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GLOBAL AND LOCAL CHARACTERISTICS OF THE BLOOD FLOW
IN LARGE VESSELS BASED ON 4D MRI DATA

Background. Magnetic resonance imaging (MRI) using three-dimensional velocity encoding phase contrast (PC)
methods offers the opportunity to quantify time-resolved 3D flow patterns in vivo. This technique can have a break-
through impact on the evaluation, risk stratification and surgical planning in hemodynamic-related pathologies, ¢.g.,
cardiac valve diseases, arterial stenos or insufficiency, aortic dilation, dissection or coartaction. However, its applica-
bility in clinics is limited due to the complex post-processing required to extract the information and the difficulty to
synthesize the obtained data into clinical useful parameters.

Objective. In this work, a software tool is presented which analyzes the row data and provides information along the
whole vessel, between two selected cross-sections and in the vicinity of the selected points.

Methods. A fully automatic algorithm based on the properties of the steady Hagen—Poiseuille flow was developed
which in few minutes segments the vessel shape, visualize the blood flow and calculates its characteristics. Since the
time and space resolutions of the data are limited, we avoid the differentiation of the velocity field.

Results. The algorithm has been tested on datasets of patients with bicuspid aortic valve and healthy volunteers. Results
are provided both as maximum and time-averaged values in aorta, pulmonary artery, left and right ventricles.
Conclusions. The results demonstrate that the presented approach could be useful for medical doctors in order to classify
and stratify different valve and/or vessel pathologies.
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Introduction In our paper, we will describe an origin algo-
rithm, which automatically selects the points located

The MRI data can be an effective tool for the  jngide the vessel, visualize the flow patterns at dif-

unsteady blood flow investigations in aorta and
large vessels. (see, e.g., [1—5]). These characteristics
ensure large enough number of points in the aorta
or the ventricle cross section to analyse the flow pat-
terns and their changes in time.

The problem is to extract the points located
inside the vessel from the regular MRI grid, since
the level of signal outside the aorta can be compa-
rable and even grater than inside the vessel. For
the time averaged data, the level of noise is smaller
but can still exceed the values of velocity compo-
nents inside the vessel.

The user-friendly tools need to segment the
vessel shape and to estimate the blood flow charac-
teristics with minimum of manual operations. For
example, it is a need to avoid manual selecting the
points located on or near to the vessel boundaries
on each of MRI slices, since this procedure (used in
many existing algorithms) is very time-consuming
and labour expensive.
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ferent flow sections and different moments of time,
calculate the radius and area of the vessel cross sec-
tions, the velocity components, flow rates, flow jet
angles etc. and estimate the wall shear stresses.

Problem formulation

Development and testing an automatic algo-
rithm for segmentation of large vessels and calcula-
tion the general and local characteristics of the blood
flow with the use of 4D MRI data.

Materials and Methods

Steady Hagen—Poiseuille flow. We shall use the
properties of the steady Hagen—Poiseuille flow in the
cylindrical pipe of radius R (see, e.g., [6]) to select
the MRI grid points, located inside aorta. The local
velocities of this flow are directed along the pipe axis
and its magnitude U depends on the radial distance
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from the axis », dynamic viscosity coefficient pn and
the pressure gradient dp/dx along the pipe axis:

lLdp nn >
U=—-—="A(R"-7r). 1
I dx( ) (1)
Usually we don’t know the real values of the blood
viscosity and the pressure gradient. But we can use
the mean velocity u averaged at a cross section of
the pipe
R 2
u:%IrUdr:—R—@ )
R 8u dx

and the dimensionless velocity (with the use of (1)
and (2)):

U/u=2[1-(r/R)] A3)

in order to compare the real flow in the aorta cross
section and the steady Hagen—Poiseuille flow.

