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ABSTRACT
We present a method for solving a problem of segmentation of the
retroperitoneal space organs from tomographic images. The method relies
on the level set function. We also discuss a method of image
preprocessing based on a nonlinear anisotropic diffusion filter, which
operates by smoothing the image, while maintaining boundaries between
the segments. A tomographic-image segmentation algorithm based on the
level set function is synthesized. Our original computer product used for
the forming a 3D model to conduct preoperative planning surgery with
virtual and 3D printed model of the organ and the initial clinical studies
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of using intraoperative navigation with 3D digitizer during laparoscopic
partial nephrectomy.
Virtual model was formed using the original software “Volga-M”
(cert. № 2015660462), based on the mathematical models of the
structural elements of the body we accepted a law of probability
distribution of the brightness and dispersions values. A method for
combining a virtual model of the body image with video 3D printed
model, using a video camera, combined with the 3D digitizer. When
using augmented reality technology, we combined the 3D model image
with the video of kidney tumor. Laparoscopic partial nephrectomy
performed in 9 patients, 4 (45%) men and 5 (55%) of women middle age
45.9 (38-54) years, with clear cell renal cell carcinoma size 26.2 (15 - 40)
mm.
All procedures were successful, segmental vascular clip was possible
in 4 (45%) cases. Mean warm ischemia was 17.3 (12 - 25) min. Mean
surgery operation time was 101.7 (80 – 155) minutes. Blood loss was an
average of 222.2 (100 - 400) ml.
Designed tomographic image segmentation algorithm based on the
function level and active contours can be used in engineering and medical
practice in the development of medical imaging software, training
programs, simulation of preoperative planning and intraoperative
navigation. Preliminary results of our clinical studies have shown the
significance of 3D modeling to improve visualization of the affected
organ during surgery for the surgeon and for the understanding of the
nature of the pathological process of the patient.

Keywords: computer tomography, retroperitoneal space organs, image
processing, active contour, 3D navigation, laparoscopy partial
nephrectomy

INTRODUCTION
Modern video endoscope technologies, though having real advantages for
a patient, have some features complicating the work of a surgeon. The most
essential of them arise during the work with 2D and pseudo-3D images of a
zone of operational intervention on a monitor screen, the surgeon being unable
to use tactile sensitivity, which leads to difficulties of orientating in
operational space [1]. Development of computer technologies and methods of
beam diagnostics will allow create 3D models of a zone of surgical
intervention or specific organs on the base of computer tomography results.
Studying a 3D model of a certain body organ shown on a monitor screen or
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printed on a 3D printer not only helps the surgeon estimate the peculiarities of
a forthcoming surgery, but makes the patient understand the nature of his
disease and the treatment as well [2].
The significant advantage of virtual modeling presented by the
opportunity to receive an external contour of a certain body organ and to study
its internal structures and features of blood supply as well, which is especially
important when carrying out organ preserving renal tumor surgery. Having
partial nephrectomy in view, preoperative planning allows reducing the warm
ischemia time, which improves the results of the treatment [3].
Using a virtual model for intraoperative navigation just in the course of
video endoscope surgery is especially promising, providing a surgeon with
additional information on the anatomy peculiarities of a patient [4]. Different
options based on the augmented reality technology including CT examination,
recording its results in a DICOM format, generation of a virtual 3D model
corresponding to patient-specific anatomy and conjugating the 3D model with
the video image of a real-life patient are used. The synthesis of images realized
using virtual model projection on a translucent mirror, the patient’s body or
the monitor screen during the laparoscopic surgery [5].
Here we present an original computerized product Volga-М [6] providing
a means of creating a 3D model on the basis of data obtained during the
routine CT, preoperative planning of a surgical intervention using both the
virtual model on the monitor screen and early clinical studies of intraoperative
navigation utilization when conducting a laparoscopic partial nephrectomy.

