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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.

Keywords: magnetic resonance imaging; 4D flow; fluid dynamics; Fontan procedure.

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-
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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-

** The authors gratefully acknowledge the support of the project AMMODIT funded within EU H2020-MSCA-RICE
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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)

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 1.9x1.9x2.0 to
2.3x2.3x2.4 mm®. 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.
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Fig. 2. Position of the acquired image planes with respect to the human body («); example of image plane depicting the three data

related to the three velocity components of tissues (b)

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 Xih scanned

in this process the vessel with label # (A = IVC, SVC,
LPA, RPA), the plane nf’ normal to the centerline
local tangent was identified, the cross-section of the
vessel wall onto nf’ was extracted as the projection
onto n,'.’ of the voxels falling within half the spatial
resolution of the dataset from =/. Hence, the hy-

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

2) the centerline point X" 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 t” to the spline
at the point X" representing the approximation of
X" was computed;

4) given the tangent vectors t” and t* asso-
ciated to the h-th and k-th vessel, the angle of their
connection was simply computed as:
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5) The caval distance was computed as the dis-
tance between X'V¢ and XSVC (Fig. 3).
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Fig. 3. Sketch of the measured geometrical indexes: caval off-
set (a); angles o/* identified by the centerlines of the
four vessels involved by the TCPC procedure (b)

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 =" normal to the
tangent vector t" was identified, and the correspon-
ding contour of the vessel wall was identified as pre-
viously explained. The flow rate through 7" was com-
puted as:

A ~
- AT,

where A is the area encompassed by the contour, N
is the number of voxels falling within it, and ; 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 (W,), 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 Vp = 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-

Geometry sceletonization

WA )

Patient #1 Patient #2 Patient #3

Patient #4 Patient #5 Patient #6

Fig. 4. Skeletonization of the TCPC anatomies of the analyzed population
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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: oVCLPA (SVC-LPA [ IVC-RPA [ SVC-LPA poy

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 0"V or 05VC and
the global inlet flow rate entering the connection, i.e.,
Q"VEHSVC 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 Q'** or QRPA and
the global flow rate flowing out of the connection, i.e.,
QPATRPA " oqual 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 W,, 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 Kirittian 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
oVE-LPA (o) 109 82 89 91 69 95
oSVELPA - (0 131 114 96 101 105 74
a!VE-RPA (o) 92 46 121 75 73 83
oSVELPA - (0 110 114 134 106 85 112
Peak Q'€ (L/min) 2.17 1.27 0.35 1.40 0.56 1.00
Peak 0°VC (L/min) 1.16 0.39 0.74 0.84 0.17 0.69
Peak Q“PA (L/min) 2.07 0.55 0.46 1.16 0.28 0.82
Peak ORPA (L/min) 0.74 0.83 0.70 0.80 0.29 0.65
QIVC
QIVCFVC (%) 65 77 32 63 76 64
QSVC
QIVCFSVT (%) 35 23 68 37 24 36
QLPA
QLPATRPA (%) 73 40 40 60 49 56
QRPA
QLPATRPA (%) 26 60 60 40 51 44
Mean W, (mW-107%) 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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Fig. 5. 3D distribution of WSS computed over the isosurface corresponding to the vessels’ wall in the TCPC
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Fig. 6. Computed pressure distributions (Pa) for five consecutive time slices (from the left to the right) (@); corresponding velocity
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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)

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-
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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

riovenous malformations and pulmonary arteries ste-
nosis).
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in detecting any pathophysiologic situation (i.e. arte-
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k. CuHbropiHi, C. Tipenni, ®. [MTatTi, ®. MnyviHoTtTa, C. Cipuk, E. BotTa, M. Jlombapgai, A. Pegaenni

KINbKICHE BM3HAYEHHA AHATOMIYHMX | TAPOOVMHAMIYHUX BIOXWUNEHDL Y MNALIEHTIB, AKI MPOXOOATL OlEPA-
LIIFO ®OHTAHA, HA OCHOBI MATHITHO-PE3OHAHCHOT TOMOTPA®IT

