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Modify Mxy 
• Phase Contrast MRA 
• Elastography 
• Diffusion Imaging  
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Data 
Acquisition 

Modify MZ 
• Time of Flight MRA 
• Arterial Spin Labeling 
• Myocardial Tagging 



Phase from Motion:	
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Encoding MXY for Motion: Phase Contrast	



How Big can m1 be?	


For: 	

G=4G/cm	



	

δ=Δ=50ms	


•  π per 6µm	


•  VENC=velocity for φ=π	


•  =6µm/50ms=0.12mm/s 	
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Phase Contrast MRA	


RF	



GZ	



GY	



GX	



• One image with velocity encoding positive	


• One image with velocity encoding negative	


• Vector sum of gradients determines direction of encoding	


• Display phase difference between images	


• Phase difference subtracts out off-resonance and other phase effects	





Phase Contrast MRA	


• Phase is proportional to velocity	


• Quantitate velocity from phase images and/or:	


• Construct angiograms by MIP of velocity maps	



MIP: Maximum 
Intensity Projection	



Bushberg: The Essential Physics of Medical Imaging, 2002.	





Muthupillai et al, Nature Medicine 2 (5) 1996	



MR Elastography	



Taouli et al, AJR 2009; 193:14–27	



Anatomy	

 Acoustic 
Waves	



Stiffness	



Velocity 

Gradient 

Displacement 
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Image Space                 K-space     
Flow @1mm/s ~100µm 

Diffusion 
@10-3mm2/s 

~15µm 
x 

Diffusion Imaging 
In 100ms: Diffusion 

• Random walk 
• No net displacement -> No net phase shift 
• RMS displacement in time dt                   
• Convolution with Gaussian in image space 
• Multiplication by Gaussian in K-space 
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Total Attenuation: 
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Pulse Sequence	





Time of Flight MRA	


• Spoiled gradient echo with high flip angle and short TR	


• Static magnetization becomes highly saturated	


• Relaxed inflowing blood has much higher signal	



Time (s)	
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TR=20ms	


T1=1600ms	



Mz (tr) =M0 (1− ((1−Mz (tr −1)cos(α))e
−TR/T1 ))

Signal(tr) =Mz (tr)sin(α)

α=5°	



α=40°	





Arterial Spin Labeling 

•  Wait for labeled blood to flow 
to target tissue 

•  Measure labeled 
magnetization in target tissue 

•  Delivery time is ~1s 

•  Using RF pulses, modify 
(label) the longitudinal 
magnetization of arterial blood 
water, typically by inversion.   

•  Decay constant is T1 (~1.5s) 

RF 



Properties of ASL 
ASL 

Tissue 

Arteries Veins Capillaries 

Tissue 

Arteries Veins Capillaries 

Tissue 

Arteries Veins Capillaries 

Advantages: 
• Short lived H2O tracer 

• Fast exchange into tissues 
• Kinetics related only to delivery – 
No outflow 
• Inherently proportional to 
perfusion 

• Non-Invasive 
• Repeatable indefinitely 

Disadvantages: 
• Short lived H2O tracer 

• Strong tradeoff between delivery 
and T1 decay 

• Low SNR 
• Perfusion is ~0.01s-1 

TAG	





ASL Signal = Control - Tag ∝ Perfusion 

The ASL Measurement 

Acquire image of  
tissue + relaxed blood 

Acquire image of  
tissue + tagged blood  

Tag by Magnetic Inversion 

Control 

delay	





Classes of ASL Labeling Methods 

Continuous ASL Pulsed ASL 

Flow 
Driven 

Adiabatic 
Inversion 

Pulsed 
Inversion 

Slab 

Imaging 
Plane 

Velocity Selective ASL 

Global 
Velocity 

Selective 
Tag 



CASL: Flow Driven Adiabatic Inversion	


Effective field in frame that rotates at ωL:	
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PASL: Pulsed Adiabatic Inversion	


Effective field in frame that rotates with pulse:	



δθ
δt

< γBe
Pulsed ASL 

Pulsed 
Inversion 



post-labeling 
delay (PLD) 

