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QUANTIFICATION OF ANATOMICAL AND FLUID-DYNAMIC ANOMALIES                               

IN FONTAN PATIENTS BASED ON MAGNETIC RESONANCE IMAGING 

Background. Univentricular diseases are lethal congenital diseases affecting about 2 % of newborns in the western 
world. Due to these pathologies, only one ventricle pumps blood into the circulatory bed, and arterial and venous 
blood are mixed, preventing from properly providing tissues and organs with oxygen. These pathologies are currently 
treated through the so-called Fontan procedure, which is a multi-step and complex surgical approach. The Fontan 
procedure aims at obtaining the anatomical separation between the systemic and pulmonary circulations, and hence 
between oxygenated and non-oxygenated blood. However, the only ventricle present in the heart remains the only 
pumping organ, and blood flow in the pulmonary circulation is merely passive. Also, and importantly, the post-
surgical anatomy of the junction between systemic veins and pulmonary arteries is markedly non-physiological. As 
such, it is associated with altered blood fluid dynamics, undesired energy losses, and, ultimately, sub-optimal quality 
of life and short life expectancy.  
Objective. On this basis, clinicians need tools to 1) quantify the post-surgical anatomical and fluid-dynamic altera-
tions, 2) correlate these anatomies to the patients’ prognosis, and 3) identify criteria to improve Fontan surgery. 
Methods. In order to support the pursue of these goals, we developed a computational tool for the processing of    
4D flow data, i.e., phase contrast magnetic resonance images yielding information on the velocity of tissues within a 
3D domain. The tool allows for reconstructing the 3D geometry of the surgically treated anatomical district and, 
through a semi-automated user-interface, extracting relevant geometrical scores, as well as quantifying flow rates in 
the different vessels, energy losses, and wall shear stresses. A numerical method based on the finite element approach 
was implemented to estimate relative pressures. 
Results. The developed tool was preliminarily applied to the analysis of the datasets of six pediatric patients. The 
analysis of data obtained by two independent users highlighted a good repeatability of geometrical reconstructions, 
and hence of the quantification of geometrical scores. The method for the quantification of relative pressures was 
preliminarily tested in a simplified model of the thoracic aorta, with encouraging results. 
Conclusions. The developed computational tool, which, to the best of our knowledge, is completely novel, helps cli-
nicians to quantify the post-surgical anatomical and fluid-dynamic alterations. Ongoing activities include its applica-
tion to the real datasets, and the extension of the analysis to a wider cohort of patients, so to check for correlations 
between the quantitative geometrical and fluid-dynamic indexes with the patients’ prognosis. Such possible correla-
tions could help identifying criteria to improve Fontan surgery. 
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Introduction 

Univentricular diseases are lethal congenital 

heart diseases that affect every year about 2 % of new-

borns in the United States [1], and require surgical 

treatment. Early surgical approaches consisted in pal-

liative treatments (i.e, BT shunt and BDG shunt) 

conceived to save the patient’s life in the short term. 

Advances in cardiac surgery have led to the approach 

that is the current state of the art, i.e., the Fontan 

procedure (Fig. 1). Through a multi-step surgery, the 

Fontan procedure aims to a long term solution by 

reconfiguring the native structures involved in the pa-

thology. The inferior vena cava (IVC), i.e., the vein 

returning venous blood from the lower systemic cir-

 
culation is connected to the pulmonary arteries (LPA 
and RPA, respectively) either through the right atri-
um (atrium-pulmonary connection or APC) or thro-
ugh a graft bypassing the right atrium (total cavo-
pulmonary connection or TCPC) and through the su-
perior vena cava (SVC). In this way, the blood pum-
ped by the left ventricle feeds the peripheral organs 
and is directly redirected to the lungs without the ac-
tion of a proper right ventricle, and successively re-
turns into the left atrium through the pulmonary veins.  

