of the
measurement.

All the ultrasound tests were performed by operator,
whose level of experience in orthopaedic sonography is
as high as 3 years. The total number of examined patients
was 15: 5 healthy probands were examined using ultra-
sound and MRI, 7 patients experiencing limb deformity
and 3 patients who undergo osteosynthesis applying Iliza-
rov External Fixator were examined using ultrasound.



Fig. 6. The real ultrasonic scans of human limb (femur head, femur/tibia shaft section, ankle, femur neck and femur condyles).
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2.3.1. Comparative US and MRI tests on probands
The five probands: 4 men and 1 woman, aged 25–

33 years were examined. The courses of the mechanical
axis of both lower limbs were specified basing on the ultra-
sound data and the data from magnetic resonance imaging.
To determine the course of lower limb mechanical axis,
using 3D sonography, the scans of the hip, the knee and
the ankle were registered. The center of the hip was
approximated as the middle point of three centers of cir-
cles fitted to the femur head echoes on three scans re-
corded in various intersections. The center of the knee
was determined as the middle point of the condyles notch
when the most ventral points of the condyles are visual-
ized. The center of the ankle is defined as the middle point
of the tibia distal contour. On the Fig. 6 the scans with
placed markers defining joints centers are visualized. The
subjects of the analysis were the lengths of the lower limb,
the femur and the tibia [7]. The length of the femur was de-
fined as the distance between the prescribed measure of
the femoral head center and the center of the knee. The
length of the tibia is the distance between the knee and
the ankle center. The length of the lower limb has been
designated as the distance between the center of the hip
and the center of the ankle [2,3]. The neck-shaft angle
was defined as the angle between the neck axis and the
shaft axis designated as the vector between the centers
of the circles slices fitted to the echoes of the femur shaft
on its transversal scans. The characteristic points of the
neck and the femoral shaft are visualized on the Fig. 6.

During the MRI-based analysis, using Mimics 11.0 from
Materialise Software, the neck axis and the centers of the
joints were determined. Afterwards the 3D lengths (of
the femur, tibia and the lower limb), as well as the neck-
shaft angle, were calculated basing on MRI-measured
anthropometric points corresponding to the ultrasound
measurement. The center of the femur head was approxi-
mated as the center of sphere fitted to the three dimen-
sional shape of the bone. The knee center was defined on
the coronal scan with visible eminentia intercondylaris,
as the point of notch on the femur distal epiphysis. The an-
kle center was defined on the coronal scan with horizontal
edge of epiphysis, as the middle point of this linear con-
tour. The femur anatomical axis was defined as a three
dimensional line connecting the centers of circles fitted
to femur edge on the transversal scans. The neck axis
was defined on the transversal scans as a 3D middle line
of the neck.

2.3.2. Test on the patients suffering from limb deformities
The 7 patients suffering from limb deformities, and in

some cases also shortening, have been examined using
the free-hand sonographic system. Five measurements
have been performed for each limb of a patient.

To analyse the deformity of the limb the following
parameters have been measured:

1. The lower limb length – to analyze the difference in
length of limbs.

2. The thigh and shank anatomical axes – to analyse the
thigh–shank angle.

3. The knee articular gap axis – to analyse LDFA (lateral
distal femoral angle) and MPTA (medial proximal tibial
angle) typically defined in frontal plane projection (on
the X-ray).

The lower limb length was measured similarly as for
probands (described in Section 2.3.1). The thigh and shank
anatomical axes were measured basing on four scans for
each bone. On the two proximal and the two distal scans,
the centers of circles, fitted to the bone echoes on transver-
sal scans, were defined. For each pair a middle point was
calculated. The obtained two points were the two endings
of the anatomical axis. The thigh–shank angle is the angle
between the anatomical axes of the thigh and the shank.

There were recorded two scans, one on the medial and
one on the lateral side of the knee articular gap, to define
the axis of the articular gap. The axis is the line connecting
the middle segments between the femur and the tibia edge
(see Fig. 7). The angle between the anatomical axis of the
femur and the axis of the articular gap is the LDFA. The an-
gle between the anatomical axis of the tibia and the axis of
the articular gap is the MPTA.

The results of the measurements have been described in
Section 3 in Table 1.

2.3.3. Test on the patients who undergo osteosynthesis
applying Ilizarov External Fixator

The three patients, who undergo osteosynthesis apply-
ing Ilizarov External Fixator, were examined using the
developed ultrasound free-hand system. The patients were



Fig. 7. The recorded ultrasound scans of the lower limb.

Table 1
The results of measurement for two patients experiencing the limb deformity.