To compare the real wall shear stresses with
the values typical for the steady Hagen—Poiseuille

flow let us calculate

and the dimensionless characteristics

R d(U/u)

wi - d(r/R) ¥

T:

r=R

A principle of segmentation. Formula (1) is an
exact solution of the Navier—Stokes equation and is

valid at any Reynolds number Re =2Ru/v (v is the

kinematic viscosity). But at high values of the Rey-
nolds number (Re > 2300) the real flow becomes
unstable and turbulent, [6]. In the case of aorta with
typical values of the blood viscosity u = 3cP, the

flow rate Q = 0.25ud? = 51 /min and diameter d = 2R

= 20 mm the Reynolds number can be estimated as
Re ~ 1800. Thus, we can expect to have the lami-
nar flow (1) at some moments of the cardiac cycle
and to have it for the time-averaged values of the
normal velocities at the cross-sections of aorta and
other vessels.

The algorithm of the segmentation is based on
this idea. For a given point inside the vessel, the
nearest point of the MRI grid was found. Since in
the cross-section of the vessel all velocities are di-
rected along its normal (see (1)), the corresponding
cross-section, the nearest points of the grid with

the similar directions of the velocity can be found
and the center of the cross-section can be calcu-
lated. The next point inside the vessel can be cal-
culated by small moving along the normal from the
center of the cross-section (up- or downstream of
the blood flow). By repeating the previous procedure,
all points of MRI grid located inside the vessel can
be extracted and the characteristics of the blood
flow can be calculated. We have used the time
averaged data and the instant velocity components
at the maximum flow rate to segment the vessels.

Results and discussion

Comparison of the results based on the instant
and the time averaged data. The use of time avera-
ged (during the complete cardiac cycle) velocities
and the velocity components of the at the moment
of maximum systole (maximum flow rate) yields si-
milar results for the shape and flow characteristics,
see Figs. 1—-3.
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Fig. 1. The area of the aorta sections versus longitudinal dis-

tance along the aorta centre line. Time averaged data are
shown by line, instant values are represented by crosses
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Fig. 2. Centre lines of the aorta cross sections: / — time avera-
ged data, 2 — instant values
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Fig. 3. The radii of the cross sections in mm and the flow rate in I/min (/) versus longitudinal distance along the aorta centre line
in mm. Maximum radius (4), the averaged for the circle values (3) and averaged with the use of real area of the cross sec-
tion (2). The lines show time averaged data; crosses represent the results obtained with the use maximum systole velocity

components

Flow patterns at different moments of time. The
analysis of the flow patterns at one cross-section in
different moments of the cardiac cycle showed that
regular flow similar to the distribution (1) occurs only
at the maximum systole (the maximum flow rate).
The examples are shown in Figs. 4 and 5 for a one
cross-section located in the aorta arch (Fig. 6, a).
Fig. 4 illustrates that at maximum systole the dimen-
sionless velocities (“circles”) are rather close to the
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Fig. 4. Maximum systole at an aorta arch cross-section. Example

theoretical distribution (3) (show in Figs. 4 and 5
by solid line) and the largest component of the ve-
locity is the normal one. The points in Fig. 5 show
that at diastole the flow is very chaotic and differs
from the theoretical curve (3).

In order to decide is the blood flow swirling it
is enough to calculate the average transversal ve-
locity with the use of all points in a cross-section.
This simple procedure allows avoiding the different
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of the flow pattern (a) (all coordinates are in mm) and dimension-

0 0.1

less magnitude of the local velocity (b) based on u (circles) and based on the local magnitude of the velocity, the normal (7),
the radial (2) and transversal (3) velocities versus the radial distance from the cross-section center (based on its radius)
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Fig. 5. Diastolic flow pattern at the aorta cross-section shown in Fig. 4. Example of the flow pattern (a) (all coordinates are in mm)
and dimensionless magnitude of the local velocity (b) based on u (circles) and based on the local magnitude of the velocity,
the normal (7), the radial (2) and transversal (3) velocities versus the radial distance from the cross-section center (based on

its radius)
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Fig. 6. Average values of velocity components (cm/s) versus dimensionless time (based on the duration of the cardiac circle) (c) in two
cross-sections in the arch (a) and descending aorta (b). Normal ([/), radial (2) and transversal (3); aorta arch — circles, de-

scending aorta — crosses

tiation of the velocity filed, which is necessary to
calculate the helicity [2, 3]. The results presented
in Fig. 6 show that in the aorta arch the blood flow
is rather swirling at the maximum systole. At other
moments of time the space averaged transversal ve-
locity is smaller and has opposite direction. In the
descending aorta the swirling is much smaller.