Unfortunately, this configuration is far from be-
ing physiological [2]: the hydraulic impedance down-
stream of the left ventricle is much higher than the 
physiological one, and, due to the abnormal anatomy 
of the reconstructed APC/TCPC, local fluid dyna-
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mics is altered and characterized by large eddies and 
stagnation regions that may lead to thromboembo-
litic events. Also, sub-optimal distribution of blood 
flow rates between the left and right pulmonary ar-
teries can be obtained, leading to atrophic remode-
ling of the branch receiving poor flow rate and hence 
to an increase in its hydraulic impedance [3].  

Based on these evidences, the Fontan proce-

dure should be performed aiming at optimizing the 

balance between flow rates into the pulmonary ar-

teries, as well as to minimize geometrical distortions 

that could lead to flow disturbances. Also, flow rate 

redistribution and energy loss at the APC/TCPC, 

which is a surrogate measure of flow disturbances, 

could be used as prognostic indexes to judge the post-

surgery evolution of the patient. 

In this work we hypothesized that blood fluid-

dynamics with the APC or TCPC of Fontan patients 

could be quantified based on 4D flow imaging, i.e., 

phase-contrast magnetic resonance imaging sequen-

ces that yield the 3D velocity components that cha-

racterize biological tissues within a volume of inte-

rest [4]. In particular, we developed in house soft-

ware to exploit such information to quantify the 3D 

geometry of the surgically treated anatomical dis-

trict and to computing the flow rates in the pulmo-

nary arteries, local viscous energy losses, wall shear 

stresses, and pressure drops. 

Problem Statement 

Our main objective is to develop numerical 

approaches and corresponding computational tools 

for the processing of 4D flow data aimed to recon-

structing the 3D geometry of the surgically treated 

 

anatomical district and to extracting relevant geo-

metrical scores, as well as quantifying flow rates in 

the different vessels, energy losses, wall shear stres-

ses and relative pressure distributions. It helps cli-

nicians to quantify the post-surgical anatomical and 

fluid-dynamic alterations, correlate these anatomies 

to the patients’ prognosis, and identify criteria to im-

prove Fontan surgery. 

Materials and Methods 

Patients Population and Image Acquisitions. Car-

diac magnetic resonance imaging was performed on 

6 pediatric patients (age 11—42 years, 2 males) pre-

viously treated through TCPC Fontan surgery. 4D 

flow acquisitions were performed using a 1.5 T Sie-

mens AERA System, during free breathing, with pro-

spective ECG gating and respiratory navigator. Im-

ages were acquired on a stack of sagittal planes to 

scan the volume of interest (VOI). Images in-plane 

resolution and thickness were equal to 1.9—2.3 mm 

and to 2—2.4 mm, respectively. The dimensions of 

the resulting voxels hence range from 1.91.92.0 to 

2.32.32.4 mm3. For each plane, three images  

corresponding to the three velocity components of 

tissues were obtained (Fig. 2). Velocity-encoding 

(VENC) was set to 100—150 cm/s, depending on the 

specific patient, in order to optimize the signal-to-

noise ratio. All data were exported in DICOM format. 

Image Pre-Processing. As for the subsequent 

operations, image pre-processing was carried out 

through in house software implanted in Matlab® 

(Matlab, The Mathworks, Inc.) and embedded within 

an ad hoc graphical user interface. 

Normal heart Hypoplastic left 
heart syndrome 

Mitral 
 valve 

Aortic 
 valve 
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 ventricle 
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Left 
 ventricle
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Fig. 1. Physiological anatomy of the heart (a); heart anatomy in case of univentricular disease (b); heart anatomy following APC (c);
heart anatomy following TCPC (d) 
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Images were processed by three consecutive fil-
tering operations, aimed to preventing aliasing, to 
removing possible off-sets in velocity values and 
background noise effects, and to smooth velocity data 
within the VOI [5]. The images related to the single 
velocity components were processed so to obtain im-
ages whose greyscale represented the velocity mag-
nitude at each voxel. Such velocity magnitude ima-
ges were used for the subsequent segmentation of ana-
tomical structures. 