MATERIALS AND METHODS
The paper based on the data of a standard clinical study of a spiral CT
performed on Philips Brilliance 64 and Siemens Somatom 40 in cooperation
with the Republican Clinical Hospital of the Republic of Mari El. The images
are in DICOM format.
CT image I represents an ordered set I  {I z }Nz 01 of N X-ray scans of a
K  {k x , k y , k z }
human body made with the distance of
between pixels. Each
u

(
x
,
y
,
z
)
pixel
of such an image coded by biased double byte value of
density quantification I (u) of human body tissue structures according to
Hounsfield scale. Scale range is between −1024 and +3071, the meaning of

pixel intensity lies in the range of 0  I (u)  4095 .
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Taking into account the fact, that brightness distribution of pixels in the
image of a certain biological structure is random in character, it reasonable to
use the intensity value probability distribution of these pixels as a
mathematical model of body organs and their structural elements. To define
the distribution law the expert generated the samples of pixels representing
various tissues. Each sample corresponded to this or that class. On the base of
the histogram of tissue brightness (Figure 1), pixel intensity distribution under
the normal law accepted as a mathematical model of a certain tissue. The
given character of distribution was proved experimentally on the basis of
Kolmogorov criterion with confidential probability 0,95.

Figure 1. (Continued).
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Figure 1. Intensity histograms: а) background, b) renal cortex, c) renal parenchyma,
d) tumor.

At the stage of classification, the value of image pixel brightness
substituted into the pixel distribution probability for each of segmentable
tissue zones obtained at the teaching stage. This results in obtaining
quantitative values of L brightness similarity measure for the chosen pixel
and the i -th segment. Thus, the plausibility value
pixel to the i -th class looks like

L of referring the concrete
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Li (h) 

 ( h  i ) 2  ,
1
exp  

2 i2 
 i 2


(1)

where h is the value of pixel intensity, i is the value of the i-th class
intensity mathematical expectation,  i is the value of standard deviation for
the i-th class.
Further, by the criterion of maximum similarity the chosen pixel assigned
to one of the segments. Thus, every image pixel will be unequivocally
assigned to this or that kind of tissue with a set level of probability. If the
pixels of one class assigned to a certain color, there will finally be the image in
pseudo-colors (Figure 2). Black color in Figure 2 shows the kidney
background tissue, white color refers to the tissue of renal cortex, grey one
depicts tumor tissue.

Figure 2. Sectional image slide classification result.

Segmentation Based on Bayesian Classifier
To improve the efficiency of the body organ image coloring, the algorithm
of filling the zones belonging to a certain class is applied. The work of such an
algorithm consists in the following: the point on the image of a certain body
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organ selected by expertise. On the base of intensity value of the given point
the decision made on its reference to one of the beforehand generated classes.
Further, neighboring pixels defined on the base of four-neighborhood property
of a point [7]. Every pixel defined in such a way checked on belonging to a
class of an initial point. In case of conformity, the pixel added to the pixel
array of one class, otherwise it not taken into account. All the pixels selected
added to the array of the points processed. Then, the procedure of neighboring
pixels classification is repeated for all the points in the array of one class
provided the point not been checked up earlier. The cycle proceeds until new
points belonging to a certain class have not found. The result of image
segmentation by means of the algorithm described above shown in Figure 3
(black color).

Figure 3. The result of tumor highlighting with filling algorithm.

Apparently, boundary zones of a kidney between the background and the
renal cortex erroneously defined as a tumor. This is due to the fact, that the
tissue surrounding the kidney is similar to the tissue of a tumor body in
density. To reduce such mistakes, the filling algorithm modified to check the
pixel on belonging to the border of a body organ when carrying out the
procedure of defining a pixel belonging to a certain class. The pixel is
considered boundary if the value of standard deviation of intensity for its
across or verticals neighboring pixels exceeds a certain threshold. In other
words, if significant change of brightness observed in a vicinity of a certain

8

V. N. Dubrovin, D. М. Batukhtin, А. V. Yegoshin et al.

pixel along one of the reference axes, the pixel considered boundary. If the
above stated condition fulfilled, the point under study not added to the pixel
array of a class.

Figure 4. Allocation of a tumor on various CT slides.
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Figure 4 represents the result of tumor segmentation, applying the
modified algorithm for two various slides. To construct a 3D model of body
organ, only the points forming its contour are significant. The points arranged
inside this contour contain redundant information. Therefore, to increase the
efficiency of 3D model building it is necessary to allocate the contour of the
image segmented.
Contour allocation and tracing include some stages of image processing
[8]. At the first stage, the binary scene formed according to brightness. White
color appointed to the body organ pixels, black one appointed to the rest
pixels. Then the binarized image undergoes the procedures of morphological
processing (dilatation or erosion) [9]. Dilatation results in image region
growing, and erosion leads to its reduction. Both procedures carried out by
means of a structural element. Here we use the structural element based on
four-neighborhood pixels property.
On the next stage of building the image contour, the result of erosion
subtracted from the initial image or the latter subtracted from the result of
dilatation [10]. Having this goal in mind, the exclusive OR operation is applied
to corresponding image pixels. As a result, the binary image with single-pixel
contour line appears. In practice the area of a tumor allocated in such a way
that there are pixels related to other classes inside it, so beside the basic line of
a contour, internal contours of such pixels allocated as well. To eliminate this
effect at the final stage of boundary points tracking, the contour having
maximum length chosen with Rosenfeld algorithm [11]. Thus, the image
contour of the structure under study on a concrete slide formed.

