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⇒ 	
  amount	
  of	
  spreading	
  in	
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  material	
  
when	
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  field	
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  rela.vely	
  
paramagne.c	
  →	
  χ	
  is	
  more	
  posiYve	
  

•  Suscep.bility	
  χ	
  :	
  degree	
  of	
  magne.za.on	
  of	
  a	
  material	
  
when	
  placed	
  in	
  a	
  magne.c	
  field	
  

	
  



χ	
  
χ =	
  0	
  

B0	
  

χwater =	
  −9	
  ppm	
   χiron	
  >>	
  0	
  

Suscep.bility	
  of	
  Tissue	
  

	
  
•  Suscep.bility	
  of	
  brain	
  .ssue	
  is	
  ≈	
  −9	
  ppm	
  

•  Tissues	
  with	
  increased	
  iron	
  deposi.on	
  are	
  rela.vely	
  
paramagne.c	
  →	
  χ	
  is	
  more	
  posiYve	
  

•  Suscep.bility	
  χ	
  :	
  degree	
  of	
  magne.za.on	
  of	
  a	
  material	
  
when	
  placed	
  in	
  a	
  magne.c	
  field	
  

	
  

•  Excessive	
  iron	
  concentra.on	
  occurs	
  in	
  a	
  variety	
  of	
  
degenera.ve	
  diseases,	
  	
  

	
  e.g.	
  Alzheimer’s,	
  mul.ple	
  sclerosis,	
  Parkinson’s	
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  of	
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  material	
  
when	
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∆χ  →  magnetic field perturbation  →  ∆φ  
 

•  Varia.ons	
  in	
  .ssue	
  suscep.bility	
  affects	
  the	
  
magne.c	
  field	
  

•  Field	
  perturba.on	
  causes	
  a	
  change	
  in	
  MR	
  signal	
  
phase	
  	
  	
  

	
  

measured	
  es.mate	
  



•  Quan.ta.ve	
  Suscep.bility	
  Mapping	
  (QSM)	
  aims	
  to	
  
quan.fy	
  .ssue	
  magne.c	
  suscep.bility	
  with	
  applica.ons	
  
such	
  as,	
  
v Tissue	
  contrast	
  enhancement1	
  

v Es.ma.on	
  of	
  venous	
  blood	
  oxygena.on2	
  

v Quan.fica.on	
  of	
  .ssue	
  iron	
  concentra.on3	
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•  Es.ma.on	
  of	
  the	
  suscep.bility	
  map	
  χ	
  from	
  the	
  
unwrapped	
  phase	
  φ	
  involves	
  solving	
  an	
  inverse	
  problem,	
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δ	
  =	
  F-­‐1	
  D	
  F	
  χ	
   F:	
  Discrete	
  Fourier	
  Transform	
  
D:	
  suscep.bility	
  kernel	
  
δ	
  =	
  φ/(γ�TE�B0)	
  :	
  normalized	
  field	
  map	
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Quan.ta.ve	
  Suscep.bility	
  Mapping	
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•  Undersampling	
  is	
  due	
  to	
  physics	
  
	
  Not	
  in	
  our	
  control	
  	
  

|D|	
  

Kz	
  

Ky	
  



|D|	
  

Regularized	
  Inversion	
  for	
  QSM	
  



|D|	
   log|D-­‐1|	
  

Regularized	
  Inversion	
  for	
  QSM	
  

δ	
  =	
  F-­‐1	
  D	
  F	
  χ	
  

χ	
  =	
  F-­‐1	
  D-­‐1	
  Fδ	
  



|D|	
   log|D-­‐1|	
  

§  Solving	
  for	
  χ	
  by	
  convolving	
  with	
  the	
  inverse	
  of	
  D	
  is	
  not	
  
possible,	
  as	
  it	
  diverges	
  along	
  the	
  magic	
  angle	
  

§  Use	
  inverse	
  problem	
  formula.on,	
  apply	
  regulariza.on	
  

	
  	
  	
  