Segmentation of Anatomical Structures. On each 
relevant plane of the n velocity magnitude images, 
the contour of the connection between the pulmo-
nary arteries, the inferior vena cava and the superior 
vena cava was manually traced. Typically, 20—30 
points were manually positioned on the image in 
this process. A polygonal geometry was automatically 
obtained by connecting the selected points, and every 
voxel whose center fell within the polygon was se-
lected as part of the fluid-dynamic domain to be 
analyzed. The whole manual tracing procedure typi-
cally required about 10 minutes for one subject.  

The entire set of selected voxels was automati-
cally assembled, its boundary was extracted in the 
form of an isosurface and stored as a triangulated 
surface mesh. The latter was smoothed through a 
Laplacian filter to obtain the final 3D geometry of 
the vessels’ wall encompassing the final fluid domain. 
After manually labeling each of the four vessels of 
interest, i.e., IVC, SVC, LPA, and RPA, skeletoni-
zation of the fluid domain was automatically perfor-
med to obtain the corresponding centerlines [6]. 

Computation of Geometrical Indexes. Two geo-
metrical indexes were computed: the caval off-set, 

 
i.e., the distance from the junction between the IVC 
and the pulmonary arteries to the junction between 

the SVC and the pulmonary arteries, and the angles 
characterizing the connection of the four vessels in-
volved in the Fontan procedure. This computation 

was carried out through the following automated 
steps: 

1) for each labeled vessel, the centerline was 

scanned moving from the vessel’s distal end towards 

the junction. At each voxel of position h
iX  scanned 

in this process the vessel with label h (h  IVC, SVC, 

LPA, RPA), the plane h
i  normal to the centerline 

local tangent was identified, the cross-section of the 

vessel wall onto h
i  was extracted as the projection 

onto h
i  of the voxels falling within half the spatial 

resolution of the dataset from .h
i  Hence, the hy-

draulic diameter of the vessel at the cross section was 
computed; 

2) the centerline point hX  characterized by an 

abrupt change in cross-sectional hydraulic diameter 
was identified; 

3) the positions of the last voxels, within 10 % 
of the centerline length, scanned along the center-
line throughout steps 1) and 2) were approximated 

by cubic splines. The local tangent ht  to the spline 

at the point h

X  representing the approximation of 

hX  was computed; 

4) given the tangent vectors ht  and kt  asso-

ciated to the h-th and k-th vessel, the angle of their 
connection was simply computed as: 

a 

V1: anthero-posterior V2: right-left V3: head-foot

b

Fig. 2. Position of the acquired image planes with respect to the human body (a); example of image plane depicting the three data 
related to the three velocity components of tissues (b) 
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5) The caval distance was computed as the dis-

tance between IVCX  and SVCX  (Fig. 3). 

Computation of Fluid-dynamic Indexes. The fol-

lowing fluid-dynamic indices were computed: 

1) Flow rates into each vessel. To this aim, for 

each vessel of label h the plane h  normal to the 

tangent vector ht  was identified, and the correspon-

ding contour of the vessel wall was identified as pre-

viously explained. The flow rate through h  was com-

puted as: 

,h N h
i i

A
Q

N
  

t v  

where A is the area encompassed by the contour, N 

is the number of voxels falling within it, and vi is 
the velocity vector at the i.th voxel of interest. 

The ratio between flow rates in the four ves-
sels was then computed. 

2) The 3D distribution of the wall shear stres-

ses (WSS) acting on the vessels’ wall, which was 

computed following a recently published method, 

which exploited the use of 3D sobel kernels to ob-

tain the position-dependent velocity gradient [7]. 

3) The power wasted due to viscous dissipa-

tion at the TCPC (Ww), which was computed fol-

lowing the approach recently proposed by [8]. 