Segmentation Based on Level Function
Let the initial image be reported in terms of a 4-dimensional scalar
( x, y, z, i) area, where x, y, z are coordinates of pixels, and i is the value of
4
intensity. Then, function of level  (u) :    , u  ( x, y, z) of the image is
mathematical object

 implicitly

representing a segment of the image and

dividing the latter into internal 1 and external  2 areas (Figure 5).
 1 area corresponds to the segment being marked,  2 area corresponds to
other segments or the background.  (u) function is defined with scalar field,
taking positive values for area 1 и negative ones for area  2 :
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1  {u :  (u)  0} и  2  {u :  (u)  0} ,

(2)

where u  ( x, y, z ) is the coordinate of the image pixel.

Figure 5. To level function defining.

In case the number of areas being segmented is N  2 ,

{ h }

N
h 1

N

functions of level

are used that divide the image into areas { h } . Bh contours of the
N
h 1

N
segments are defined by the points lying on the boarder of {h }h
areas, i.е.,
1

Bh  {u :  h (u)  0} .

(3)

 h level function is initiated by Vh0 3D zone (also called seed area or
seed) within the 3D image:

 h (u)  1, u : u Vh0 ,  h (u)  1, u : u Vh0 .

(4)

The surface of  function distorted in shape iteratively to mark a specific
image zone. The line set by  function travels along

N 

 (u)
|  (u) |

normal to the
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surface of  function in u point. The speed of  function evolution regulated
locally with F (u, t ) speed related function:

 (u, t  t )   (u, t )  t  F (u, t )   (u, t ) ,

(5)

where u is a pixel coordinate, t is segmentation process current time, t is
time discretization,  (u, t ) and  (u, t  t ) are level function values at the
last and the next iterations.
To reduce noise impact, it is necessary to smooth the image over before
executing segmentation. For this purpose, the filter of nonlinear anisotropic
diffusion is used. The factor of the filter chosen in accordance with the
function of image gradient [12]. In this case, the diffusion will simultaneously
smooth the image and strengthen the edges, approaching the image to row
echelon form.
The filter of anisotropic diffusion works as follows. I cuts of tomogram
images are fed to the filter input, K  {k x , k y , k z } scale factors of the CТimage describing physical distances between pixels and taken into account
when calculating I (u) gradient. Further new value of intensity assigned
iteratively to each pixel according to the formula

 I (u)
I (u)  I (u)  I (u)  I (u)    div  I (u)  exp  
2




 .


(6)

If I (u) diffusion in some fixed vicinity of u point is great, the intensity
in this point considered noise and the value of intensity corrected towards
dominating intensity. If I (u) diffusion is small, the point belongs to the
border and feathering does not occur.
Speed function for the function of  h level built according to the scheme
with smoothing [13]

Fh (u, t )    C h (u, t )  (1   )  Dh (u) ,

(7)

where  0,1 is a smoothing function controlling relative impact of Ch (u, t )
curvature value and Dh (u) information term on speed function behavior, h is
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the number of level function. α parametric variable value can be related to
border detector function:   g (u) . This step allows the circuit to be switched
smoothly between the modes of distribution along the normal to function for
homogeneous area ( g (u)  0 ) and nearby the border between segments
( g (u)  0 ).

Figure 6. Filter of anisotropic diffusion work results.

Dh (u) information term is responsible for sign character and speed

function charge for

h –th level function and is found as follows:
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Dh (u)   h  I (u)  Th ,
where

I (u)

13
(8)

is image intensity function,

Th

is target intensity giving impetus to

maximum surface growth,  h is intensity band within which the level function
is to grow. If I (u) intensity value in u point meets Th   h  I (u)  Th   h
condition, Dh (u) contributes to an area growth (augmentation), otherwise the
result is area compression.

