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— Cardiovascular disease
— MR flow imaging
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— Intravascular shear rate
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Cardiovascular disease Valvular disease

American Heart Association

» Leading cause of death in the U.S. . ' Stonosis
— 870k deaths in 2004 (36%) Nt AN
— 81M people with cardiovascular disease

* Forms: (‘\ (('\

Statistics 2005 Update

Normal aortie valve

— High blood pressure: 73M Open Closed
— Coronary disease: 16M
— Stroke: 6M W Am
— Heart failure: 5M Q‘; (\L"
» Abnormal blood flow Open Closed

Aortic valve stenosis

Aortic
Regurgitation

Carotid atherosclerosis Doppler ultrasound

Healthy » Non-invasive gold standard

Normal Patient
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Why MRI?

» Doppler ultrasound

— Requires acoustic window
* Fat, air, bone, surgical scar

— Must align beam with flow axis
* Angle correction

— 18-40% velocity overestimation "™ "=
MRI

— Potential “one-stop shop”
— Any angle/direction
— Less operator-dependent

MRI signal equation
.r’(i) = x4 vt <«—— moving spins
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Spiral FVE: motivation

 Existing FVE methods:

— Slow "™

— Poor spatial localization of flow
» Applications:

— Peak velocity in flow jets

— Flow in small vessels

— Intravascular shear rate

Feinberg, 1985; Hu, 1993

MRI signal equation

s(ky) = [ m(z) e 127 k=2 g,

MR signal = Fourier transform of spatial distribution

= t
bz (t) = r}';r /(.) Gz (7) dr

Gradients “move” along Fourier dimension

MR flow quantitation

O'Donnell, 1985

» Phase contrast
— Fast
— One velocity estimate for each voxel
— May underestimate flow jets
 Fourier velocity encoding (FVE)
— Slow
— Velocity distribution in each voxel
— More appropriate for flow jets

Moran, 1982

Spiral FVE: pulse sequence

slice selection

refocusing
& crusher




Spiral FVE: reconstruction Time-velocity distribution
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Time-velocity distribution Experimental methods

Pulse sequence implemented in EPIC
Scan parameters

— Heart: 7 mm, 25 ms, 33/£400 cm/s, 12 hb
— Neck: 2.5 mm, 26 ms, 17/£200 cm/s, 48 hb
Experiments in 3T scanner at UNH

— 7 healthy volunteers

— 2 patients (aortic stenosis)

Data reconstructed in Matlab

Validation against Doppler ultrasound

velocity




Regions of interest Spiral FVE vs. Doppler ultrasound

=

Ultrasound

aortic valve

carotid artery

Spiral FVE: patient results Spiral FVE: limitations

* Aortic stenosis * Low spatial resolution = T
* 4 m/s flow jet * Blurring due to off-resonance ‘F_J'
500

« Insufficient velocity FOV

» Moderate temporal resolution
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Tsai, 2000

Accelerated spiral FVE Variable-density spirals

» Techniques:
— Variable-density spirals
— Temporal acceleration
— Partial Fourier reconstruction
Exploit sparseness, symmetries, and
other a priori information

« Shorter readouts
— Reduced off-resonance artifacts
— Higher temporal resolution

» Higher spatial resolution
— Better spatial localization of flow




normal flow stenosis
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V-D spirals: results R

U-D V-D V-D V-D V-D
7 mm 4.7 mm 7 mm 4.7 mm 3.6 mm
8 ms 8 ms 4 ms 4 ms 4ms

1 interleaf 1 interleaf linterleaf 2 interleaves 3 interleaves
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Temporal acceleration: results

regurgitation

velocity (cm/s)

40 -20 0 20 40 60 o 400 800
frequency (Hz) time (ms)

assumption: flow jets are temporally smooth

Noll, 1991

Partial Fourier along k,

full k-space partial k-space
(24 heartbeats) (14 heartbeats)
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6-fold acceleration

Partial Fourier: results

full k-space full k-space
(18 heartbeats) (12 heartbeats)

1.5-fold acceleration

results
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Combined results

variable-density ~ temporal acceleration partial Fourier
_— s
2-fold 6-fold 1.5-fold

I

a 400 [
e )
non-accelerated  2-fold accelerated 12-fold accelerated 18-fold accelerated

36 heartbeats 18 heartbeats 18 heartbeats 12 heartbeats
(216 heartbeats) (108 heartbeats)

DiCarlo, 2005

Variable-density sampling in Kk,

* Increased efficiency in FVE imaging

uniform variable-density

Spiral FVE: applications

Peak velocity in flow jets
— Valvular disease

— Carotid stenosis

Flow in small vessels
Intravascular shear rate

Before and After

Spatial resolution
Off-resonance
Temporal resolution
Velocity FOV

Variable-density spiral FVE

» Healthy volunteer

uniform-density variable-density
low resolution small FOV gridding proposed
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Wall shear

» Wall shear stress:

— “drag force acting on the vessel wall as a
result of blood flow” ">

* Indicators of risk for atherosclerosis:
— Low WSS ™™
— Oscillatory WSS
— High wss ™"

» WSS = blood viscosity x wall shear rate

Ku, 1985




Fluid shear rate
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Data p y Lisong Ai

shear rate: dv/dr

3
spatial dimension (mm)

FSR with FVE: Frayne method

velocity distribution — velocity profile
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Simulation using CFD data

* No gold standard for FSR
— Difficult to validate in vivo

» Computational fluid dynamics (CFD)

FSR w/ phase-contrast MRI

magnitude phase contrast velocity profile
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Frayne, 1995

Pre-processing

 Blood / arterial wall signal differences

* Flow enhancement

* Noise

velocity distribution velocity profile

— measurad
- corrected

30 20 10 0 . 03 07 105 14
volume fraction (%) intra-voxel position (mm}

Simulation using CFD data

velocity map: v(x,y)

simulated
FVE data

S(x,y,v)

Ar, Av

Data provided by Lisong Ai



Simulation results Simulation results

fiva slicorieta SVE Mol » 10% accuracy for 50% of the voxels

N ' » 20% accuracy for 80% of the voxels
» 30% accuracy for 95% of the voxels
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In vivo experiments In vivo results

» Resolution:
— Spatial: 1.4 mm (8 interleaves)
— Velocity: 5 cm/s (32 vencs)
— Temporal: 24 ms (2 views/heartbeat)

» Scan time: 2 minutes per slice
(not accelerated)
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In vivo results Shear rate: summary

 Oscillatory pattern (CCA) First in vivo results using the Frayne method
High temporal resolution — oscillatory pattern
Scan time can be reduced

Known issues:

. - ae - i 2000
48 ms T2ms 96 ms 120 ms 144 ms 168 ms

]

®,6 €, 6 6 0 l
v | | v | 7 . i — FSR measured near but not at the wall
q O O3 & &4 &

. — Voxel shape, intra-voxel weighting
————— cardiac cycle — Slice must be perpendicular to wall

peak flow
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