4) Pressure distribution within the lumen of the 

vessels. We developed a special computational fi-

nite-element-based module in our tool for deter-

mining of pressure distributions. For this purpose, 

the module solves the equation p b 

 
(where the 

pressure gradient b

 is derived directly from the Na-

vier—Stokes equation) and accomplishes it in the 

following steps: 1) partitioning of the actual com-

putational aortal domain into finite elements with 

consequential computing of the pressure gradient; 

2) finite-element solving the equation mentioned 

above. This method was preliminary tested on CFD-

derived velocity fields, following a previously pub-

lished sub-sampling procedure to discretize CFD 

data [7]. In particular, it was tested within a simpli-

fied model of aorta with a grid discretization equal 

to 2 mm, to estimate time-dependent pressure dis-

tributions, and within a more realistic model of the 

aorta with a grid discretization equal to 1 mm and 

2 mm, to analyze the influence of the domain dis-

cretization on pressure estimations.  

Results and Discussion 

Geometrical Indexes. The isosurface and the 

skeletonization of the wall of the four vessels are 

reported in Fig. 4, highlighting the geometrical com-

plexity and heterogeneity of the anatomical district 

of interest of the Fontan connection. The automatic 

computation of the caval off-set, and of the angles 

characterizing the connection of the four vessels in- 

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6

Geometry sceletonization

Fig. 4. Skeletonization of the TCPC anatomies of the analyzed population 
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caval off-set 
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Fig. 3. Sketch of the measured geometrical indexes: caval off-

set (a); angles hk
 identified by the centerlines of the

four vessels involved by the TCPC procedure (b) 
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volved in the Fontan procedure, yielded the data re-

ported in Table. In particular, a maximum caval off-

set equal to 3.7 cm was found in patient 3, being 

almost double with respect to the corresponding da-

tum obtained for the other patients; values lower than 

1.3 cm characterized patients 1, 2 and 6, indicating 

a low-distorted caval anastomoses. As regards the an-

gles between the four vessels of the connection, 

these were characterized by high inter-patient vari-

ability: IVC-LPA SVC-LPA IVC-RPA SVC-LPA, , ,   
 
ran-

ged from 69 to 109, from 74 to 131, from 46 to 

121 and from 85 to 134, respectively. Of note, 33 % 

of the measured angles fell in the specific 90  10 
range. 

Fluid-dynamic Indexes. The high variability of 

the geometrical indexes reflected into a notable va-

riability in flow rates flowing through the connection 

and into the vessels. For instance, peak flow rates of 

the IVC and SVC ranged from 0.35 and 2.17 L/min 

and from 0.17 L/min to 1.16 L/min, respectively. 

Computing the ratio between peak IVCQ  or SVCQ  and 

the global inlet flow rate entering the connection, i.e., 
IVC+SVC,Q  highlighted that contribution of flow rate 

from the IVC was predominant for every analyzed 

patient but patient #3 (Table). Also, flow rate was 

unevenly redistributed to the pulmonary arteries for 

every analyzed patient but patient#5, who was char-

acterized by a ratio between peak LPAQ  or RPAQ  and 

the global flow rate flowing out of the connection, i.e., 
LPA+RPA ,Q  equal to 0.49.  

As regards the computation of 3D WSS distri-
butions, the highest WSS value (1.1 Pa) was found 
in the lower venous duct of patient# 4, while in pa-
tients #1 and #5 WSS reached values up to 0.65 
and 0.60 Pa, respectively (Fig. 5). In the other pa-
tients, peak WSS values were lower than 0.45 Pa.	

Moreover, the computation within the TCPC  

of the temporal mean of Ww highlighted that the 

conditions of patients #3 and #5 were character-
ized by viscous dissipations equal to 7e-05 mW and 
3.2e-05 mW, nearly one order of magnitude lower 
with respect to the other patients, who were char-
acterized by an average value of 21.3 e-05 mW. 

