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Isn’t Gadolinium the  
alpha-dog of MR contrast?  

MR Contrast 
Review 



Or…Is Chaos Approaching?  

Mad Max  - Warner Bros 2015 



 
Challenges in contrast agents  
T1 agents 
T2 agents 
 Gradients 
Novel ideas 

Mad Max  - Warner Bros 2015 

Lets Look at MR Contrast… 



Approaching the storm 

Mad Max  - Warner Bros 2015 



Can Contrast Be a “Bad” Thing?  
Recent reports of Gd accumulation and “NSF”  

Rare multisystemic fibrosing disorder, 12/575 pts. 
All patients had renal insufficiency. 
Developed NSF post-Gd (Omniscan) despite early dialysis… 
Conclusion: NSF “strongly associated” with Gd administration.   

symmetric skin thickening  
and edema in medial thighs  



Nephrogenic  
Systemic Fibrosis 







Marching on the Castle Gad? 









The Impact will be loud… 

Mad Max  - Warner Bros 2015 



K. Yeom, T. Christen, S. Holdsworth, Stanford

Ferumoxytol:  Gad-killer or just killer?



K. Yeom, T. Christen, S. Holdsworth, Stanford



How Did It All Start?  

Mad Max  - Warner Bros 2015 



Who Are the Front Runners? 

Mad Max  - Warner Bros 2015 



1.  Proton Relaxation 
1.5 Proton Density 
1.  Proton Exchange 
2.  Proton Frequency 
3.  Polarization 
4.  Chemical Shift metabolism 
5. Magnetiztion transfer 
6. Other nuclei, F19, C13, O17 
7. Other nuclei exchange O17 
8.   Proton Diffusion 
9. Magnetic Susceptibility 
10.  Tissue conductivity 

Why Alter MR Tissue Contrast? 



Why Alter MR Tissue Contrast? 

1.  Nuclei (proton) density - PD 
2.  Spin lattice Relaxation – T1 
3.  Susceptibility – T2, T2* 
Are amenable for pharmacologic 
perturbation... 

SI = PD [ 1 - e       ] e    
-TR/T1 -TE/T2 



Unpaired Electrons in MR 



1. T1-shortening on T1w images*. 
 paramagnetic agents (Gd-DTPA). 
 coated supermagnetic irons (iron particles). 
   

2. T2 (or T2*) shortening on T2*w images. 
 para-/superparamagnetic agents (iron particles). 
 paramagnetic agents (Gd- or Dy-DTPA) 

SI = N(H) [ 1 - e       ] e    -TR/T1 -TE/T2 

Unpaired Electrons in MR 



1. T1-shortening agents on T1w images. 
 Paramagnetic agents (Gd is best). 
 coated supermagnetic irons (iron particles). 
   

2. Chemical-shifting on T2 or CEST images. 
 Chemical shift (Pr, Eu, Tb, Dy, Tm, Yb). 
  

SI = N(H) [ 1 - e       ] e    -TR/T1 -TE/T2 

Unpaired Electrons in MR* 



Why Alter MR Tissue Contrast? 
1. Nuclei (proton) density - PD 
2.  Spin lattice Relaxation – T1 
3.  Susceptibility – T2, T2* 

SI = PD [ 1 - e       ] e    -TR/T1 -TE/T2 



Why Alter MR Tissue Contrast? 
1. Nuclei (proton) density - PD 
2.  Spin lattice Relaxation – T1 
3.  Susceptibility – T2, T2* 
Are amenable for pharmacologic 
perturbation... 

SI = PD [ 1 - e       ] e    -TR/T1 -TE/T2 



T. Christen, S. Holdsworth, LPCH/
Stanford

Unpaired Electrons in MR 



Why Gadolinium?   
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Gd-DTPA: Berlex – MagnevistTM Gd-DTPA-BMA: “Omniscan TM” 
Nycomed-Amersham-GEHealthcare 

Gd-DOTA: Geurbet –  
DOTAREMTM 



Gadolinium an MR Agent  - Why chelate a good thing? 

Gd-DTPA: Berlex –  
MagnevistTM 

The chelate binds the metal tightly… 
Excreted renally (>99.9%). 
Occupies space and coordination sites… 
A necessary evil.   