Parameter Patient 1 Patient 2

Right limb Left limb Right limb Left limb

Length of mechanical axis of limb (mm) 736.81 ± 4.36 710.49 ± 3.72 798.50 ± 3.82 811.69 ± 3.92
Shank–thigh angle (deg) 3.97 ± 0.97 15.43 ± 0.48 9.67 ± 1.08 6.02 ± 1.08
LDFA (deg) 79.28 ± 1.25 73.22 ± 4.01 79.72 ± 1.70 81.79 ± 1.99
MPTA (deg) 82.59 ± 0.97 84.03 ± 5.58 75.62 ± 1.18 80.69 ± 2.19

Patient 3 Patient 4
Length of mechanical axis of limb (mm) 741.29 ± 3.48 741.52 ± 3.35 831.83 ± 4.14 827.45 ± 3.27
Shank–thigh angle (deg) 9.90 ± 1.15 13.18 ± 0.58 12.41 ± 1.52 4.39 ± 1.26
LDFA (deg) 76.79 ± 1.54 82.33 ± 2.25 78.01 ± 1.48 79.05 ± 1.11
MPTA (deg) 69.97 ± 0.89 70.81 ± 4.77 88.26 ± 1.95 78.87 ± 0.88

Patient 5 Patient 6
Length of mechanical axis of limb (mm) 755.36 ± 3.17 729.50 ± 4.29 766.59 ± 4.24 771.96 ± 3.86
Shank–thigh angle (deg) 10.81 ± 0.68 12.64 ± 1.17 5.60 ± 0.87 9.93 ± 2.07
LDFA (deg) 78.43 ± 2.54 84.43 ± 3.37 79.96 ± 1.89 84.67 ± 2.43
MPTA (deg) 80.25 ± 2.37 76.21 ± 3.85 84.12 ± 1.79 82.13 ± 0.74

Patient 7
Length of mechanical axis of limb (mm) 671.24 ± 4.29 674.91 ± 2.89
Shank–thigh angle (deg) 5.39 ± 2.13 2.25 ± 1.05
LDFA (deg) 82.35 ± 3.49 82.38 ± 2.19
MPTA (deg) 83.17 ± 2.51 84.04 ± 1.21
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14–65 years old and were both slim and well-built. The
tests of the same parameters as described in Section 2.3.2
section have been performed.

The results of the measurements have been described in
Section 3 in Table 2.

3. Results

3.1. Results of the calibration procedure [5]

The resulting calibration matrix using the optimization
technique (method 1 in Section 2.2):

Mcalibration¼

�0:926974 0:0131002 �0:35332 �54:7083
�0:381023 �0:965834 0:349794 �194:651
�0:248496 0:365218 0:868169 �102:03

0 0 0 1

0
BBB@

1
CCCA
The sum of distances between the proper 3D positions of
the echoes and the 3D positions of the echoes calculated
using the calibration matrix equaled about 3 mm. For the
single echo the minimal distance equaled 0.15 mm and
the maximum distance equaled 2.4 mm.

The calibration matrix obtained using the SVD plane
approximation has been estimated to:

Mcalibration¼

�0:89249 0:23607 �0:99905 �60:83392
�0:14107 �0:85360 0:46785 �195:44594
�0:32010 0:41828 �1 �104:40520

0 0 0 1

0
BBB@

1
CCCA

The value of the summarized error was higher than 4 mm,
and was strongly affected by imprecise determination of
directional vectors vx, vy, vz defining the rotation matrix
from the phantom to the image coordinate system.



Table 2
The results of measurement for three patients treated with Ilizarov External Fixator.

Patient 8 Patient 9 Patient 10

Left limb (with
IEFon shank)

Right limb Left limb Right limb (with
IEF on shank)

Left limb (with
IEF on thigh)

Right limb

Length of mechanical axis of limb (mm) 710.28 ± 2.59 718.35 ± 3.10 829.54 ± 3.87 809.19 ± 4.84 758.48 ± 4.33 752.00 ± 2.90
Shank–thigh angle (deg) 1.64 ± 2.21 23.45 ± 4.86 24.11 ± 2.48 15.90 ± 1.66 5.13 ± 1.81 6.79 ± 1.32
LDFA (deg) 87.29 ± 4.15 74.57 ± 4.58 76.18 ± 2.50 81.78 ± 4.79 Not measured Not measured
MPTA (deg) 87.75 ± 3.98 75.19 ± 7.47 72.83 ± 4.06 80.68 ± 4.19 Not measured Not measured

Fig. 8. The reference frame mounted on the shank distracted applying
Ilizarov External Fixator.

Fig. 9. The reference frame mounted on the shank (patient with thigh
distracted applying Ilizarov External Fixator).
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3.2. Clinical results

The ultrasound measurements were performed seven
times for both legs of the probands. The repeatability ex-
pressed by the standard deviation of each measured length
(femur, tibia and whole leg) range from ±1.70 mm to
±3.89 mm.