Pressure Distribution within the Lumen of the 
Vessels. For the simplified model of the aorta, re-
sults estimated in five equidistant consecutive time 
frames, centered at peak systole, are shown in Fig. 6 
(from left to right). The pressure distributions well 
resembled, both qualitatively and quantitatively, those 
obtained by Krittian et al. [9]. The results obtained 
for the more realistic model of aorta, characterized

Table. Geometrical and fluid-dynamic parameters computed for each patient  

Parameters Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 

Caval off-set (cm) 1.1 0.9 2.0 3.7 2.1 1.2 

IVC-LPA  () 109 82 89 91 69 95 

SVC-LPA  () 131 114 96 101 105 74 

IVC-RPA  () 92 46 121 75 73 83 

SVC-LPA  () 110 114 134 106 85 112 

Peak IVCQ  (L/min) 2.17 1.27 0.35 1.40 0.56 1.00 

Peak SVCQ  (L/min) 1.16 0.39 0.74 0.84 0.17 0.69 

Peak LPAQ  (L/min) 2.07 0.55 0.46 1.16 0.28 0.82 

Peak RPAQ  (L/min) 0.74 0.83 0.70 0.80 0.29 0.65 

IVC

IVC+SVC

Q

Q
 (%) 65 77 32 63 76 64 

SVC

IVC+SVC

Q

Q
 (%) 35 23 68 37 24 36 

LPA

LPA+RPA

Q

Q
 (%) 73 40 40 60 49 56 

RPA

LPA+RPA

Q

Q
 (%) 26 60 60 40 51 44 

Mean Ww (mW·105) 23.0 20.1 3.2 23.0 2.7 19.0 

Peak WSS (Pa) 0.65 0.40 0.45 1.10 0.60 0.38 
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by a sub-sampling discretization equal to 1 mm and 

2 mm for isotropic voxels, corresponding to about 

270’000 and 39’000 nodes, respectively, are shown 

in Fig. 7. In both cases, the approach demonstrated 

to achieve a good qualitative correlation with the ori-

ginal CFD simulations.  

Conclusions 

At the current state of the art, the developed 

Matlab tool represents the first investigation platform 

including all the fundamental steps of 4D-flow 

MRI data analysis: image opening and viewing, seg-

mentation and post-processing analysis (both geo-

metrical and hemodynamical). Moreover, the de-

veloped software offers a user-friendly graphical in-

terface (GUI) for a simple and intuitive managing 

of the different implemented functions, thus provi-

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 

Pa

0

0.6

3D wall shear stress distribution

Fig. 5. 3D distribution of WSS computed over the isosurface corresponding to the vessels’ wall in the TCPC 

 835  600  400  200 0 200 400 600 700

а

0 0.2 0.4 0.6 0.8 1 1.2 1.3

b

Fig. 6. Computed pressure distributions (Pa) for five consecutive time slices (from the left to the right) (a); corresponding velocity 

magnitudes (m/s) in the sense of Euclidian norm (i.e. 2 2 2
2|| || x y zv v v v   ) (b) 

0 0.2 0.4 0.6 0.8 1 1.7

a

 185  100 0 100 200 300 400 490

b

Fig. 7. Velocity magnitude (m/s) for 1 mm (left) and 2 mm
(right) space resolution (a); corresponding computed
pressure distributions (Pa) for 1 mm (left) and 2 mm
(right) space resolution (b) 



 ІНФОРМАЦІЙНІ ТЕХНОЛОГІЇ, СИСТЕМНИЙ АНАЛІЗ ТА КЕРУВАННЯ 85

 

ding a ready-to-use platform for the daily clinical 

practice. Therefore, it is the first release of a com-

prehensive analysis tool able to promote a larger cli-

nical use of the 4D-flow MRI technique while stu-

dying and featuring the fluid-dynamics in Fontan pa-

tients’ TCPC; thanks to an enhanced usability of data 

which are difficult to get by non-expert operators, the 

developed software may elucidate the comprehension 

of the effectiveness of the Fontan circuit and help 

in detecting any pathophysiologic situation (i.e. arte-

riovenous malformations and pulmonary arteries ste-

nosis). 
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КІЛЬКІСНЕ ВИЗНАЧЕННЯ АНАТОМІЧНИХ І ГІДРОДИНАМІЧНИХ ВІДХИЛЕНЬ У ПАЦІЄНТІВ, ЯКІ ПРОХОДЯТЬ ОПЕРА-

