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§ 	
  Improved	
  controlled	
  aliasing	
  with	
  Wave-­‐CAIPI	
  
	
  

§ 	
  3D	
  Wave-­‐CAIPI:	
  
Whole-­‐brain	
  0.5mm	
  iso	
  3D-­‐Gradient	
  Echo	
  (GRE)	
  in	
  5	
  min	
  
	
  

§ 	
  SMS	
  Wave-­‐CAIPI:	
  
Whole-­‐brain	
  1mm	
  iso	
  Turbo	
  Spin	
  Echo	
  (TSE)	
  in	
  70	
  sec	
  
	
  

§ 	
  Preliminary	
  data	
  for	
  pediatric	
  brain	
  tumor	
  imaging	
  



Insights	
  

v 	
  Wave-­‐CAIPI	
  drama$cally	
  reduces	
  the	
  g-­‐factor	
  SNR	
  
penalty	
  in	
  both	
  3D	
  and	
  SMS	
  acquisi$ons	
  

	
  
v 	
  Neuroimaging	
  applica$on	
  of	
  Wave-­‐CAIPI	
  is	
  powerful	
  
	
  

§  Highly	
  accelerated	
  3D-­‐GRE	
  enables	
  whole-­‐brain	
  
Quan$ta$ve	
  Suscep$bility	
  Mapping	
  (QSM)	
  with	
  
high-­‐resolu$on	
  and	
  high-­‐contrast	
  

	
  

§  SMS	
  at	
  high	
  Mul$Band	
  (MB)	
  factor	
  with	
  novel	
  pulse	
  
design	
  enables	
  whole-­‐brain	
  isotropic	
  TSE	
  with	
  high-­‐
resolu$on	
  and	
  low-­‐SAR	
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Controlled	
  Aliasing	
  in	
  Parallel	
  Imaging	
  (CAIPI)	
  
Increase	
  distance	
  btw	
  aliasing	
  voxels	
  to	
  make	
  beGer	
  use	
  of	
  3D	
  coil	
  sensi<vi<es	
  

3D	
  imaging	
  	
  

2D-­‐CAIPI1	
  (y-­‐z)	
  
2D	
  imaging	
  	
  

Bunched	
  Phase	
  Encoding2	
  
Zigzag	
  sampling3	
  (x-­‐y)	
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2D	
  CAIPI1	
   Bunch	
  Phase	
  	
  
Encoding	
  (BPE)2,3	
  

§ 	
  Recent	
  modifica$ons	
  to	
  rec$linear	
  k-­‐space	
  sampling	
  provided	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  more	
  robust	
  reconstruc$ons	
  of	
  highly	
  under-­‐sampled	
  datasets	
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§ 	
  Wave-­‐CAIPI:	
  2D	
  CAIPI	
  +	
  BPE	
  in	
  2	
  direc$ons	
  
§ 	
  Spread	
  aliasing	
  in	
  3D	
  to	
  take	
  full	
  advantage	
  of	
  3D	
  coil	
  profiles 
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§ 	
  Wave-­‐CAIPI	
  corkscrew	
  trajectory	
  incurs	
  voxel	
  spreading	
  in	
  the	
  
readout	
  (x)	
  direc$on	
  	
  

§ 	
  For	
  accelerated	
  acquisi$ons,	
  this	
  spreads	
  the	
  aliasing	
  in	
  all	
  3D	
  
dimensions	
  to	
  substan$ally	
  improve	
  parallel	
  imaging	
  

Wave-­‐CAIPI	
  Improves	
  G-­‐factor	
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Wave-­‐CAIPI	
  trajectory	
  

Aliasing	
  voxels	
  are	
  spread	
  out	
  to	
  increase	
  
the	
  varia$on	
  in	
  coil	
  sensi$vity	
  profiles:	
  

Improved	
  G-­‐Factor	
  

y	
  

x	
  

aliasing	
  voxels	
  are	
  further	
  apart	
  
Wave-­‐CAIPI:	
  R=2	
  accelera<on	
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Gavg	
  	
  =	
  1.03	
  
Gmax	
  =	
  1.12	
  

1/g-­‐factor:	
  	
  

§ 	
  Wave-­‐CAIPI	
  at	
  R	
  =	
  5×3	
  fold	
  accelera$on	
  	
  

§ 	
  5:35	
  min	
   	
  @	
  0.5	
  mm	
  iso	
  	
  

§ 	
  TE	
  /	
  TR	
  	
  =	
  	
  19.5	
  /	
  29	
  ms	
  

§ 	
  Maximum	
  g-­‐factor	
  noise	
  amplifica<on	
  is	
  12%	
  

10	
  

Rapid	
  whole-­‐brain,	
  high	
  resolu$on	
  3D-­‐GRE	
  @	
  7T,	
  32	
  ch	
  array	
  