Mpo6nemaTuka. Bunagok cepus 3 OQHVMM LUNTYHOUKOM € NIeTanbHUM BPOXKEHUM 3aXBOPIOBAHHSAM, LLO BpaXkae 6nm3bko 2 % Ho-
BOHApPOMKEHMX B 3aXigHOMY CBITi. Yepes Taki naTonorii TiNbKKM OAMH LUITYHOYOK Kayae KpPOB Y KPOBOHOCHE pyCro, apTepianbHa i BeHO3Ha
KPOB 3MIiLLYIOTbCS, O NepeLlkoaXae 3abe3neyvyeHH0 TKaHUH | OpraHiB KMCHeM HanexHum YmHom. Lli natonorii cborogHi nikytoTb 3a go-
NnomMorot Tak 3BaHoi npouenypu ®oxtana (Fontan procedure), wo aBnse coboro GaratocTyneHeBuUiA i cknagHui xipypriyHmi nigxig. Lis
npouegypa cnpsiMoBaHa Ha OTPUMaHHS aHaTOMIYHOrO MOAiNy MK CUCTEMHUM i TEreHeBUM Konamu KpoBoobiry i, oTxke, Mixk 36arayeHoto
Ta He3bara4yeHoto KMCHEM KPOB’t0. [poTe OCKINbKM KPOB HakavyeTbCs TiMbKU OAHWUM LUITYHOYKOM, KPOBOTOK Y Marnomy Kori KpoBoobiry €
nacvsHuM. Kpim TOro, nicrnsionepauinHa aHaToMisi 3’€QHaHHsI MK CUCTEMHMMUW BEHAMMU | NEreHeBUMM apTepisiMM NPy LbOMY CTa€ SIBHO
HedizionoriyHoto. Mo cyTi, ue noB’s3aHo 3i 3MiHamy B AMHaMILi KpoBi, HebaxxaHVMU BTpaTamu eHeprii, LWo, 3peLuToto, Beae A0 3Ha4YHOro
AnckoMdpopTy nauieHTa Ta KOPOTKOi TPMBANOCTi MOro XUTTS.

MeTa pgocnigxeHHs. 3 ypaxyBaHHAM NPUYUH, BUKNAAEHUX Bulle, fnikapi noTpebyoTb obuncnoBanbHUX IHCTPYMEHTIB, peani-
30BaHUX Yy BUMMSAI KOMN'IOTEPHOro nporpamHoro 3abeaneyeHHs, Ans: |) KinbKiCHOI OLiHKM micnsionepauiiHX aHaTOMIYHUX | rigpoaun-
HaMiyHux 3MmiH; Il) 3icTaBneHHs pi3HMX BapiaHTIB aHaToMii Ans nporHosy y xsopwux; |l) BU3HaYeHHs: kpuTepiiB noninweHHs Xipyprii npo-
uenypv ®PoHTaHa.

MeToauka peanisauii. [lns OOCArHEHHS 3a3HaYeHUX Uinen My po3pobunu obuucroBanbHUM IHCTPYMEHT y BUMMAAi Komn'to-
TepHoro nporpamHoro 3abesneyeHHs Anst 06pobku notokoBux 4D-AaHuX, TOGTO (Pa30BO-KOHTPACTHUX MarHiTHO-pe3oHaHCHUX 306pa-
XKeHb, Lo AaloTb iHPOPMAaLLil0 NPO PO3MOAiN LWBUAKOCTEN Y TKaHWHAX y TPMBMMIPHIN obnacTi. PospobneHe nporpamHe 3abesneveHHs
[ae 3mory pekoHcTpytoBatu 3D-reomeTpito aHaTomiuHOT obnacTi, Wwo nignsarae xipypriyHOMy niKyBaHHIO, i, 3@ JOMOMOroK HaniBaBTO-
MaTUYHOro KOPUCTYBALIbKOrO iHTepdency, oTpumyBaTH BiANOBIAHI FEOMETPUYHI OLIHKN CYAMH Ta KifbKiCHI OLIHKW LUBUAKOCTEN NOTOKIB Y
Pi3HMX CyaMHax, OLiHIOBATW BTPATW €Heprii, a TakoX 3CYBHi HanpyXeHHsi 6ins cTiHOK. Yucnosuii MeTon, 3aCHOBaHWI Ha Nigxodi metogy
CKiIHYeHHUX enemMeHTiB, 6yB peanizoBaHui AN OLiIHKM pO3noAiny BiAHOCHOrO TUCKY.

Pe3ynbTatn pocnipxeHb. Po3pobneHi iHCTpyMeHTH Bynv nonepeaHbO 3acToCoBaHi A0 aHani3y HabopiB AaHux LecTu negiaT-
PUYHUX XBOpUX. AHari3 AaHuX, OTPUMaHMX JBOMa HE3arnexXHNMM KOpUCTyBaYaMu, nokasas XopoLUly BiATBOPIOBaHICTb FEOMETPUYHUX pe-
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KOHCTPYKLIN i, OT)Ke, OTPUMAaHHS KiflbKiCHUX reOMETPUYHMX OLiHOK. MeTon BU3HAYEHHS BiQHOCHMX TUCKIB NonepeaHbo OyB NpOTeCTOBaHWUM
Ha CrpoLUeHin Moaeni rpyaHoi aopTu, 3 06HaginNMBMMK pe3ynbTaTamu.