Topics: 
  Contrast agent families 
  T1 and T2 effects 
  In vivo physiology 

 Imaging with contrast agents 
 

Reading References: 
On-line resource: www.emrf.org and stuff therein… 
On-line resource: Greg Brown, http://
www.users.on.net/vision 
Bloembergen, Purcell, and Pound, “Relaxation 
Effects in NMR Absorption”, Phys. Rev. 73:679-712, 
1948. 

Contrast Agents 



Unpaired electron clouds fluctuate around metal. 
e- create fluctuation in local B0 - interactions with protons.  
Fluctuating B0 fields – Acts as magnetization sink. 
Randomizes magnetization. 
Result looks like T1 relaxation –  
  Fast relaxation = Shortened T1.  
 
 
 
 
Apparent shortening of T1-                                
at a given B0 and temperature... 

Unpaired e- and “T1 Relaxivity" 

1/T1 (observed) = 1/ T1 (intrinsic) + r1 [Conc] 
( 200 msec = 1000 msec + 3.8*[0.1mmol/kg] ) 

*mmol-1 L sec-1 



Proton spins near metal sees fluctuating B0  caused by the  
electron spins near proton frequency.  637,000 x more effective! 
Any proton magnetization is damped by the oscillations of the 
electron spins. Result is “relaxed” protons.   
 
 

Unpaired e- and “T1 Relaxivity" 

1/Τ1 (metal-proton)   ~    
1/ τs   (correlation time of electrons) + 

         
1/ τm (time protons are near) +  

        
1/ τr     (Rotational motion of complex)  

   



Magnetic Susceptibility 
MR relaxation enhancement ("relaxivity") is a question of 

   unpaired electrons... 

Diamagnetic agents 
    no unpaired e-  
    no effect on T1, T2. PD only 
Paramagnetic agents 
    unpaired e-  
    noninteracting domains 
Superparamagnetic  
    unpaired e- pools 
    noninteracting domains 
Ferromagnetic  
    unpaired e- oceans 
    strongly interacting domains 
     (>0.035µm)  threshold... 

10 
-1 

10 
+2 

10 
+4 

*cm  / gauss 
3 

10 
0 

Oils, PFOB 
 
 
Gd+3, Fe+3 

 
 
Fe particle 
 
 
   Metal  
Artifacts… 

T1 -  T2*- 
 
 
T1   T2* 
 
 
T1    T2* 
 
 
T1-    T2* 



1. T1-shortening on T1w images. 
 paramagnetic agents (Gd-DTPA). 
 coated supermagnetic irons (iron particles). 
   

2. T2 (or T2*) shortening on T2*w images. 
 para-/superparamagnetic agents (iron particles). 
 paramagnetic agents (Gd- or Dy-DTPA) 

Altering Tissue Contrast 
SI = N(H) [ 1 - e       ] e    -TR/T1 -TE/T2 



K. Yeom and M. Iv, LPCH/Stanford



T1 Relaxivity –  
Good Stuff: 
Positive effect on T1-weighted MRI. 
T1w MRI typically rapid. 
Doesn’t cross intact BBB. 
Relatively rapid, safe.  
Patents nearing end… 
 
However: 
MW a bit small (MW~500au).  
Extravasates too easily. 
Clears with 17 min plasma T1/2 



Use of an MT-prepped sequence  
MEMP – Stanford -Pike, Glover 

Post Pre 

Gd-DTPA Enhances BBB Breakdowns 



Advanced Options  
for MRA 

 
In-plane (coronal) 

images 
 saturate in-flow... 

 
Poor SNR 
Not used... 
Fast SPGR 

30 seconds/ 
16 slices 

3DFT. 



Contrast shortens T1. 
 

No saturation of 
vascular spins. 

Not flow, but 
anatomy... 
Fast SPGR 

30 seconds/ 
16 slices 

3DFT. 
0.1 mmol/kg Gd DTPA 

Advanced Options  
for MRA 

 



MIP’ping works. 
 

New area of fast 
vascular MRI. 

Advanced Options  
for MRA 

 

Fast SPGR 
30 seconds/ 

16 slices 
3DFT. 