Figure 7. Stepwise evolution of a level function for one grain: а) a kidney initial image,
b) the result of segmentation of kidney cortex, c)-g) the level function image at 10, 20,
30, 50 and 70 iterations, accordingly.

Quantification of

Th

and

mathematical expectation and

h

h

parameters can be defined by

h

standard deviation for each level function:
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Th  h  M  I (u) ,  h  k   h  k    I (u) , u  h ,
where

k

(9)

is the parameter chosen, e.g., according to three-sigma rule, k  3 .

Figure 8. Stepwise evolution of a level function for a set of grains: а) starting set of
grains image, b)-f) level function images at 10, 30, 50, 70, 90 iterations, accordingly,
g)-h) the result of segmentation at 90 iteration after combining level contiguous
functions of: surrounding tissue (1), kidney cortex (2), kidney parenchyma (3, 4),
tumor (5).

Th and

h

parameters change iteratively in the process of evolution of

each level function. Starting values of parameters are assessed according to
intensity values of initiating point set of seeding area, Vh0 .
Curvature of a level function at u point defined as local divergence of
level function normalized gradient at previous iteration:
Ch (u, t )  div

h (u.t  t ) .
h (u.t  t )

(10)

 gradient is calculated for the region of 3  3  3 pixels according to the
scheme given in [14]. Such region of connectivity presents a more smooth
estimator of level function surface curvature.
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The results of the work of the algorithm with one grain in one of the
images with a kidney and a tumor shown in Figure 7. The results of the work
of the algorithm with a set of grains presented in Figure 8.

Bases of Operation Zone 3D Models Reconstruction
When processing all the slides of a CT image in the above-described way,
a point field in 3D space formed. To increase the information value of the
results it is necessary to visualize the surface of a body organ. Such a surface
represents the result of approximation of all elements of the received sample of
boundary points by osculating planes [15]. Based on the algorithm of Poisson
Surface Reconstruction [16], the triangulation of this surface carried out. As a
result, a 3D polygonal model of a kidney (light grey color) and tumor (dark
grey color) formed, which presented in various foreshortenings in Figure 9.

Figure 9. 3D model of a kidney with tumor reconstructed from CT slides.

The result of СT examination represents a level-by-level series of
segmented images, which presented as a regular grid. Hence, the most
convenient way of visualization is application of voxel algorithms. Here we
use a popular and stable algorithm of marching cubes suggested by W. E.
Lorensen and H. E. Cline for processing a polygonal grid of a 3D scalar field
isosurface.
The algorithm builds an isosurface based on the values of 8 neighboring
voxels, unequivocally specifying the polygons inside the cube formed by their
coordinates. As there exist only 256 possible combinations, they can be
prepared beforehand and used as a set of patterns for forming 3D models of
large volume.
The gradient of a scalar field in each point of a grid is a normal vector to
the offered isosurface passing through the point. Therefore, these normals are
possible for interpolating along the edges of each cube. As a result, normals of
generated apices of a polygonal model formed.
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The existing set of masks for 3D imaging was unsuitable for our work as it
prevented us from displaying structures as thin as 1 pixel. To solve this
problem the original set of triangulation patterns calculated.
3D model displayed in conditions of adjustable transparency of a set of
body organs. To do this, effective sorting algorithms are applied to the whole
image polygons (a set of 3D models of body organs) relating to the axis of a
camera view. The given approach allows to see internal structure of separate
bodies.

Figure 10. 3D model of a kidney, a tumor and arteries. The tumor with its borders,
the inner structure of the body organ, the emulgent vessels and the renal pelvis
system observed.

Correlating the Display of Video Endoscopic Data, the Patient’s
Body Model, the Position of the Surgical Tool at the Stages
of Surgery Planning and Executing
When executing minimally invasive surgery, visual control of the
manipulations of a surgeon is carried out based on the analysis of video
information, which can come from various gauges: video endoscopic,
ultrasonic, x-ray, tomography ones. To compare these data with the results of
preoperative planning, it is necessary to aggregate (integrate) the images of the
virtual model of the patient with the video information received during the
surgery. The technology of visualization uniting video images of real objects
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and virtual models now referred to as augmented reality [17]. Augmented
reality applications in medicine used for intraoperative control do not need
creation of photorealistic images. The basic requirements to such systems are
real-time operation, high reliability, accuracy of superposition of images of
virtual and real objects and sufficient informativeness of the image obtained.
One of the problems considered in the project is development of a
technique for complexing the images received from video gauges in the course
of minimally invasive surgery with the images of digital models of the
patient’s body and his/her body organs. The technique suggested based on
applying a mechanical 3D digitizer.