Calculation of CBF 

Image 

2M0B 

labeling time 
(LT) 

ΔMZ = (CBF)2M0B e−t/T1
PLD

PLD+LT
∫ dt

Continuous 
 ASL  

Labeling 
Plane 

GZ 

RF 



Clinical ASL	



Wake Forest: Deibler et al, AJNR August 2008	



Ischemic Penumbra: Perfusion > Diffusion Mismatch	



LICA Occlusion: Tissue at Risk	



Glioblastoma Multiforme	



Hyperperfusion post anoxia	





Cardiac MRI - Goals	


Metric	

 MRI	

 Competing	


Function - Ejection Fraction	


	



Cine	

 Echocardiography	



Function – Contractility	

 Myocardial Tagging	



Function - Valves	

 Cine	

 Echocardiography	



Coronary Arteries	

 Gated TOF	

 Cardiac Catheterization	



Perfusion	

 Gd Bolus, ASL	

 SPECT, PET, CT	



Main Challenge: MOTION	


•  Beating	


•  Respiration	


•  Patient	





Gating	



Prospective	



Retrospective	



http://youtu.be/BhMFhbcp2Jg	





Coronary Arteries	





Gating/Navigation	



Gated, no nav     +diaphragm nav         +fat nav	



• Cardiac Gating	


• Respiratory Gating	


• Breath hold	


• Navigation	


• Data filtering	





Myocardial Tagging	


RF	



Grad	



90°	

 -90°	



http://www.med-ed.virginia.edu/courses/rad/cardiacmr/Techniques/Tagging.html	
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Arterial Spin Labeling	



Tag Arterial Blood	


by magnetic	


inversion	



Wait for delivery	


of tagged blood	


(1-2s)	



Image myocardium	


+ tagged blood	



Image myocardium	



Tag Image	



Control Image	



ASL Image	


of tagged blood	





ASL Tagging Schemes	





2D Pulsed Tagging	





Magnetization Transfer	



Image Credit: http://commons.wikimedia.org/wiki/File:Conformational_states_of_PPDK.png	
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Spin Exchange or 
Chemical Exchange 

-1000 Hz	

 1000 Hz	

0	



MT Ratio	



RF	





Magnetization Transfer: Applications	



Pike G B et al. Radiology 2000;215:824-830 

period, researchers have characterized the underlying
NMR physics, exchange and relaxation rates that govern
MT, although detailed understanding of the chemistry
and molecular interactions is still needed. Full models of
MT have allowed for confident optimization of MRI
pulse sequences for MT. MT has shown its value in MRA
and white matter disease and holds continuing promise
for use in imaging other tissues and diseases. May MT in
MRI have an equally exciting second decade!
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Static tissue suppression for MRA 	



Lesion detection in MS	



Cai et al. Nature Medicine 18, 302–306 (2012)	


doi:10.1038/nm.2615	
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For the experimental saturation parameters used here, GluCEST 
increased gradually from pH 3 to pH 6 and then sharply decreased 
from pH 6 to 8. The largest GluCEST observed at pH 6 is probably 
caused by the estimated reduced exchange rate of amine protons with 
the bulk water. GluCEST varies linearly with pH in the physiological 
range (pH 6.0–7.4) (Fig. 1c). There is a ~700-fold sensitivity advan-
tage of GluCEST over conventional 1H MRS at physiological concen-
tration and temperature (Fig. 1d–g). This sensitivity amplification 
should make it feasible to detect relatively small changes in glutamate 
levels at high resolution (voxel size of 0.02 cc).

The GluCEST effect is linearly proportional to the glutamate 
concentration in the physiological range at pH 7 (Fig. 2a). With 
the imaging parameters used here, an ~0.6% CEST effect increase 
per mM glutamate was observed (Fig. 2b). The GluCEST effect 
increased with peak radiofrequency (RF) field (B1) amplitude  
and saturation pulse duration, demonstrating that it is possible to 
obtain higher GluCEST effects (>1% per mM glutamate) (Fig. 2c). 