The values averaged by time and space are
presented in Table. It can be seen that radial and
transversal components of the velocity are more
than ten times smaller than the normal one. Since
the radial velocity averaged by time and space must
be close to zero at every section, the values pre-
sented in Table illustrate the accuracy of measure-
ments and segmentation.

Table. Values averaged by time and space

Values Aorta arch Descending
aorta
Normal velocity (cm/s) 13.5 16.4
Flow rate (I/min) 3.7 2.5
Radial velocity (cm/s) 1.2 0.12
Transversal velocity (cm/s) -1.6 -1.34

Examples of vessel segmentation. To segment
the aorta or the pulmonary artery we need to select
only one point located inside the vessel as shown in
left parts of Figs. 7 and 8. The developed MATLAB
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code needs 10—12 s of PC time to select the points
of the MRI grid located near one vessel cross-sec-
tion and calculate the parameters of the blood flow.
Known algorithms need to select some points (5-6)
on the vessel boundary at every MRI data slice and
yield similar vessel shapes. We have tested the algo-

rithm with the use of 25 data sets obtained for
BAYV affected and healthy patients.

Global and local flow patterns and flow charac-
teristics at different moments of time. The algorithm
allows visualizing the flow in the whole vessel (Fig. 9),
between two selected points (Fig. 10) or near a selec-
ted point (Fig. 11) at different moments of time.

Fig. 7. Segmentation of the aorta and the left ventricle with the use of one point selected manually inside the aorta (a¢) and data

corresponding to the maximum systole (b)
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Fig. 8. Segmentation of the pulmonary artery and right ventricle with the use of one point selected manually inside the pulmonary

artery (a) and data corresponding to the maximum systole (b)



42 Haykosi sicti HTYY "KMI" 2017/2

20 T

15

Flow rate aversge /
Fow rate masximal

Fig. 9. The flow pattern in the left ventricle, aortic valve and aorta at the maximum systole (a); the flow displacement (FD), the
flow jet angle (FJA), wall shear stress (WSS) dimensionless (eq. (4)) and calculated with the use of the blood viscosity 3 cP

(in Pa) (b), maximal and average flow rates in I/min are shown versus the distance from the last cross-section in the de-
scending aorta along the centre line in mm

Fig. 10. The flow pattern (c) and flow characteristics between two selected points in aorta at the maximum systole (a); the radii aver-

aged with the use of different approaches (b) are shown by lines and crosses, the maximum radius by “crosses” (all in

mm), the maximal velocity in decimetre/sec are presented by “x” markers versus the distance along the centre line in mm
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Fig. 11. The blood flow vectors near a selected point (a) at different moments of time (b) (all coordinates are in mm)

Conclusions The developed algorithms have to be integrated
in a user-friendly tool and tested with the use of

A fully automatic algorithm based on the pro- multiple data sets in order to select the most im-

perties of the steady Hagen—Poiseuille flow was de-
veloped to segment the vessel shape, to visualize the
blood flow and to calculate its characteristics.