ЦІЮ ФОНТАНА, НА ОСНОВІ МАГНІТНО-РЕЗОНАНСНОЇ ТОМОГРАФІЇ 

Проблематика. Випадок серця з одним шлуночком є летальним вродженим захворюванням, що вражає близько 2 % но-
вонароджених в західному світі. Через такі патології тільки один шлуночок качає кров у кровоносне русло, артеріальна і венозна 
кров змішуються, що перешкоджає забезпеченню тканин і органів киснем належним чином. Ці патології сьогодні лікують за до-
помогою так званої процедури Фонтана (Fontan procedure), що являє собою багатоступеневий і складний хірургічний підхід. Ця 
процедура спрямована на отримання анатомічного поділу між системним і легеневим колами кровообігу і, отже, між збагаченою 
та незбагаченою киснем кров’ю. Проте оскільки кров накачується тільки одним шлуночком, кровоток у малому колі кровообігу є 
пасивним. Крім того, післяопераційна анатомія з’єднання між системними венами і легеневими артеріями при цьому стає явно 
нефізіологічною. По суті, це пов’язано зі змінами в динаміці крові, небажаними втратами енергії, що, зрештою, веде до значного 
дискомфорту пацієнта та короткої тривалості його життя. 

Мета дослідження. З урахуванням причин, викладених вище, лікарі потребують обчислювальних інструментів, реалі-
зованих у вигляді комп’ютерного програмного забезпечення, для: I) кількісної оцінки післяопераційних анатомічних і гідроди-
намічних змін; II) зіставлення різних варіантів анатомії для прогнозу у хворих; III) визначення критеріїв поліпшення хірургії про-
цедури Фонтана. 

Методика реалізації. Для досягнення зазначених цілей ми розробили обчислювальний інструмент у вигляді комп’ю-
терного програмного забезпечення для обробки потокових 4D-даних, тобто фазово-контрастних магнітно-резонансних зобра-
жень, що дають інформацію про розподіл швидкостей у тканинах у тривимірній області. Розроблене програмне забезпечення 
дає змогу реконструювати 3D-геометрію анатомічної області, що підлягає хірургічному лікуванню, і, за допомогою напівавто-
матичного користувацького інтерфейсу, отримувати відповідні геометричні оцінки судин та кількісні оцінки швидкостей потоків у 
різних судинах, оцінювати втрати енергії, а також зсувні напруження біля стінок. Числовий метод, заснований на підході методу 
скінченних елементів, був реалізований для оцінки розподілу відносного тиску. 

Результати досліджень. Розроблені інструменти були попередньо застосовані до аналізу наборів даних шести педіат-
ричних хворих. Аналіз даних, отриманих двома незалежними користувачами, показав хорошу відтворюваність геометричних ре-
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конструкцій і, отже, отримання кількісних геометричних оцінок. Метод визначення відносних тисків попередньо був протестований 
на спрощеній моделі грудної аорти, з обнадійливими результатами. 

Висновки. Розроблений обчислювальний інструмент, який, наскільки нам відомо, є повністю новим, покликаний допомогти 
лікарям кількісно оцінювати післяопераційні анатомічні та гідродинамічні зміни. Дослідження, що продовжуються по цей день, 
включають його застосування на реальних наборах даних, а також розширення проведеного аналізу до ширшої групи пацієнтів, 
щоб перевірити наявність кореляцій між кількісними геометричними і гідродинамічними показниками з прогнозом пацієнтів. Такі 
можливі кореляції могли б допомогти при визначенні критеріїв для подальшого поліпшення хірургії процедури Фонтана. 