BucHoBkW. Po3pobneHuii o64mcnioBanbHUi iIHCTPYMEHT, SIKUIA, HACKiNbKM Ham BiAOMO, € NMOBHICTIO HOBMM, NMOKMMKaHWIA 4OMNOMOITU
nikapsiM KinbKiCHO OLiHIOBaTK NicnsionepawiiHi aHaTOMiYHi Ta rigpoAnHamivHi 3MiHW. [loCnigXeHHs, WO NpoJoBXYHTLCSA MO Len AeHb,
BKI104aKOTb MOro 3acTOCYBaHHS Ha peanbHUX Habopax AaHuX, a TakoX PO3LUMPEHHS NPOBEAEHOr0 aHarni3y 4o LWMPLLOT rpyny NauieHTis,
LWo6 nepeBipMTH HaAsSIBHICTb KOPENALUiN MK KiNbKICHUMWU FeOMETPUYHUMMU i MigPOAMHAMIYHUMY MOKa3HMKaMM 3 NPOrHO30M nauieHTiB. Taki
MOXINMBI KOpensuii Mornv 6 4OMOMOITV NpK BU3HAYEHHI KPUTEPIiB ANs MoAanbLUOro NoninWeHHS Xipyprii npoueaypun ®oHTaHa.

Knio4yoBi cnoBa: marHiTHo-pe3oHaHcHa Tomorpadis; 4D-noTik; rigpoamHamika; npoueaypa PoHTaHa.
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KONMYECTBEHHOE OMPEOENEHVE AHATOMUYECKUX U TMAPOAVHAMUYECKNX OTKIOHEHWIA Y MALIMEHTOB, KO-
TOPbLIE MPOXOAAT OMNEPALINIO ®OHTAHA, HA OCHOBE MATHUTHO-PESOHAHCHOW TOMOIPA®UN

MpobnemaTtuka. Cnyyai cepaua ¢ OQHUM XeNyAoYKOM SBMSETCS NeTanbHbIM BPOXAEHHbIM 3aboneBaHveM, nopaxaroLLumm OKomo
2 % HOBOPOXAEHHbIX B 3anagHoM Mupe. M3-3a Taknx NaTonornin Tonbko OAUH Xenyaodek kayaeT KpoBb B KPOBEHOCHOE pycrio, apTe-
pvanbHasi 1 BEHO3Hasi KpOBb CMELLMBAIOTCS, YTO NPENSTCTBYET 06ecneveHnto TkaHe 1 opraHoB KUCMOPOAOM AOMKHbIM obpasoM. ATn
naTonorMmn B HacTosILLee BpeMs fieyat ¢ NOMOLLBIO Tak HasbiBaemon npouenypbl PoHTaHa (Fontan procedure), koTopas npeacraBnseT
cobol MHOrOCTYNEHYaTbIN U COXHBIA XMPYpruveckuin noaxod. ATa npoueaypa HanpasneHa Ha nonyyYyeHWe aHaToMUYeckoro pasgene-
HUSI MEXAY CUCTEMHbBIM WM NEroYHbIM Kpyramm KpoBoobpalleHns 1, criegoBaTenbHO, Mexay oboralleHHon 1 HeoboralleHHON K1cnopo-
[OM KpOBbl0. TeM He MeHee, MOCKOIbKY KPOBb HakauyMBaeTCs TONbKO OAHUM XXeryAo4YKoM, KPOBOTOK B MaroM Kpyre KpoBoobpalleHus
ABNsieTCs NaccuBHbIM. Kpome TOro, nocrieonepaumoHHas aHaTOMUS COeAMHEHUS MeX/AY CUCTEMHbIMW BEHaMU 1 NIero4HbIMU apTepus-
MW MpK 3TOM CTaHOBUTCS SIBHO Hedpuanonormyeckoii. Mo cywecTBy, 3TO CBSA3aHO C MBMEHEHVSIMU B AUHAMUKE KPOBW, HexenaTenbHbIM1
noTepsiMM 3HEPIUK, YTO, B KOHEYHOM CYeTe, BeAET K 3HaUUTENbHOMY ANCKOMMOPTY NaumeHTa u KOpOTKOW NPOAOCIDKUTENIBHOCTY €ro KU3HU.