Mathematical Model of the System for Virtual Object Imaging
Synthesis of the image in the system of augmented reality presupposes
solving the task of two images superposing. One of them is formed by the
video gauge and displays a real object, the second image is formed as a result
of processing the data on 3D model of the same object which contains some
additional information about the object, for example, the data on its internal
structure. Several stages of processing necessary for coordinated display of the
images precede joint visualization. This problem can be solved only if it is
possible to determine the position of the camera against the object. For this
purpose test optical patterns [18], electromagnetic or optical systems of
positioning [19, 20], mechanical systems based on 3D digitizers [18] can be
used in the systems of augmented reality. In the given project, a mechanical
digitizer is supposed to be used in order to define the spatial position of the
camera, the surgical tool, points indication and the direction of access. Figure
11 represents a digitizer on the pointer of which a straight laparoscope rigidly
fixed and connected to the control unit. Such a connection allows to trace the
laparoscope position against digitizer base.
Mapping of the coordinates of the digitizer pointer into the coordinates of
the laparoscope carried out with the help of M t c transfer matrix. To define
the latter an optical calibration chart in the form of checker used. Figure 12
depicts the systems of coordinates and corresponding transfer matrices
considered in the course of M t c matrix search. M oc matrix associates the
coordinate systems of the optical calibration chart and the laparoscope camera.
As geometrical dimensions of the chart elements known, this makes defining
the position and camera orientation in the chart coordinate system possible and
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M oc matrix easy obtaining. M ob matrix defines the mapping from the chart
coordinate system into the digitizer coordinate system and can be found out in
the process of the chart registration. M b t matrix specifies the mapping from
the digitizer coordinate system into the coordinate system linked to its pointer
and is defined unequivocally by the readings of the digitizer itself.

Figure 11. Microscribe G2 3D-digitizer with a laparoscope.

Figure 12. Coordinate systems under study in the process of laparoscope calibration.

The virtual object image obtained in the course of virtual scene processing
described by the set of graphic primitives with specified coordinates.
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The mapping process of x, y, z model 3D coordinates into point
coordinates in the u, image can be described as
u 
,
v   M
viewport  perspM proj  M view  V 
 
1 

(11)

where M viewport is the matrix of mapping to window coordinates, M proj the
projection matrix, M view the model-view matrix describing parallel transfer,
model rotation and scaling, V  xyz1T is the coordinate vector of apices in
projective space, persp is the operation of perspective division, transforming
the vector into Cartesian coordinate system.

Mathematical Model of the System For Real Object Imaging
The mathematical model of the camera is based on the results presented in
[21, 22] and is named the model of projective camera. Mapping of the object
points the camera directed towards into the corresponding points in the image
described with the following equation

 x proj 
 y   persp M  M  V .
 int r ext 
 proj 
 1 

(12)

Formula (12) is true for an ideal camera obscura, hence real cameras use
lenses bringing in specific radial and tangential distortions to the image [23,
24]. Real coordinates of a point in the image with regard to the impact of
distort unknown distortion function equals

  x proj  
 ximg 
 y   distort   y   .
  proj  
 img 
 1 
 1 



(13)
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To eliminate this function, corr impact correction operation executed,
using coefficients of radial and tangential distortions obtained in the course of
calibration. Then, pixel coordinates in the coordinate system of the camera
will be defined according to correlation

 xcorr 
 y   corr distort persp M  M  V .
 intr ext  

 corr 
 1 





(14)

For the sake of visualization, the real image pixel coordinate values
obtained require additional recomputation regarding peculiar properties of the
software used. The ratio describing the process of mapping of real object
points coordinates onto the coordinates of the image pixel displayed looks like

u 
 xcorr 
v   M


viewport  M ort  M texmap   ycorr  ,
 
 0 
 1 

(15)

where M texmap is the matrix describing the image coordinate system mapping
onto the coordinates on the virtual rectangle, M ort is the orthogonal projection
matrix, M viewport is the window coordinates mapping matrix.