Regularized	
  Inversion	
  for	
  QSM	
  

δ	
  =	
  F-­‐1	
  D	
  F	
  χ	
  

χ	
  =	
  F-­‐1	
  D-­‐1	
  Fδ	
  

diverges to ∞   
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  processing	
  steps	
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  to	
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  the	
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  phase	
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•  Several	
  processing	
  steps	
  are	
  required	
  to	
  obtain	
  the	
  .ssue	
  phase	
  

i.  Mask	
  out	
  the	
  skull	
  

Phase	
  Processing	
  

Using	
  FSL	
  	
  Brain	
  Extrac.on	
  Tool1	
  

1 Smith SM, Hum. Brain Mapp. 2002 



•  Several	
  processing	
  steps	
  are	
  required	
  to	
  obtain	
  the	
  .ssue	
  phase	
  

i.  Mask	
  out	
  the	
  skull	
  
ii.  Unwrap	
  the	
  phase	
  

Phase	
  Processing	
  

Using	
  FSL	
  	
  PRELUDE1	
  

1 Jenkinson M, MRM 2003	
  



•  Several	
  processing	
  steps	
  are	
  required	
  to	
  obtain	
  the	
  .ssue	
  phase	
  

i.  Mask	
  out	
  the	
  skull	
  
ii.  Unwrap	
  the	
  phase	
  

iii.  Remove	
  background	
  phase	
  
	
  Phase	
  accrued	
  due	
  to	
  air-­‐.ssue	
  interfaces	
  needs	
  to	
  be	
  removed	
  	
  
	
  This	
  background	
  component	
  is	
  ~10×	
  larger	
  than	
  .ssue	
  phase	
  

Phase	
  Processing	
  

total	
  phase	
  

-­‐0.8	
  ppm	
   0.8	
  ppm	
  

background	
  phase1	
  

-­‐0.8	
  ppm	
   0.8	
  ppm	
   1 Liu T, NMR in Biomedicine 2011	
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  to	
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  ~10×	
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•  Now	
  we	
  can	
  solve	
  for	
  χ	
  from	
  .ssue	
  phase	
  δ	
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  F	
  χ	
  

.ssue	
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•  We	
  seek	
  the	
  suscep.bility	
  map	
  that	
  matches	
  the	
  
observed	
  .ssue	
  phase,	
  

	
  
•  Prior:	
  Suscep.bility	
  is	
  .ed	
  to	
  the	
  magne.c	
  proper.es	
  of	
  
the	
  underlying	
  .ssue;	
  hence	
  it	
  should	
  vary	
  smoothly	
  
within	
  anatomical	
  boundaries.	
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  the	
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  of	
  
the	
  underlying	
  .ssue;	
  hence	
  it	
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  vary	
  smoothly	
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  anatomical	
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•  Employ	
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  that	
  encourages	
  smoothness	
  
within	
  .ssues,	
  but	
  avoids	
  smoothing	
  across	
  boundaries.	
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•  We	
  solve	
  for	
  the	
  suscep.bility	
  distribu.on	
  with	
  a	
  convex	
  
program,	
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  from	
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  amount	
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2

2
+λ ⋅ MG χ
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2

(F−1D2F+λ ⋅GTMG)χ = F−1DTFδ
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  given	
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  the	
  solu.on	
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Large	
  linear	
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with	
  Conjugate	
  Gradient	
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  given	
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Without	
  magnitude	
  weigh.ng	
  (M=Identity),	
  we	
  
proposed	
  a	
  closed-­‐form	
  solu.on:	
  

χ = (F−1D2F+λ ⋅G2)−1 ⋅F−1DTFδ
Fast	
  inversion	
  
with	
  two	
  DFTs1	
  

1 Bilgic B, JMRI 2013	
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min F−1DF χ −δ
2

2
+λ ⋅ MG χ

2

2

(F−1D2F+λ ⋅GTMG)χ = F−1DTFδ
Op.mizer	
  given	
  by	
  the	
  solu.on	
  of:	
  	
  

Without	
  magnitude	
  weigh.ng	
  (M=Identity),	
  we	
  
proposed	
  a	
  closed-­‐form	
  solu.on1.	
  