0.1 mmol/kg Gd DTPA 





K. Yeom, T. Christen, S. Holdsworth, Stanford



Lanthanide Chelated Agents  
CNS: 
BBB leakage – tumors, etc. 
T1-enhanced MRA. 
Bolus dynamics. 
Cardiac, Cardiovascular: 
Delayed enhancement! 
Wall actions, Bolus dynamics. 
T1-enhanced MRA. 
Non-neuro: 
Tumor update and leakage. 
MSK tears.  
Blood pool issues. 



Plasma Retention 

BBB disruptions – “ECF” agent 
Lack of BBB - tumors 
Vascular permeability 
Renal retention / collection  
             

Physiologic Parameters 

pre post 0 post 5 post 15 post 45 post 30 



Lanthanide Chelated Agents  
CNS: 
BBB leakage – tumors, etc. 
T1-enhanced MRA. 
Bolus dynamics. 
Cardiac, Cardiovascular: 
Delayed enhancement! 
Wall actions, Bolus dynamics. 
T1-enhanced MRA. 
Non-neuro: 
Tumor update and leakage. 
MSK tears.  
Blood pool issues. 



Lanthanide Chelated Agents  
CNS: 
BBB leakage – tumors, etc. 
T1-enhanced MRA. 
Bolus dynamics. 
Cardiac, Cardiovascular: 
Delayed enhancement! 
Wall actions, Bolus dynamics. 
T1-enhanced MRA. 
Non-neuro: 
Tumor update and leakage. 
MSK tears.  
Blood pool issues. 



Lanthanide Chelated Agents  
CNS: 
BBB leakage – tumors, etc. 
T1-enhanced MRA. 
Bolus dynamics. 
Cardiac, Cardiovascular: 
Delayed enhancement! 
Wall actions, Bolus dynamics. 
T1-enhanced MRA. 
Non-neuro: 
Tumor update and leakage. 
MSK tears.  
Blood pool issues. 
Liver… 



Unpaired electrons relax protons 
Much more efficient... 

Number of unpaired electrons -  
 Gd, Dy = 7 unpaired electrons. 
 Fe, Mn = 5 unpaired electrons. 
 Fe domains create big magnetic moments. 
Electron-spin (esr) relaxation times - ts 
 Gd - long esr T1 = good T1-shortening. 
  Dy - short esr T1 = poor T1-shortening. 
Proton near paramagnetic centers- tm  
 Coordination sites and placement critical. 
  DTPA occupies more than EDTA, unfortunately... 
Paramagnetic correlation times - tr 
 Gd-DTPA-albumin increases T1 relaxivity 10 fold. 

Proton Relaxation by Paramagnetic Metal Ions. 



Magnetic moment (# unpaired electrons) 
 Gd has 7 unpaired e- 

 OxyHb (Fe +2) vs. DeOxyHb (Fe +3)  
Electron relaxation rate (near that of protons?) 

 Gd-DTPA vs. Dy-DTPA 
Tumbling of the cloud (exposure time to protons) 

 Gd-DTPA-binding 
Approach of water to the unpaired electrons... 

 MetHb 
1/T1 (observed) = 1/ T1 (intrinsic) + R1 [Conc] 
( 200 msec = 1000 msec + 3.8[0.1mmol/kg] ) 

T1 Relaxivity – Why Gd-DTPA? 



Magnetic moment (# unpaired electrons) 
 OxyHb vs. MetHb 

Electron relaxation rate (near that of protons?) 
 Gd-DTPA vs. Dy-DTPA 

Tumbling of the cloud (exposure time to protons) 
 Gd-DTPA-binding 

Approach of water to the unpaired electrons... 
 MetHb 

T1 Relaxivities mmol-1 L sec-1: 
Gd-DTPA  ~  4  
Gd-dimers  ~  10 
Gd-Dextrans  ~  40 
MS-325-HSA  ~  45

  
Iron oxides  ~  20 

T1 Relaxivity – Better than Gd-DTPA? 