Real Object and Virtual Model Images Complexing
When creating interconnected images, virtual camera is supposed to
duplicate the parameters of the real one. The analysis of equations (10) and
(15) shows, that for creation of an interconnected image it is necessary to
define several unknown variables, these are M view and M proj matrices of a
virtual camera as well as coefficients of the functions prescribing the rules of
distortion adjustment and described with corr function in equation (15).
The laws of distortions and ratios to be corrected, can be determined in the
course of camera calibration. Calculation of M view and M proj matrices
requires that some additional problems should be solved, in particular, real
object and virtual model coordinate systems conjugation, camera
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dimensioning to real object coordinate system, defining the parameters of the
camera itself. Accuracy and productivity of the complex for intraoperative
navigation depends in many respects on the quality of resolving these
problems.
The example of complexing of the images presented in Figure 13. The
translucent image of the virtual model overlapping is made with is imposed on
the test object. The plastic model of a kidney printed on a 3D printer in a
reduced scale according to the same 3D model data acts as a test object.

Figure 13. Original and interconnected images.

Realization of the mode of augmented reality in a surgical system will
help solve the problems of objective and subjective control over the surgeon’s
actions, provide exact determination of surgical tool ports and directions,
provide data imaging on 3D monitors using various technologies of displaying
information.

Clinical Part of the Research
The research was approved by the local committee on ethics of the
Republican clinical hospital of the Republic of Mari El, the voluntary
informed consent of all the patients was received as well.
The patients with kidney tumour stage T1N0M0 were underwent
laparoscopic partial nephrectomy, using the method of preoperative planning
based on 3D modeling and intraoperative navigation with images complexing.
All the patients underwent standard clinical inspection, including spiral
computer tomography (Siemens Sonotom 3000 and Philips Brilliance 64), the
results being recorded in DICOM format. A kidney virtual model and a zone
of operative intervention were formed, using original computer program
Volga-M (patents of the Russian Federation № 2011611778 of 2011 [25] and
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№ 2012135049 of 2012 [26]). The 3D model of a tumor-damaged kidney
demonstrated to a patient and his / her relatives for them to understand better
the nature of the disease, the tumor localization and dimensions, the features of
a forthcoming surgery.
On the stage of planning a surgery, a virtual renal tumor resection carried
out using a 3D model, which subsequently compared to the video image of the
result of real surgery. The nature of the disease, the forthcoming intervention
and its features discussed with a patient. In all cases, the patient understood the
nature of the disease and the features of the forthcoming surgical intervention.
Nine patients underwent transperitoneal laparoscopic partial nephrectomy,
which was hand-assisted to exclude the risk of intraoperative complications
and provide reliable fixing of a kidney in the necessary foreshortening.
The virtual model image of a kidney demonstrated in the operation room
on the monitor screen near the video image received with laparoscopic video
camera (Figure 14). Using the technology of augmented reality the 3D model
image aligned with the video image of a tumor-damaged kidney.

a)

b)

Figure 14. 3D model image during the laparoscopic operation: а) 3D model of the
kidney cancer, b) video picture in the course of operation.

а)
Figure 15. Virtual (а) and real-life (b) partial nephrectomy.

b)
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After the renal tumor resection, the video image of the parenchyma
resected checked against the result of the virtual operation executed at the
stage of preoperative planning with respect to conformity (Figure 15).
Demographic, intraoperative and postoperative data of the patients
studied, including kidney warm ischemia time, surgery time, data of
postoperative histology, surgical margin and postoperative complications
(Table 1).
Table 1. Patients’ demographic, intraoperative and postoperative data
Patient/
1
2
3
4
5
6
7
8
Demographics
Age
45
49
39
51
46
38
54
47
Sex
f
m
f
f
m
f
m
f
BMI1
26
29
34
25
38
33
45
27
Baseline renal 98
79
70
99
92
87
68
92
function
(EGCF)
Tumor size
22
30
21
15
32
20
31
25
(mm)
Operative data
Warm
12
18
16
25
24
15
18
14
ischemic time
(min)
Operative
80
155 100
90
95
90
105 90
time (min)
Blood loss
200 300 150
100 400 250
100 300
(ml)
Perioperative
data
Hospital stay 5
6
7
6
10
7
8
6
(d)
Clavien
G2
G1
complications
UTI2
tESC3
Pathologic
T1a T1b T1b
T1a T1b T1b
T1b T1a
data
Tumor
All – ccRCC4
histology
Margin status All – negative
1 - BMI – body mass index; 2 - UTI – urinary tract infection; 3 - tESC –
creatinine; 4 - ccRCC – clear cell renal cell carcinoma.