Ключові слова: магнітно-резонансна томографія; 4D-потік; гідродинаміка; процедура Фонтана. 
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КОЛИЧЕСТВЕННОЕ ОПРЕДЕЛЕНИЕ АНАТОМИЧЕСКИХ И ГИДРОДИНАМИЧЕСКИХ ОТКЛОНЕНИЙ У ПАЦИЕНТОВ, КО-

ТОРЫЕ ПРОХОДЯТ ОПЕРАЦИЮ ФОНТАНА, НА ОСНОВЕ МАГНИТНО-РЕЗОНАНСНОЙ ТОМОГРАФИИ 

Проблематика. Случай сердца с одним желудочком является летальным врожденным заболеванием, поражающим около 
2 % новорожденных в западном мире. Из-за таких патологий только один желудочек качает кровь в кровеносное русло, арте-
риальная и венозная кровь смешиваются, что препятствует обеспечению тканей и органов кислородом должным образом. Эти 
патологии в настоящее время лечат с помощью так называемой процедуры Фонтана (Fontan procedure), которая представляет 
собой многоступенчатый и сложный хирургический подход. Эта процедура направлена на получение анатомического разделе-
ния между системным и легочным кругами кровообращения и, следовательно, между обогащенной и необогащенной кислоро-
дом кровью. Тем не менее, поскольку кровь накачивается только одним желудочком, кровоток в малом круге кровообращения 
является пассивным. Кроме того, послеоперационная анатомия соединения между системными венами и легочными артерия-
ми при этом становится явно нефизиологической. По существу, это связано с изменениями в динамике крови, нежелательными 
потерями энергии, что, в конечном счете, ведет к значительному дискомфорту пациента и короткой продолжительности его жизни. 

Цели исследования. С учетом причин, изложенных выше, врачи нуждаются в вычислительных инструментах, реализо-
ванных в виде компьютерного программного обеспечения, для: I) количественной оценки послеоперационных анатомических и 
гидродинамических изменений; II) сопоставления различных вариантов анатомии для прогноза у больных; III) определения 
критериев улучшения хирургии процедуры Фонтана. 

Методика реализации. Для достижения обозначенных целей мы разработали вычислительный инструмент в виде ком-
пьютерного программного обеспечения для обработки потоковых 4D-данных, т.е. фазово-контрастных магнитно-резонансных 
изображений, дающих информацию о распределении скоростей в тканях в трехмерной области. Разработанное программное 
обеспечение позволяет реконструировать 3D-геометрию подлежащей хирургическому лечению анатомической области и, с 
помощью полуавтоматического пользовательского интерфейса, извлекать соответствующие геометрические оценки сосудов и 
количественные оценки скоростей потоков в различных сосудах, оценивать потери энергии, а также пристеночные сдвиговые на-
пряжения. Численный метод, основанный на подходе метода конечных элементов, был реализован для оценки распределения 
относительного давления. 

Результаты исследований. Разработанные инструменты были предварительно применены к анализу наборов данных 
шести педиатрических больных. Анализ данных, полученных с помощью двух независимых пользователей показал хорошую 
воспроизводимость геометрических реконструкций, и, следовательно, получения количественных геометрических оценок. Ме-
тод определения относительных давлений предварительно был протестирован на упрощенной модели грудной аорты, с обна-
деживающими результатами. 

Выводы. Разработанный вычислительный инструмент, который, насколько нам известно, является полностью новым, 
помогает врачам количественно оценивать послеоперационные анатомические и гидродинамические изменения. Проводимые 
в настоящий момент исследования включают его применение на реальных наборах данных, а также расширение проводимого 
анализа к более широкой группе пациентов, чтобы проверить наличие корреляций между количественными геометрическими и 
гидродинамическими показателями с прогнозом пациентов. Такие возможные корреляции могли бы помочь при определении 
критериев для дальнейшего улучшения хирургии процедуры Фонтана. 

Ключевые слова: магнитно-резонансная томография; 4D-поток; гидродинамика; процедура Фонтана. 
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