	
  

Using	
  this	
  inverse	
  as	
  precondiYoner	
  for	
  Conjugate	
  
Gradient,	
  we	
  proposed	
  a	
  fast	
  solu.on	
  to	
  the	
  problem	
  
with	
  magnitude	
  weigh.ng2	
  
	
  

This	
  improved	
  computa.on	
  speed	
  15-­‐fold	
  rela.ve	
  to	
  
exis.ng	
  solvers	
  

1 Bilgic B, JMRI 2013  	
  	
  	
  	
  	
  2 Bilgic B, MRM 2013	
  



•  Wave-­‐CAIPI	
  enabled	
  3D	
  GRE	
  allows	
  rapid	
  QSM	
  acquisi.on	
  

•  Compare	
  in	
  vivo	
  phase	
  and	
  QSM	
  from	
  
	
  	
  	
  	
  Wave-­‐CAIPI,	
  2D-­‐CAIPI	
  and	
  Bunch	
  Phase	
  Encoding:	
  

– At	
  3T	
  and	
  7T	
  
– R	
  =	
  3x3	
  accelera.on,	
  scan	
  .me	
  =	
  2.3	
  min	
  

– 1	
  mm	
  isotropic	
  resolu.on	
  

– TE	
  =	
  20	
  ms,	
  TR	
  =	
  40	
  ms	
  

– 240x240x120	
  FOV	
  

	
  

Wave-­‐CAIPI	
  accelerated	
  QSM	
  	
  



•  Wave-­‐CAIPI	
  enabled	
  3D	
  GRE	
  allows	
  rapid	
  QSM	
  acquisi.on	
  

•  Compare	
  in	
  vivo	
  phase	
  and	
  QSM	
  from	
  
	
  	
  	
  	
  Wave-­‐CAIPI,	
  2D-­‐CAIPI	
  and	
  Bunch	
  Phase	
  Encoding	
  
	
  
•  Phase	
  Processing:	
  	
  

§  Laplacian	
  unwrapping1	
  and	
  
§  SHARP	
  filtering	
  for	
  background	
  removal2 	
  	
  

•  Suscep.bility	
  Inversion:	
  	
  
§  Fast	
  L2-­‐regularized	
  inversion3	
  

	
  
	
  
	
  

	
  

Wave-­‐CAIPI	
  accelerated	
  QSM	
  	
  

1 Li W, NIMG 2011  	
  	
  	
  	
  	
  2 Schweser F, NIMG 2011    3 Bilgic B, MRM 2013	
  

14	
  seconds	
  

32	
  seconds	
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Summary	
  
§  Propose	
  Wave-­‐CAIPI	
  acquisi.on/reconstruc.on	
  scheme	
  

for	
  highly	
  accelerated	
  3D	
  imaging	
  
	
  

§  Wave-­‐CAIPI	
  offers	
  2-­‐fold	
  improvement	
  in	
  g-­‐factor	
  and	
  
image	
  ar.fact	
  penal.es	
  compared	
  to	
  2D-­‐CAIPI	
  and	
  
Bunch	
  Phase	
  Encoding	
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  3D	
  imaging	
  
	
  

§  Wave-­‐CAIPI	
  offers	
  2-­‐fold	
  improvement	
  in	
  g-­‐factor	
  and	
  
image	
  ar.fact	
  penal.es	
  compared	
  to	
  2D-­‐CAIPI	
  and	
  
Bunch	
  Phase	
  Encoding	
  

§  Deployed	
  in	
  GRE	
  imaging,	
  Wave-­‐CAIPI	
  allows	
  9-­‐fold	
  
accelera.on	
  with	
  ~perfect	
  SNR	
  reten.on	
  at	
  3T	
  and	
  7T	
  

§  Combined	
  with	
  fast	
  phase	
  and	
  suscep.bility	
  processing	
  
methods,	
  it	
  enables	
  QSM	
  at	
  1	
  mm	
  resolu.on	
  in	
  2.3	
  min	
  

Thank	
  you	
  for	
  your	
  afen.on	
  	
  