The Pearson’s correlation coefficient established for the
average length measured using ultrasound system and the
corresponding length measured using magnetic resonance
imaging was as high as 0.99. The deviations between the
lengths measured by the two methods ranged from 0.42
to 4.33 mm (Fig. 10).

Also the results of the neck-shaft angle measurement
using the ultrasound and the magnetic resonance imaging
techniques revealed small deviations, the maximal value
was as high as 2�.

Both the patients with deformities and the patients
undergoing the treatment applying the Ilizarov External
Fixator (IEF) on the shank and on the thigh were examined
five times using the developed system (see Figs. 8 and 9).
The results of the measurements on the patients suffering
from deformities are presented in the Table 1, and the re-
sults obtained for the patients with IEF – are presented in
the Table 2 (two patients with IEF on the shank and one
with IEF on the thigh).

The presence of Ilizarov External Fixator makes the
measurements more complicated. The most difficult is
the measurement in the knee articular gap. Therefore the
LDFA and MPTA have not been calculated for one patient
with IEF on the shank (see Table 2).

The time of the first probe of complex ultrasound mea-
surement (21 scans were recorded) in case of obese and
significantly deformed patient equaled about 7 min. In case
of young and thin patient the first measurement took
about 3 min. The time of analysis of beforehand recorded
data (i.e. identification of landmarks on scans) was always
as high as 1.5 min.
4. Discussion

The main aim of this work was to develop the system
for ultrasound noninvasive measurements of the lower
limb geometry and to perform the clinical tests on pro-
bands and patients expecting the surgery and undergoing
the osteosynthesis process using Ilizarov External Fixator.

The obtained accuracy of calibration is expressed as a
distance between the calculated fiducial position and the
position measured applying more accurate techniques.
The estimated accuracy of the calibration applying the
developed phantom (5 levels of double ‘‘N’’ structures) is
comparable to the best values (range from 0.15 mm to
1.04 mm) noted by Prager et al. [13] and Mercier et al.
[12]. The novelty in the proposed phantom is the higher
number of fiducials and the specific double ‘‘N’’ structures
geometry. The influence of the temperature on the speed of
sound has been diminished using the temperature stabil-
ization with the accuracy of 0.1�. The substantial factor
impacting on the calibration result is the blurred, difficult
to interpret, echo. This problem concerns especially the
deeply located echoes with a diminished contrast. Lindseth
confirms that even the automatic identification does not
improve the results of calibration [10]. The most important
factor by recording the image for calibration procedure is
the proper focus setting to obtain optimal contrast for each
fiducial echo.

The ultrasound measurements described in the paper,
have been performed by the skilful US operator. The learn-



Fig. 10. The results of the lower limb, femur and the tibia length measurements applying 3D sonography and magnetic resonance imaging.
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ing curve was typically hyperbolically shaped, nevertheless
the time of measurement considerably depended on the
patient obesity and existing limb deformity. Although the
time of measurement seems to be considerably high, the
complex procedure of measurement is performed only pre-
operatively, so it does not affect the time of the surgery at
all. To apply the preoperatively registered data in the intra-
operative conditions, the surgeon needs to register only a
certain number of points to match the preoperative and
the intra-operative dataset. Therefore the time of the regis-
tration does not affect the time of surgery.

The main achievement of this work is that the devel-
oped free-hand 3d ultrasound system provides high accu-
racy and repeatability of measurements. It has been
confirmed by high correlation of the obtained results to
the MRI study. It proves that the free-hand sonography
can be considered as a useful tool in the clinical practice.

The limited number of examined patients using both
MRI and US measurement is caused by relatively high costs
and long time of examination in case of whole-leg scan-
ning using magnetic resonance imaging. The clinical tests
on a group of patients using ultrasound were repeated to
check the repeatability. The tests will be continued to pro-
vide full statistical analysis, however basing on the group
of 15 patients, it may be stated that the navigated ultra-
sound probe can be applied to analyze lower limb geome-
try both in physiological and pathological conditions,
during and after the treatment.
The system is easily applied by a surgeon experienced
in ultrasound imaging to measure the geometry of tissues,
plan the surgery in the virtual reality and aid the real sur-
gery, and finally to control the post-operative results. The
system enables the surgeon to identify the bone surface
on the ultrasound scans, and to reconstruct its 3D shape.
The virtual surgical procedure is saved and applied
intraoperatively.

The tests of system proved its usefulness in bone
corrections and other orthopedic surgical procedures.
The measurement on patients treated with IEF are more
complicated, because of the reflections of infrared light
from external fixator metallic surface and also the diffi-
cult access to the scanning region. However it has been
proven, that the standard deviation in case of this group
of patients, is close to the value obtained in case of pro-
bands or patients with deformities. The clinical tests
proved that the developed system can be easily applied
also in these conditions, as a complementary technique
to the X-ray examination, to determine the three dimen-
sional shape of bone, diagnose its deformity, design and
support the surgery.
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