3D-­‐GRE	
  Phase	
  for	
  High	
  CNR	
  Imaging	
  	
  
§ 	
  Phase	
  signal	
  from	
  3D-­‐GRE	
  acquisi$on	
  provides	
  drama$c	
  
contrast-­‐to-­‐noise	
  ra$o	
  (CNR)	
  boost	
  over	
  magnitude	
  [1]	
  

	
  
§ 	
  Phase	
  contrast	
  is	
  non-­‐local,	
  depends	
  on	
  head	
  orienta$on	
  
rela$ve	
  to	
  B0	
  and	
  local	
  $ssue	
  geometry	
  	
  

3D-­‐GRE	
  Magnitude	
   3D-­‐GRE	
  Phase	
  

1 Duyn J et al., PNAS 2007 

Orienta$on	
  #1	
   Orienta$on	
  #2	
  
cor$cal	
  phase	
  profiles	
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  head	
  orienta$on	
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  to	
  B0	
  and	
  local	
  $ssue	
  geometry	
  

§ 	
  Quan$ta$ve	
  Suscep$bility	
  Mapping	
  (QSM)	
  resolves	
  the	
  
orienta$on	
  dependence,	
  and	
  yields	
  exquisite	
  &	
  quan$ta$ve	
  
contrast	
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QSM	
  



•  QSM	
  uses	
  3D-­‐GRE	
  phase	
  to	
  es$mate	
  the	
  underlying	
  
magne$c	
  suscep$bility	
  that	
  gives	
  rise	
  to	
  this	
  phase	
  signal	
  

•  Es$ma$on	
  of	
  the	
  suscep$bility	
  χ	
  from	
  the	
  $ssue	
  phase	
  φ	
  
involves	
  solving	
  an	
  inverse	
  problem1,	
  	
  

Quan$ta$ve	
  Suscep$bility	
  Mapping	
  (QSM)	
  

φ	
  =	
  F-­‐1	
  D	
  F	
  χ	
  

φ:	
  3D-­‐GRE	
  phase	
  
F:	
  Discrete	
  Fourier	
  Transform	
  
D:	
  suscep$bility	
  kernel	
  

measured estimate 

 
1 Marques JP et al., Concepts in Magn Res 2005 
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  solving	
  an	
  inverse	
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•  Inversion	
  is	
  made	
  difficult	
  by	
  zeros	
  in	
  kernel	
  D	
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  Suscep$bility	
  Mapping	
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§ 	
  To	
  mi$gate	
  the	
  undersampling	
  in	
  QSM	
  inverse	
  problem,	
  
acquire	
  mul$ple	
  3D-­‐GRE	
  volumes	
  at	
  different	
  head	
  posi$ons	
  

QSM	
  with	
  Mul$ple	
  Head	
  Orienta$ons	
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§ 	
  Undersampling	
  is	
  substan$ally	
  mi$gated	
  
	
  Calcula$on	
  of	
  Suscep$bility	
  Through	
  Mul$ple	
  
	
  Orienta$on	
  Sampling	
  (COSMOS)	
  [1,2]	
  

Combine	
  mul$-­‐orienta$on	
  for	
  QSM	
  inversion	
  	
  	
  

[1] T Liu et al, MRM’09 
[2] T Liu et al, MRM’11 
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§ 	
  COSMOS	
  yields	
  exquisite	
  suscep$bility	
  maps	
  

§ 	
  Whole-­‐brain	
  COSMOS	
  acquisi<on	
  substan<ally	
  increases	
  scan	
  <me	
  

COSMOS	
  v	
  Single-­‐Orienta$on	
  

Regularized	
  QSM	
  from	
  1-­‐orienta<on	
  

Blurring	
  &	
  
Streaking	
  

COSMOS	
  



§ 	
  High-­‐resolu$on	
  COSMOS	
  at	
  ultra	
  high	
  field	
  yields	
  superb	
  contrast	
  to	
  
reflect	
  the	
  underlying	
  anatomy	
  [1-­‐3]	
  
	
  
§ 	
  High-­‐resolu<on	
  COSMOS	
  requires	
  >	
  1	
  hour	
  of	
  scanning	
  [1-­‐3]	
  

§ 	
  For	
  the	
  first	
  <me,	
  Wave-­‐CAIPI	
  enables	
  whole-­‐brain	
  COSMOS	
  in	
  
clinically	
  relevant	
  scan	
  <me	
  

§ 	
  Whole-­‐brain,	
  high	
  resolu$on	
  COSMOS	
  @	
  7T	
  
v 5:35	
  min	
  /	
  rota$on	
  @	
  0.5	
  mm	
  iso	
  

v 20	
  min	
  total	
  protocol	
  for	
  3-­‐orienta<ons	
  

Towards	
  in	
  vivo	
  Histology	
  with	
  QSM	
  

[1] A Deistung et al, NIMG’12   [2] D Khabipova et al, NIMG’15   [3] A Deistung et al, Frontiers’13 
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§ 	
  TSE	
  is	
  the	
  most	
  commonly	
  used	
  clinical	
  sequence,	
  allowing	
  
rapid	
  acquisi$on	
  by	
  sampling	
  mul$ple	
  k-­‐space	
  lines	
  per	
  90°	
  RF	
  