The algorithm has been tested on 25 datasets
of patients with bicuspid aortic valve and healthy
volunteers. Results are provided both as maximum
and time-averaged values in aorta, pulmonary ar-
tery, left and right ventricles. The results demon-

portant characteristics for diagnostics of different
pathologies of the heart and large vessels.
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strate that the presented approach can be used in
clinics by medical doctors in order to classify and
stratify different valve and/or vessel pathologies.
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IMOBAJIbHI TA NOKAJIbHI XAPAKTEPUCTUKW TEYIT KPOBI Y BEJIMKMX CYOMHAX, WO BA3YIOTbCA HA YOTUPU-
BAMIPHNX OAHUX MPT

Mpobnematnka. MarHiTHo-pe3oHaHcHa Tomorpadis, WO BUMKOPUCTOBYE MeToan (ha3oBOrO KOHTPACTy ANS BU3HAYEHHS TPbOX
KOMMOHEHT LWBMAKOCTI, Aa€ 3Mory in Vivo oTpuMaTy YicnoBy iHpopmaLilo Npo 3MiHy B Yaci TPMBMMIPHUX Tedii. Lia TexHonoris moxe
MaTy BUpILLANbHUIA BNAMB Ha OLiHIOBAHHS, BU3HAYEHHS PU3NMKIB i MNaHyBaHHA XipypriYHOro BTPyYaHHS Npy NaTonorisx KpoBoobiry, Ha-
npuKnaz npu 3axBOPIOBaHHI KramaHiB cepus, apTepianbHUX cTeHosax abo HepocTaTHOCTI, Aedopmalii, poslapyBaHHi YM 3BYXKEHHI
aopTtu. OfHak i kniHiYHe 3acTocyBaHHS € 0BMeXeHUM Yepe3 cknagHy obpobKy AaHux, HeobXigHy Ans BuaineHHs iHdopmaldii, Ta npo-
6rnemm cnHTesy oTpUMaHMX AaHuX Yy KMiHIYHO KOPUCHI NnapameTpu.

MeTa pocnigxeHHs. B po6oTi npeacTaBneHwn nporpamMHUA NMPOAYKT, WO aHanisye NepBuHHI AaHi i Hapae iHpopMauilo B30BX
BCi€ CyANHMW, MiX ABOMa BUOpaHUMK nepepizamu Ta B OKOMi BUGPaHNX TOYOK.

MeToguka peanisauii. Po3po6neHo MOBHICTIO aBTOMAaTU30BaHWI anropuTM, WO CAUPaETbCs Ha BRacTMBOCTI Tedii areHa—
Myasennsa Ta B NiveHi XBUNWUHW BUAINSE popMy CyAMHM, Bidyanidye TeuYito KpoBi Ta po3paxoBye ii xapaktepucTuku. OcKinbku po3finbHa
34aTHICTb JaHUX y NPOCTOpi Ta Yaci € 06MeXeHOo, MU YHUKAEMO ANMEPEHLiOBaHHS NOMS LIBUAKOCTEN.

Pe3ynbTaTu gocnigxeHb. ANropuTM NpoTeCcTOBaHWI Ha AaHUX NALEHTIB i3 4BOCTYNKOBMM aopTaribHUM KranaHom Ta 340pOBUX
nobposonbusx. HaBegeHo pesynbTaTy ANs MakCMMarnbHUX Ta yCepedHEHNUX Y Yaci 3HavyeHb B aopTi, NIereHesiln apTepii, niBomy i npa-
BOMY LLIITYHOYKaX.

BucHoBkW. Pe3ynbTati nokasyoTb, O 3anponoHOBaHWA Nigxia moxe GyTv KOpUCHUM Ans MeaukiB Ans knacudikauii Ta giar-
HOCTWKM Pi3HUX NATOMOTIN KnanaHiB i CyauH.

Knto4yoBi cnoBa: YoTMpMBUMIPHMWIA NOTIK; 4BOCTYNKOBWUI KNanaH; Tedis B aopTi; MaTonorii CyauH.