Llenn nccnepoBanus. C y4eToM NPUYMH, USNOXKEHHBIX BbILLE, BPAYu HYXOATCA B BbIYUCNIUTENBHBIX MHCTPYMEHTAX, peanvao-
BaHHbIX B BUAE KOMMbIOTEPHOrO NporpaMMHoro obecnevyenus, ans: |) KONMYECTBEHHON OLEHKWN NOCNeonepaLnoHHbIX aHaTOMUYECKUX U
r’MapoAMHaMmnYecknx nameHeHun; Il) conoctaBneHns pasnuyHbIX BapvaHTOB aHaTOMuW ANs MPOrHo3a y 6onbHbIx; III) onpenenerus
KpUTEPVEB YNyYLLEHWS XUPYpPrum npoueaypbl PoHTaHa.

MeToguka peanusaumn. [Insa goctwxeHnsi 0603HaYEeHHbIX Lenen Mbl pa3pabotany BblYMCIIUTENbHbIA UHCTPYMEHT B BUAE KOM-
NbIOTEPHOrO NporpamMmmHoro obecneyeHns ans obpabotku noTokoBbiX 4D-AaHHbIX, T.e. (ha30BO-KOHTPACTHBIX MArHUTHO-PE30OHAHCHBIX
n3obpaxeHnit, fatoLmx MHAPOPMaLMIo O pacnpeneneHny CckopocTel B TKaHAX B TpexmepHon obnactu. PaspaboTtaHHoe nporpaMMHoe
obecneyeHne no3BonsieT PeKoHCTpympoBaTb 3D-reoMeTpuio moanexallen Xupypruieckomy revyeHuo aHaTtoMuyeckon obnactu u, ¢
NMOMOLLbIO MOJTyaBTOMAaTUYECKOro MoSib30BaTeNbCKOro MHTepdenca, 3Bnekatb COOTBETCTBYIOLLME FEOMETPUYECKUE OLIEHKN COCYAOB U
KOMMYECTBEHHbIE OLIEHKW CKOPOCTEN MOTOKOB B Pa3nuyHbIX COCyAax, OLEHMBaTb MOTepU 3HEPrNM, a Takke MPUCTEHOYHbIe CABUIoBble Ha-
npsbkeHnst. YMcneHHbIi MeToa, OCHOBaHHbIN Ha NOAXOAE METOAA KOHEYHbIX 3NeMeHTOB, Obin peann3oBaH Ans OLEHKW pacnpeaeneHust
OTHOCWTENBHOIO AaBIEHUS.

Pe3ynbTatbl uccnepoBaHui. PaspaboTaHHble MHCTPYMEHTLI Obinu NpeaBapuTenbHO NPUMEHEHB! K aHanuay HabopoB AaHHbIX
wecT negmatpuyeckmx 6onbHbIX. AHaNM3 AaHHbIX, NOMYYEHHbIX C MOMOLLbLIO ABYX HE3aBUCHUMbIX MOMb3oBaTenen nokasan XopoLuyto
BOCMPOV3BOAMMOCTb FEOMETPUYECKUX PEKOHCTPYKLIMIA, 1, CIIe[0BaTEeNbHO, NMOMYYEeHNS KONMYECTBEHHBIX reOMeTpUYeckMx oLeHok. Me-
TOA, onpepfenieHnst OTHOCUTENbHbIX AaBleHUA NpeaBapuTensHO Gbln NPOTECTUPOBaH Ha YNPOLLEHHON MoAeny rpyAaHoM aopThl, ¢ ObHa-
AexXvBaoLWyMn peaynbTaTamu.

BbiBoabl. Pa3paboTaHHbIi BbIMMCIIUTENBHBIA UHCTPYMEHT, KOTOPbIA, HACKOMbKO HaM M3BECTHO, SIBMSETCS MOMHOCTHIO HOBbIM,
romoraeT Bpayam KONMMYeCTBEHHO OLieHMBaTb NOCreonepaUmoHHble aHaTOMUYeckne 1 rmapoanHaMmyeckne nameHeHus. NMpoeoammele
B HaCTOSILLMIA MOMEHT UCCNeoBaHUs BKIIOYAIOT ero NpMMeHeHne Ha pearnbHbIx Habopax AaHHbIX, @ Takke pacluMpeHne npoBoAMMOro
aHanusa k 6onee LUMPOKON rpymnne nauneHToB, YTOObI NPOBEPUTL HaNMMYMe KOPPEnaUni Mexay KONMYeCTBEHHbIMI reOMEeTPUYECKUMI 1
rMApPOAMHaMUYECKMMU MoKasaTensiMyu ¢ NPOrHO30M NauueHToB. Takne BO3MOXHblE KOppensuun Mornu 6kl nomoyb Npy onpegenexHun
KpUTEpVEB ANS AanbHENLLero ynyyeHns xmpypruv npoueaypbsl PoHTaHa.
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