Gd-DTPA MS325 



Paramagnetics - Blood Pool Agents 

T1-shortening agents: 
     Affinity to HSA 

 80-90% labeled 
 R1 ~ 40-50 
 T1/2 ~ 60minutes 

Gd-phostriamine MS-325 -Epix - Schering 

Gd Tr ~ 1010  

HSA Tr ~ 108  

“Conventional” MRI 
Contrast-end 

Albumin-targeting end 

Gd-DTPA MS325 



Paramagnetics - Blood Pool Agents 

T1-shortening agents: 
     Affinity to HSA 

 80-90% labeled 
 R1 ~ 40-50 
 T1/2 ~ 60minutes 

Gd-phostriamine MS-325 -Epix - Schering 

Gd Tr ~ 1010  

HSA Tr ~ 108  

“Conventional” MRI 
Contrast-end 

Albumin-targeting end 

Gd-DTPA MS325 



ABLAVAR –  
 
Enhanced Blood Pool 
CBV Mapping 
Functional MRI 
 
3D SPGR (DISCO) 
0.03mmol/kg 
T1/2 = 19 minutes 
 
 

Blood Volume from T1-Contrast  



Magnetic moment (# unpaired electrons) 
OxyHb vs. MetHb 
Electron relaxation rate (near that of protons?) 
Gd-DTPA vs. Dy-DTPA 
Tumbling of the cloud (exposure time to protons) 
Gd-DTPA-binding 
Approach of water to the unpaired electrons… 
Methemoglobin 

Fe(II)              Fe(III) 
OxyHb             MetHb 

Fe Fe 

T1 Relaxivity – Not just Gd-DTPA… 



Approach of water to the unpaired electrons… 
Methemoglobin! 

Fe(II)              Fe(III) 
OxyHb             MetHb 

Fe Fe 

T1 Relaxivity – Natural Iron Contrast 



Molecular Imaging  
Using"Relaxivity”?  

Fe(II)              Fe(III) 

OxyHb             MetHb 

Fe Fe 

Hint 1 Hint 2 



Meade, et al. Nature 2000 

MR Functional Reporter agents for Enzyme activity
“Egadme”

Cleavage of the Egadme by 
β-galactosidase
Creates increase in R1

Blocked with galactopyranose

H1 T1 and "Relaxivity" 



Further “Hat” Designs in MRI 



Magnetic moment (# unpaired electrons) 
OxyHb vs. MetHb 
Electron relaxation rate (near that of protons?) 
Gd-DTPA vs. Dy-DTPA 
Tumbling of the cloud (exposure time to protons) 
Gd-DTPA-binding 
Approach of water to the unpaired electrons... 
 
MetHb Fe(II)              Fe(III) 

OxyHb             MetHb 

Fe Fe 

T1 Relaxivity – Not just Gd-DTPA… 



Meade, et al. Nature 2000 

MR Functional Reporter agents for Enzyme activity
“Egadme”

Cleavage of the Egadme by 
β-galactosidase
Creates increase in R1

Blocked with galactopyranose

H1 T1 and "Relaxivity" 



Querol Bogdanov JMRI 2006 
MR Functional Reporter agents for All Kinds of Stuff

β-Gal sensitive

H1 T1 and "Relaxivity" 

glucose-sensitive 

 lactate-sensitive. 
 



SCA - “Sensing Contrast Agents”  
 
 
(a) pH 

(b)  Ca 

(c) Zn 
 



1. T1-shortening on T1w images. 
 paramagnetic agents (Gd-DTPA). 
 coated supermagnetic irons (iron particles). 
   

2. T2 (or T2*) shortening on T2*w images. 
 para-/superparamagnetic agents (iron particles). 
 paramagnetic agents (Gd- or Dy-DTPA) 

Altering Tissue Contrast 
SI = N(H) [ 1 - e       ] e    -TR/T1 -TE/T2 



What is Magnetic Susceptibility?  

The magnetic susceptibility is the difference of the  
magnetic field across a sample. Each substance in  
a magnetic field alters that field.  
 
Iron has a larger MS effect than water, e.g... 

Fe 
B eff = B0 (1-²X) 
     Bone - water 
     Air - water 
     Iron - water 



small gradient across sample large gradient across sample 
GM Iron - T2* shortening... 