W.I'. Hectepyk, A. Pegaennu, N.b. KygbiouH, ®. Mesattu, ®. Ctypna

MOBAJIbHBIE N JTOKAJNIbHBIE XAPAKTEPUCTUKN KPOBOTOKA B BOJTIbLLINX COCYOAX, OCHOBAHHBLIE HA YETbIPEX-
MEPHbIX JAHHBLIX MPT

Mpobnematnka. MarHuTHO-pe3oHaHcHas Tomorpadusi, ucrnonbaylowas MeToael ha3oBOro KoHTpacTa AN onpeaerneHns Tpex
KOMMOHEHT CKOPOCTW, MO3BOMSET iN VivO NOMyyYnTb YUCIIOBYIO MHPOPMAaLIMIO O BPEMEHHBIX M3MEHEHNSIX TPEXMEPHbBIX TeYeHWn. JTa Tex-
HOMOTMs MOXET UMETb peLuatolliee BMsIHWE Ha OLIEHKY, onpeernieHMe pUCKOB U NaHpOBaHUe XMPYPruyeckoro BMeLlaTenbcTea npu
naTonorMsax KpoBOTOKa, Hanpumep npu OoNe3HaxX cepAeydHbIX KramnaHoB, apTepuanbHbIX CTEHO3aX UMM He[oCTaTovHOCTH, Aedopma-
LMK, pacceveHnmn nunm cyxeHun aopTel. OfHaKko ee KMMHNYECKoe NCMOoMb30BaHNe OrpaHNYeHo KU3-3a CroXHOW 06paboTkv AaHHbIX, Heo6-
XOAMMOW ANs BblAeneHust niopmaumu, 1 npobnembl CUHTE3a NOoMyYeHHbIX AaHHbIX B KIMHUYECKV NONe3Hble napaMeTpbl.

Llenb uccnepoBanus. B paboTe npeactaBneH nporpaMMHbIvi NPOAYKT, aHaNM3VPYOLUIA UCXOAHbIE AaHHbIE U NPEACTaBMALLMA
MHOpMaLMIio BAOMb BCEro CoCyAa, Mexay ABYMS BbIOPaHHBIMU CEYEHUSIMU U B OKPECTHOCTU BbIGPaHHbLIX TOYEK.

MeToguka peanusauuun. PaspaboTaH NOMHOCTbIO aBTOMATU3NPOBAHHbIN anropuTM, OCHOBaHHbIN Ha CBOWCTBaX TedeHusi XareHa—
Myasenns u B cuMTaHHbIe MVUHYTHI BbIAENSAOLMIA hOPMY COCYAa, BU3yanu3vpyoLLMA KPOBOTOK Y PaCCHUTLIBAIOLLIMN €70 XapakTepUCTUKN.
Mockonbky paspeluatoliasi cnocobHOCTb AaHHbIX B NPOCTPAHCTBE WM BPEMEHU OrpaHuyveHa, Mbl n3beraem AvdpdepeHumpoBaHms nons
CKOpPOCTEMN.

Pe3ynbTathbl uccrnepoBaHui. AnroputMm NpoTeCTMPOBaH Ha AAHHbBIX MauMEHTOB C ABYCTBOPYAaTbIM aopTarbHbIM KnamnaHoM 1
300poBbIX AobpoBonbLax. MprBeaeHsl pesynbTaThbl AN MaKCMMaslbHbIX M OCPEAHEHHBIX MO BPEMEHW 3HaYeHUI B aopTe, Nero4Hon apTe-
pvK, NeBOM ¥ NPaBOM >Xenyao4Kax.

BbiBoabl. Pe3ynbTaTbl AEMOHCTPUPYIOT, YTO NPeASIoKEHHbI NOAXOA MOXEeT ObITb NONe3HbIM ANs MEAMKOB AN Knaccudvkaumnm
W ANarHoCTVKW pasHbIX NaToNoruii KnanaHoBs U COCYA0B.

KnioueBble cnoBa: HeTpreXMeprlﬁ NOTOK; ,D.ByXCTBOpLIaTI:IIZ KnanaH; Te4eHne B aopTe; naTonornm cocyaos.

PexomenmoBaHa Panoto Hapniitnna no penaxiii
¢akyJIbTeTy IPUKIaTHOI MaTEMATUKK 11 ciuns 2017 poky
KIII im. Iropst CikopchbKoro