9

Mean

44
m
42
80

45.9

Standard
deviation
5.2

33.2
85

7.2
11.4

40

26.2

7.7

14

17.3

4.5

110

101.7

21.9

200

222.2

100.3

7

6.9

1.5

T1b

transient elevation of serum
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RESULTS
The laparoscopic resection of a renal tumor was successful with all the
patients. In the course of surgery, a vessel clamp clipping of a segmental renal
artery appeared possible in 4 (45%) cases, in the other 5 (55%) cases the clip
was applied to the renal artery. The kidney resected with cold scissors. Renal
pelvis system opened in no cases. After resecting the tumor with some part of
a kidney, a haemostatic suture imposed with plastic clips on renal parenchyma.
Warm ischemia time equaled 17.3 (12-25) minutes. Average time of operation
was 101.7 (80-155) minutes. Blood loss during the operation was 222.2 (100400) ml. In the postoperative period, early activation of patients carried out.
According to Clavien classification [27] serious complications in the
postoperative period were not observed, but for the case of patient №6 who
had transient elevation of serum creatinine level not demanding special
treatment (G1) and patient №3 who had the urinary tract infection and was
prescribed antibacterial therapy (G2). A clear-celled renal carcinoma found out
with all the patients. Histological examination revealed no cases of a positive
surgical margin. The duration of treatment averaged to 6.9 (5-10) days.
Demographic, intraoperative and postoperative data presented in Table 1.