Fe 

WM 

Observed T2* Observed T2* 

Time Time 

SI SI 



Quantitative Susceptibility Mapping 
What and Why? 

Magnetic Susceptibility - QSM

• QSM natural extension of GRE and is both bleed/WM sensitive.  



Local gradients (unpaired e-). 
Magnetic Susceptibility =  
  T2 decreased. 

MR T2 Molecular Imaging 
Magnetic susceptibility 

Fe 
Fe Fe 

Fe 



Local gradients (unpaired e-). 
Local environment (clots, packed 
RBC).   
Enhanced by proton diffusion. 
Increased spin dephasing =  
  T2* decreased. 

Unpaired e- and “T2* Relaxivity" 
Magnetic susceptibility reduces T2*  

Gd 
Gd Gd 

Gd 



Magnetic moment (# unpaired electrons) – Fe+3 > Fe+2 

Size of “domains” – Fe-oxide > FeCl 
Size and concentration of particle –  

 SPIO (RES capture) > USPIO (blood pool) 
 

   T2* Effects (in order):  
    Iron oxides (SPIO) 

 Iron oxides (USPIO) 
 FeCl 
 DyDTPA 
 GdDTPA 
 DeOxyHb 
 OxyHb 

Feridex-enhanced MR “USPIO” 

Unpaired e- and “T2* Relaxivity" 
Magnetic susceptibility factors 



Superparamagnetics 
Alterations of T1 and T2 

Particulates (superparamagnetic irons): 
    Possesses mild T1-shortening at low [Fe]. 
    Large T2* effect at higher [Fe]. 
    Biodistribution vary depending on size: 
          
    
    

>20 nm size      Liver (RES) uptake agents 
20                      Oral (gut) agents 
10-20                 Lymph nodes, blood pool 
4-6                     Hepatocytes, targets 
 

Size is the most important aspect of biodistribution. 
All particles must be  < 5 µm to avoid entrapment in lung. 



Neurotransplantation of magnetically labeled 
oligodendrocyte progenitors: MR tracking of cell 
migration and myelination 
J. W. M. Bulte†‡, S.-C. Zhang§, P. van Gelderen¶, V. Heryneki, E. K. 
Jordan†, I. D. Duncan§**, and J. A. Frank 
PNAS, 96, 1999 

50 mg MION-46L-OX-26
Cell Density 2.5–3.0 3 105 per 15 cm2 surface area



E

G

Stro
keF

Mapping the Brain Neural Fiber Pathways 
Inject MR-iron labeled stem cells 
Stem cells migrate to injury via white matter tracts 
Use DTI as delivery roadmap! 

Stem cell  
implant  
colony 

Migration of  
colony along 
white matter  
to repair 
stroke 

Guzman, Bammer,  
Moseley, Steinberg 
Stanford 

Stroke in  
brain 



Superparamagnetics 
Alterations of T1 and T2 

Particulates (superparamagnetic irons): 
    Possesses mild T1-shortening at low [Fe]. 
    Large T2* effect at higher [Fe]. 
    Biodistribution vary depending on size: 
          
    
    

>20 nm size      Liver (RES) uptake agents 
20                      Oral (gut) agents 
10-20                 Lymph nodes, blood pool 
4-6                     Hepatocytes, targets 
 Size is the most important aspect of biodistribution. 

All particles must be  < 5 µm to avoid entrapment in lung. 



Nanoparticles! 
Magnetic susceptibility factors 

Particulates (superparamagnetic irons): 
    Possesses mild T1-shortening at low [Fe]. 
    Large T2* effect at higher [Fe]. 
    Biodistribution vary depending on size: 



Nanoparticles! 
Effect of field on signal creation. SE vs. GRE 



Iron T2*-Contrast  

Feraheme–  
 
Enhanced Blood Pool 
CBV Mapping 
Functional MRI 
 
3D EPI 
3minutes 
7mg/kg 
T1/2 = 19 hours 
 
 



HbO2 
diamagnetic 
Low ² χ

Hb 
4 unpaired electrons - 
  paramagnetic 
High ² χ

Fe 

N 

N 
F8 

O = O 
oxyhemoglobin 

HbO2 
diamagnetic 
Low ² χ

deoxygenates 

oxygenates 

Fe 

N 

N 
F8 

deoxyhemoglobin 

Hb 
4 unpaired electrons - 
  paramagnetic 
High ² χ

Blood = Ideal MR Contrast Agent?  