Whereas it is possible to achieve a higher GluCEST sensitivity by 
using higher B1, the imaging parameters chosen here were con-
strained by the exchange rate differences between phantoms and 
in vivo tissue, as well as RF-specific absorption rate (SAR) issues 
in human studies at 7T. As SAR is proportional to the B1

2, and the 
square of the static magnetic field (B0

2), the allowed B1 amplitude  
at 7T is limited for human imaging.

Potential contributions from other brain metabolites
The major metabolites in the brain visible with 1H MRS at physio-
logical concentrations are N-acetyl aspartate, choline, myo-inositol, 
creatine, glutamine, taurine, aspartate, glutamate and GABA. After 
investigating the CEST properties from each of these metabolites in 
phantoms, we found that, with the experimental parameters used 
here, except for a small contribution from GABA and creatine, all 
other metabolites contributed negligible CEST effects to GluCEST 
(Fig. 2d,e). Of these metabolites, N-acetyl aspartate has an amide 
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Figure 1 GluCEST: pH dependence and sensitivity. (a) CEST z-spectra at 7T of  
10 mM glutamate at varying pHs at 37 °C show the CEST effect at 3 p.p.m. 
downfield to bulk water resonance. Msat and M0 represent bulk water signals 
acquired with and without selective RF saturation, respectively. (b) GluCEST 
asymmetry curves from different pH solutions corresponding to a. The overlay of 
simulated GluCEST (dotted line) on the curve corresponding to pH 7 is also shown. 
(c) Dependence of GluCEST on pH 3–8. The fitted line (dashed line generated 
with the equation shown) shows the linear dependence of GluCEST on pH in the 
physiological range (pH 6.0–7.4). (d) Image from a phantom of 10 mM glutamate 
(pH 7.0, 37 °C) prepared in PBS, with the localization voxel indicated by the square. 
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Figure 2 GluCEST images at 7T of a phantom consisting of test tubes with different concentrations of glutamate (pH 7.0) immersed in a beaker 
containing PBS. All the experiments were performed at 37 °C. (a) GluCEST contrast color-coded on the original CEST image (3 p.p.m.), acquired with 
application of saturation pulse train with B1rms = 155 Hz (3.6 T) for 2 s. Color bar represents percentage GluCEST contrast. (b) Linear dependence  
(R2 = 0.97) of GluCEST effect on glutamate (Glu) concentration with a slope of ~0.6% per mM glutamate. (c) GluCEST dependence on B1rms and 
duration of the saturation pulse. (d,e) CEST images of a phantom consisting of test tubes immersed in a beaker containing PBS, with solution of the 
different metabolites (pH 7) at their physiological concentrations. Glu, 10 mM glutamate; GABA, 2 mM GABA; NAA, 10 mM N-acetyl aspartate; Gln, 
2 mM glutamine; Asp, 2 mM aspartate; 2 mM taurine; Cr, 6 mM creatine and MI, 10 mM myo-inositol. The CEST contrast color-coded on the original 
CEST images (3 p.p.m.), showing substantial CEST contrast from glutamate (~6%), with ~1% from GABA, <0.5% from creatine and no contrast from 
other metabolites. Color bar represents percentage CEST contrast. The error bars represent s.d. from repeated experiments.

(e) 1H MRS point-resolved spectroscopy (PRESS) water-suppressed spectrum (repetition time (TR) = 20 s, echo time (TE) = 16 ms, four averages) from 
the single voxel shown in d. The three resonances correspond to two −CH2 groups and one −CH group of glutamate. (f) Water 1H resonance spectra 
obtained while saturating at  3 p.p.m., as well as their difference spectrum (blue line). (g) Rescaled difference spectrum from f. The difference 
spectrum represents the 3 p.p.m. point on the CEST asymmetry spectrum (CESTasym). The ratio of the CEST difference spectrum to glutamate –CH2 
resonance at 2.3 p.p.m. is ~700. MR, magnetic resonance; AU, arbitrary unit.

CEST:	


Chemical Exchange	


Saturation Transfer	





Summary	



H O 
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H 
H O 
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ASL: 10cm, T1	



Tagging: 1cm, T1	



Diffusion: 10µm, T2	


MT: 1ηm, T1	



MRA: TOF 1cm, T1; PC 1mm, T2	




