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Role of Blood Flow Imaging in Treating Congenital Heart Disease in Clinical Practice

Keiichi Itatani?, Masaaki Yamagishi?, and Hitoshi Yaku"

U Department of Cardiovascular Surgery and Cardiovascular Imaging Labo,
Kyoto Prefectural University of Medicine, Kyoto, Japan
2 Department of Pediatric Cardiovascular Surgery, Kyoto Prefectural University of Medicine, Kyoto, Japan

With recent improvements in computer technology, prominent progress has occurred in cardiovascular imag-
ing. Blood flow imaging visualizes complicated blood flow inside the cardiovascular lumen via 3D color video,
in addition to providing traditional geometrical information such as heart chamber size and vessel diameter.
Because blood flow imaging provides detailed information about diseased flow, elucidates the pathophysiology
of cardiovascular disease, and visualizes mechanical stress on the ventricular chamber or vessel intima, it has
been identified as a novel tool for predictive medicine for heart valve disease, cardiomyopathy, coronary arterial
disease, and aortic disease. Congenital heart disease has a complicated anatomy and physiology; thus, blood
flow imaging has been expected to have clinical applicability for congenital heart disease for decades. Even with
the sophistication of perioperative patient management in congenital heart disease, blood flow imaging plays an
essential role in predicting long-term outcomes in patients with congenital heart disease.

In this review, we explained the details of blood flow imaging, including 4D flow MRI, several types of novel
echocardiography blood flow visualization software, and computational simulations. Echocardiography and
MRI flow imaging are based on flow measurements, which carry limitations concerning spatial and temporal
resolution. Conversely, computer simulation enables “virtual surgery” with sufficient resolution, but visualized
flow is dependent on the calculation assumption. We also discussed effective clinical applications of these
methods in patients with congenital heart disease, especially considering long-term outcomes, by reviewing the
literature and introducing several complicated cases.

Keywords: blood flow imaging, 4D flow MRI, echocardiography vector flow mapping, computational
fluid dynamics, predictive medicine
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Fig. 1 The blood flow imaging system
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Upper: cardiovascular imaging modalities used in daily clinical practice. Middle: blood flow visualization methods in
combination with fluid dynamics and medical imaging. Lower: Flow diagnosis with hemodynamic parameters, which is
helpful for predictive medicine in patients with cardiovascular disease.
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Table 1 Blood flow imaging modalities

Flow measurement

Numerical simulation

Phase-contrast MRI

Echocardiography Computational fluid dynamics (CFD)

Characteristics Velocity measurement from

phase-contrast images

Dimension 3D

Hemodynamics Flow velocity vector
Temporal resolution 10~30frame/s
Spatial resolution 1.0~3.5mm/pixel

3.0~5.0m/s
Several minutes to hours

Limit of velocity measurement
Time cost for analysis

Advantage Full volume measurement

Color Doppler+numerical
model

2D

Flow velocity vector

Computational calculation of

the 3D Navier-Stokes equation
3D
Pressure and velocity vector

20~40frame/s No limitation
0.2~0.4mm/pixel Up to the limit of computer memory
0.6~1.2m/s No upper limit

Several seconds to minutes
Easy to measure

Several hours to days
Virtual surgery
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Fig. 2 Blood flow visualization based on cardiac MRI

Phase velocity images

RL direction AP direction FH direction

Superpose

) 0.0 m/s
Blood flow vector

Slice accumultio

Phase-contrast images provide the flow velocity distribution of the direction of the magnetic field gradient. The 3D flow
vector and its motion in one cardiac cycle are visualized from the extracted cardiovascular lumen via typical cine MR

images (4D flow MRI).
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An adult who underwent one and one half repair. Right ventricular flow and pulmonary valve flow can be evaluated in
addition to the 3D ventricular volume. In this case, the pulmonary arterial flow became spiral in the right pulmonary

artery and merged smoothly with the Glenn flow.
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Fig. 4 Blood flow visualization via echocardiography vector flow mapping

Color Doppler and wall tracking data are integrated into the 2D continuity equation to calculate the flow velocity vector
inside the ventricle. The flow vector and streamline are used to demonstrate the intraventricular flow vortex, and flow
energy loss or vorticity can be calculated from the results.
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The flow domain is extracted from medical images such as enhanced CT images. Combined with computer graphics,
virtual surgery can be performed using a computer. A computational mesh is created inside the analysis domain. The
physiological flow conditions should be included in the inlets and outlets of the analysis domain. The computer calcu-
lates the mass and momentum equations and provides the velocity and pressure distribution on each mesh node.

X2 ARSI 2 O HEE /i #E T &H % Navier-Stokes /7
RO ERERD B T LIFRH T ROOT, av
Yo — 2 Tz R, HREXOENEAIAMNRD
I NS IRFREICINE B K 9, GHREZE0RTHED
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IR AA L SUVTRICRET ST ENTES. O

MER W@ 1.0E—5 (10 D—5FOEE) FigT
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0.05mL/min=3mL/h FEEEDFEE Uns\ T & 2 Ek
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ZEM L TW5. Fig. 51 CFD fifiid 7t X% 7R
ER
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% FCEERLE RIS TE2 %", Fontan &
WD IR B RERIRO MR EZEd %4888 T
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Fig. 6 Blood flow imaging sample of an adult with congenital cardiovascular disease

This patient had cyanosis due to hepatic factor maldistribution after TCPS and extracardiac TCPCA for asplenia, a single
right ventricle, and an azygous connection. 4D flow MRI revealed that the hepatic flow split to the right lung because of
low resistance due to an arteriovenous fistula. However, if the fistula disappears and the bilateral pulmonary resistance
becomes equal, then the hepatic factor maldistribution would appear. Thus, potential surgical procedures can be evalu-
ated using the computational fluid dynamics flow simulation.
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