Capillary Structure Creates a Local MR 
Gradient - Causes Proton Dephasing...  

Hb: 
high χHbO2: 

low χ

blood flow 



Balance of HbO2      to Hb      affects T2*. 
T2* effects extend beyond vascular space. 

blood flow 



Surplus of HbO2      to Hb      leads to a  
increase in T2*-weighted image intensity...   

blood flow 



1.5T vs. 3.0T Motor Task Finger Apposition

Spiral 2D single shot, 200 frames, TR 1000ms, TE 40ms
3T 60°; 1.5T 70° (T1› @ 3T:  T1@1.5T~900ms; T1@3.0T~1400ms)
20cm FOV, 5mm/skip 0, 90x90, 6 slices

70°

60°

G. Glover, Dept. of Radiology



 fMRI “Resting State”- Brains at Rest 



Buckner, et al. J Neurophysiology 103 (2010), 297.   

 fMRI “Resting State” 



Volkow and  
Tomasi, NIDA 



“Small World Network” Analysis 

Salil Soman, CAFN, Stanford

“Meet Your Personal Connectome” 

J NeuroSci, 26, 2006



What Does MR Offer? 
It is a major “clinical endpoint”. 
Near-ideal “translational” tool. 
DWI, FLAIR, SWI 
Nex-Gen MR Ideas for MI: 
  High-field – SNR and T2* (BOLD) 
  New contrast agents –ParaCEST 
  New add-ons – MR/PET 
  Multi-nuclear – Hyper…! 



 SI=ke(-γ δ G [Δ - δ/3] ADC) 
    =ke(-b ADC) 

where b=0-1000 sec/mm2

Proton Diffusion can be Measured as the “ADC” 

Proton Diffusion 

0 0 
90  RF 180  RF 0 0 

G G

b0 

ADC map

Δ= 40 msec
δ=25 msec

b1000 ADC 

2 2 2



Molecular Imaging MRI Today

256x256 
72 seconds 





AQP MRI 
AQP abundant in brain. 
Fast, easy, clinical DWI. 
Proton transport. 
Membrane sensitive. 
Metabolic biomarker. 

2019 



AQP MRI 
Tumor dynamics. 
Response to therapy. 
AQP ‘stress test’. 
Glymphatics? 
AD connection? 

New Ideas? 



Look 
familiar?  







Iron nanoparticles in MRI 
 Blood pool T2* 
 Long retention times 
 Iron is taken up by macrophages! 
  

MR can haz more? 





MR 
Agents  

in 
Disguise…  



Paramagnetic Lanthanide Complexes as 
“PARACEST” Agents 

• Lanthanide metals either: 
• shorten proton T1 (Gd does this…) or  
• shift their Larmor frequency (+ or -) 

• Shift agents very old 
idea 
• New novel 
applications 
• T0C, pH sensitive  

Sherry, et al. Chem. Soc. Rev., 2006, 35, (6),  
500-511  



In Vivo Demonstration of “PARACEST” Agents 



In Vivo Demonstration of “PARACEST” Agents 



What Does MR Offer? 
It is a major “clinical endpoint”. 
Near-ideal “translational” tool. 
DWI, FLAIR, SWI 
Nex-Gen MR Ideas for MI: 
  High-field – SNR and T2* (BOLD) 
  New contrast agents –ParaCEST 
  New add-ons – MR/PET 
  Multi-nuclear – Hyper…! 





“We Are in the Golden Age 
of Radiology” 

My # 4 



The Attack of Deep Learning and 
AI  

Our challenges today… 

True potential is unknown 

It may not destroy Radiology… 

But will make us stronger. 

Learn it or burn. 

Lord of the Rings, New Line Cinema 



FEBRUARY 2018 











Predicting infarct development in acute ischemic stroke 
with baseline multimodal MRI and convolutional neural 
networks 







My view of AI 