DISCUSSION
Application of 3D modeling and augmented reality technologies is now a
necessary condition for carrying out qualitative and safe minimally invasive
surgical interventions [1]. In this context, the authors highlighted and solved a
number of problems connected with creation of a hardware and software
system used for realization of such interventions [27].
The problem of automated formation of patient’s retroperitoneal space
organ models solved. Two approaches suggested for this purpose. The former
based on obtaining statistical models of body organ images on sectional (CT)
images, forming plausibility functions for the tissues of various natures,
referring the pixels of the image to one of the preset classes and allocating the
borders of locally homogeneous areas in the image [28]. The latter approach to
segmentation of sectional (CT) images based on building level functions [29].
The results of segmentation and allocation of borders of locally
homogeneous areas in sectional (CT) images became a basis for 3D modeling
of body organs of patients. These models allow to estimate mutual position of
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bodies, the scale and the borders of pathological neoplasm, to define an
optimum strategy for a surgical intervention from a view point of patient’s
safety, to receive printed 3D models of body organs at the stage of
preoperative planning [30, 31, 32].
In the work under consideration, special attention is given to the issues of
visualization in the course of preparing and carrying out minimally invasive
surgeries. The opportunity to utilize the mode of augmented reality
demonstrated in video endoscopic systems, combining real endoscopic images
with the images of body organ 3D models. It allows prevent intra- and
postoperative complications connected, for example, with vessels damage. The
suggested approach to aligning images based here on using a mechanical
digitizer as the device providing the highest accuracy of surgical tool
positioning in space. The problem of alignment of virtual model coordinate
systems and real images solved as well [33].
Preliminary results of clinical tests on 3D modeling technologies
application in the course of minimally invasive surgery planning and executing
showed great efficiency in terms of minimization of the number of
complications and failures resulting from the surgery. Virtual reconstruction of
the kidney and tumor provides the best understanding both the surgeon and the
patient of the nature of a pathological process and the approaches to the
treatment suggested.
The volumetric model of a body organ obtained before the surgery
allowed carry out preoperative planning of a forthcoming partial nephrectomy
defining tumor localization, its connection with kidney parenchyma arteries
and the cavity system of a kidney. When resecting the tumor virtually, it was
possible to observe probable damages of internal renal structures, define their
localization and predict the methods to eliminate possible complications.
Nine patients underwent a successful laparoscopic partial nephrectomy for
a clear-celled renal carcinoma. During the laparoscopic surgery, the segmental
artery was clamped in 4 (55.0%) cases in response to preoperative modeling.
Application of the technique of aligning a CT image and the image on the
monitor screen when performing a video endoscopic surgery allowed the
surgeon to imagine more precisely individual anatomy of the body organ being
operated, its angioarchitectonics, tumor location, its connection to blood
vessels, which allowed to carry out extensive tumor excision within the limits
of healthy tissues. An opportunity to define precisely a segmental artery gives
significant advantage in terms of renal function preservation after the surgery
as only the segment struck with tumor and subject to resection exposed to
warm ischemia, and not the total area of kidney parenchyma. Besides,
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following the principles of nephron-sparing surgery, it is important not to
remove a significant part of kidney parenchyma not struck with tumor to
preserve total renal function in the postoperative period [34]. In the research
given average time of warm ischemia amounted to 17.3 (12-25) minutes,
blood loss averaged 222.2 (100-400) ml.
Virtual reality is even more often applied to various fields of medical
practice, including urology, and is a combination of modern computer
technologies and means of medical visualization [35, 36, 37]. Creation of a 3D
model of a body organ or a zone of surgical intervention based on CТ
examination in DICOM format allows combine different phases of contrast
medium examination including vascular, parenchymal and excretory.
Such a virtual model shown on a monitor screen or printed on a 3D printer
corresponds to the real body organ more precisely, which gives additional
information to a surgeon and is useful for the patient to understand the nature
of the disease [38].
Modern video endoscopic technologies have definite advantages for the
patient as they make surgery minimally injuring. However, application of
endoscopic technologies creates additional problems, such as unusual
character of visualization, as the surgeon observes his / her actions on the
monitor screen representing a 2D image. Carrying out a laparoscopic surgery
the surgeon does not feel the “depth” of a wound, the field of view is limited
to the field of video camera vision, and no tactile sensitivity is present. In the
given situation, any additional information about individual anatomy of the
zone of intervention is extremely useful.
Using virtual 3D models and technology of augmented reality helps
highlight the contours of a body organ, the border of pathological process,
allows to see the internal structures in a “translucency” mode (Figure 15),
which is especially valuable in the course of partial nephrectomy [39].
Application of the technology of augmented reality in retroperitoneal
surgery is complicated with the fact that there is a constant displacement of
body organs due to breath and surgical manipulations, there are no constant
motionless reference points, and the operational field is located in fatty tissue.
Conjugating a 3D model and a real body organ image on the monitor screen in
the course of endoscopic surgery in real time mode issues the most challenge.
The synthesis of images of a virtual model and a real body organ
conducted by means of a translucent mirror, which the virtual model projected
on see-through optical display [40].
Some authors apply the method of a video projection where the projector
is set above the patient and the virtual model projected on the skin of a patient
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[41]. In conditions of video endoscopic surgery, when a monitor is the basic
information source, many authors [42] use it for 3D model visualization. Thus
the image of a model can be overlaid on the video image, be transferred to a
part of the screen or to the additional screen of the monitor [43].
In 2009, Su et al. successfully applied the technology of augmented reality
in the course of robot-assisted partial nephrectomy, using the overlaying of a
reconstructed 3D CT image on the video image in real time mode [44].
The platforms allowing to create virtual models of body organs or zones
of surgical interest on the basis of the results of CТ examination and not
correlated directly to a CT scanner, such as TilePro, OsiriX, are successfully
used in the course of laparoscopic and robot-assisted operations, including
partial nephrectomy as well [44, 45].
In the research under discussion, we applied an original method of
creating a virtual model based on the preoperative CТ examination.
Preliminary modeling used to define the optimum points of access to the zone
of surgical interest under minimally invasive surgery [46]. Further
experimental work focused on improvement of image quality, automatic
segmentation of a body organ, adaptation of a virtual model for 3D printing,
complexing of video images of virtual and real models of the body organ of
interest.
At present, the research directed at conjugating real and virtual video
images in the course of video endoscopic surgery on the body organs of
retroperitoneal space in real time mode is proceeding.

CONCLUSION
The hardware and software system developed by us enables the surgeon to
carry out preoperative planning, defining the places of installation of
manipulation tools in the zone of surgical intervention. To realize these
opportunities, the spatial data input device is used. It is based on Microscribe
G2 3D digitizer conjugated with a laparoscope and Volga-M specialized
program complex that allows 3D modeling of a patient’s body organ in the
zone of surgical interest, using CT examination data, conjugate virtual and
physical models of a patient’s body organ from the view point of augmented
reality technology.
Preliminary results of our clinical study have shown the success of 3D
modeling for qualitative visualization of the kidney cancer in the course of
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surgical intervention, both for the surgeon and for the patient to understand the
nature of the pathological process.
Further research in the field of retroperitoneal space surgery directed at
improving the quality of conjugation in real time mode in conditions of body
organ displacement due to breathing and other interfering factors.
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