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Circulation

Cardiology Is Flow
Yoram Richter a.t:l'\‘li ‘ﬂazer K. Edelman

Panta rhei. (Everyihing flows)?

(2 American
o Heart
Association.

ardiology is about flow. The primary purpose of the
cardiovascular system is to drive. control, and main-
tain blood flow to all parts of the body. Flow dictates
the form and function of the heart and blood vessels through
onogenic and phylogenic development. the structural and
functional consequence of repair. and in its end stages,

rosis. Flow disturbances are therefore ubiguitous: they are a
fundamental feature of the vascular system. An entire field of
study arose correlating disease with its overlying flow pat-
tern.*-* Several factors, including low shear stress, oscillatory
(bidirectional) flow, and regions of eddies and/or boundary-
layer separation. have repeatedly been shown by numerous
researchers, using both numerical and observational tech-
nigues, o be the prime candidates for wreaking havoc on
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—— Total Flow (Q) = mLmin
B
[— [—
— —
= =
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Shear Stress = p(dv/dy)
=
D

Figure 1. Basic concepts in fluid flow. A, Total flow is the val-
ume of fluid that flows through the artery per unit ime. B, The
flow profile is the vectorial description of fluid welocity at each
point in the cross section of the lumen. The profile can be para-
bolic (as seen on the left) but usually takes up much more com-
plex forms (as seen on right). C, Shear stress is the force per
unit area exerted on the vessel wall by the flowing blood and is
proportional to the viscosity of blood and the denvative of the
fluid welocity. D, Streamline descriptions of flow pattem show
the paths of each particle within the flow and are especially
convenient for highlighting flow disturbances such as this region
of recirculation. Such flow disturbances commonly arise in arte-

I T T

angiography. However, this region is by far the worst in terms
of extent and vulnerability of disease.

A central consideration in the incorporation of the concept
of flow into clinical practice is our inability to reliably
describe flow in most of the arteries of interest. Angio-
graphic techniques such as TIMI frame count and myocar-
dial blush are valuable but nonspecific. Doppler ultrasound
can measure total flow but can only be applied in a handful
of blood vessels that are relatively superficial. The Dopp-
ler flow wire provides an assessment of total intravascular
flow. However, the manner of measurement forces as-
sumptions about the flow profile. This profile is ordinarily
assumed to be parabolic. In practice, however, most
arteries of interest have profiles that are far from parabolic.
This is particularly true in the most important regions,
which typically include one type or another of flow
disturbance. Consequently. the results of flow wire mea-
surements can be misleading. A common characteristic of
all of the technologies mentioned above is that they only
describe total flow and give no information about the
sometimes more important flow pattern.

Newer, more advanced imaging modalities such as

IR T e T
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Itatani K. Gen Thorac Cardiovasc Surg. 2017;65(11):611-621

e FHAIE s JBFF & ) HeavisideB83¥ H(x)

o Pn(t) = P (1) + R, (t) + B (D)

Native ITA bypass >

1.0 m/s Py () = Zo Qinier _ dQ 0 Qescending — Qascending

| | o o P (t) = -L —
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. &8I : Transit time flowmeter
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Miyazaki S et al. Heart Vessels 2017, 32(8): 1032—1044.
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Malek AM et al. JAMA 1999;282:2035-42
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Fukumoto et al. JACC 2008;51:645-50

Distal Proximal ’ gt Distal

B9 EFS Wall Shear Stress I2E5ENDET3—V2WI-ATS




WSSEMERNKRES

Hwang J et al. Biochemistry.

Samady et al. Circulation 2011;124(7): 779-88 2003;42(46):13698-707
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Numata S et al. Euro Journal of Cardiothorac Surg. 2016;49(6):1578-85
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Kato N et al. Interact Cardiovasc Thorac Surg. 2018;26(2):293-300.

/

7 \ h \ 0 W
L /
/ ®
R-MAPCA 2>v C&/
R-MAPCA 3 7 \Y

R-MAPCA 4 7/} w

L-MAPCA

R-MAPCA 1

Ay

3




/N R SR & F fir(Uniforcalization) CH

Kato N et al. Interact Cardiovasc Thorac Surg
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HeartFlow NXT study

Subjects screened for inclusion in NXT:
365

Right Coronary
Artery
CT stenosis >90%

Coronary CTA ser
FFR. . Core Labors

357 subjects

¥ o FFRCT Model

hJ

] _ -— - Site T
Coronary CTA acc
by FFR_ Core Labo
310 subjects

FFRer AUC: 050  95% CI: 0.B7, 0.94
CT AUC: 0.81 95% Ch 0.76, 0.87

\ 2f AAUC: 0.09 95%Ck 0.04, 0.14
5 P=0.0008

Suhjects analy
254

D2 03 04 05 06 07 OB 09
1-Specificity

v

Subjects with a coronary ar
stenosis 30%6-90% accy
coronary CTA

251

Norgaard BL et al. JACC 2014,;63(12):1145-55

Left Anterior Descending
Artery
CT stenosis 50-70%

==@=" Lite CT

FFRey AUC: 0,93 95% C1: 0,91, 0.95
CTAUC: 0.79 95% Cl:0.74, 0.84
AAUC: 0.14 95% Cl: 0.09, 0.19
P<0.0001

Dz 03 04 05 ©OF ©OF 08 05 1
1-Specificity
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PLATFORM study
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Analysis (N=100, 100%)
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Douglas PS et al. J Am Coll Cardiol 2016,68:435—45

llenal Care Cnhnrt

NON-INVASIVE INVASIVE
p=0.82 p<0.001
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Virtual FFR MRS T-FETE

CT- FFR (D—9RF—< 3V Vitrea ¥ /AT 1HILO AT LX)

Step 1: CT acquisition Step 4: Application of mathematical principles
' and Hierarchical Bayes modelling to derive

o/ P h_“ boundary conditions and vessel stiffness

Input data:y  Input data Input data
(4D-CT images _ . Pr (il
from 70% to Deformation Volume variation 1ﬁ5§111 e, Ilow rate
oy 100% 1n the of vessels from time-vagiation of 1n coronary
cardiac cycle) (cross section data) ao1ta volume arteries

step| Hierarchical Bayes &
centr| Markov-chain
adjug Monte Carlo method

P(8|y.z) < [P(y.z|8)P(6|2)P(z)dz

stimated
data: z

Identified i
: . $5 sectional ares
- variables: pressure Stiffness of aorta and of the flow rate 0
conditions
chose (:]
lumin ( analysis ) Pressure time-variation  Deformation property  Minimum cross sectional
of corl conditions of outlets of vessels area in a cardiac cycle

J | ! J

Ko BS et al. JACC Imaging 2016; in-press.
Hirohata K et al. SPIE Medical Imaging 2015;9412-94:26.



Pressure
High

FFR Value

CT-FFR ¢ DHEE

Cardiac phase 70% Cardiac phase 80% Cardiac phase 90% Cardiac phase 100%
1.0
1004 R =0.57, P < 0.0001 CT-FFRAUC 0.88_~
0.8 —
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) o E
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0.50 |
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0.30 | | | | 0.0 | | | |
0.40 0.60 0.80 1.00 0.0 0.2 0.4 0.6 0.8 1.0

CT-FFR 1-Specificity

Ko BS et al. JACC Imaging 2016; in-press.
Hirohata K et al. SPIE Medical Imaging 2015;9412-94:26.
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Mlyajl K et al. Interact Cam’zovasc T horac Surg. 2019 May 1;28(5):775- 82
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4D flow MRI & CFD
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B Graft Failure
100+
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