	
  

§ 	
  In-­‐plane	
  accelera$on	
  can	
  improve	
  efficiency,	
  but	
  suffers	
  from	
  
intrinsic	
  √R	
  SNR	
  penalty	
  and	
  g-­‐factor	
  noise	
  amplifica$on	
  

§ 	
  SMS	
  enables	
  accelera$on	
  without	
  √R	
  penalty,	
  since	
  number	
  
of	
  k-­‐space	
  lines	
  is	
  not	
  reduced	
  

§ 	
  SMS	
  Wave-­‐CAIPI	
  further	
  improves	
  g-­‐factor	
  [1]	
  

§ 	
  Mul$PINS	
  pulses	
  allow	
  low-­‐SAR	
  refocusing	
  [2]	
  

SMS	
  Wave-­‐CAIPI	
  for	
  Turbo	
  Spin	
  Echo	
  (TSE)	
  

[1] B Gagoski et al, MRM’15   [2] C Eichner et al, MRM’14    
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§ 	
  Helix	
  trajectory	
  incurs	
  voxel	
  
spreading	
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  improve	
  g-­‐factor	
  

W
ave	
  Im

age	
  

Voxel	
  
Spreading	
  

FOV	
  	
  
Shio	
  



kz 

ky 0 

0

Δkz =
1

15Δz

Δkz
blip =

1
4Δz

−kz
max =

−1
2Δz

y 

x 

Blipped-­‐	
  and	
  Wave-­‐CAIPI	
  for	
  SMS	
  

ky 

kz 

kx 

Δkz
blip

§ 	
  Helix	
  trajectory	
  incurs	
  voxel	
  
spreading	
  in	
  3D	
  to	
  improve	
  g-­‐factor	
  
§ 	
  PSF	
  formalism	
  explains	
  non-­‐Cartesian	
  
sampling	
  via	
  Cartesian	
  convolu$on	
  	
  

W
ave	
  Im

age	
  

FOV	
  	
  
Shio	
  

Psf(y=20)	
  

Psf(y=80)	
  

⨂	
   ⨂	
  
=	
  =	
  

y=20	
  	
  

y=80	
  	
  

y=20	
  	
  

y=80	
  	
  

PSF	
  Convolu$on	
  

Blipped-­‐CAIPI	
  
SMSx15	
  &	
  FOV/4	
  Shie	
  

Wave-­‐CAIPI	
  
SMSx15	
  &	
  FOV/4	
  Shie	
  



1/g-­‐factor:	
  Wave-­‐CAIPI	
  SMSx15	
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Gavg	
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1/g-­‐factor:	
  Blipped-­‐CAIPI	
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  sec	
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no	
  sqrt(R)	
  	
  

noise	
  penalty	
  	
  

small	
  g-­‐factor	
  
no	
  sqrt(R)	
  

	
  noise	
  penalty	
  	
  

TSE	
  @	
  1	
  mm3	
  iso	
  voxels,	
  Tacq	
  =	
  70	
  sec	
  



Wave-­‐CAIPI	
  SMSx15	
  	
  

Fully-­‐Sampled	
  TSE	
  

avg	
  over	
  3mm	
  slabs	
  

14	
  slices	
  possible	
  
in	
  Tacq=70	
  sec	
  

	
  SMS	
  Wave-­‐CAIPI	
  at	
  SMSx15	
  allows	
  	
  
whole-­‐brain	
  TSE	
  @	
  1	
  mm3	
  iso	
  in	
  70	
  sec	
  	
  



Overview	
  

§ 	
  Improved	
  controlled	
  aliasing	
  with	
  Wave-­‐CAIPI	
  
	
  

§ 	
  3D	
  Wave-­‐CAIPI:	
  
Whole-­‐brain	
  0.5mm	
  iso	
  3D-­‐Gradient	
  Echo	
  (GRE)	
  in	
  5	
  min	
  
	
  

§ 	
  SMS	
  Wave-­‐CAIPI:	
  
Whole-­‐brain	
  1mm	
  iso	
  Turbo	
  Spin	
  Echo	
  (TSE)	
  in	
  70	
  sec	
  
	
  

§ 	
  Preliminary	
  data	
  for	
  pediatric	
  brain	
  tumor	
  imaging	
  



TSE:	
  15x	
  SMS	
  Wave-­‐CAIPI:	
  1-­‐mm	
  iso	
  in	
  70	
  sec	
  	
  

5	
  year	
  old	
  w/	
  Craniopharyngioma:	
  monitoring	
  exam	
  	
  



b	
  0	
   b	
  1k	
  

Func$onal	
  Anisotropy	
  (FA)	
  

DTI	
  w/	
  Blipped-­‐CAIPI	
  SMS-­‐EPI	
   TSE:	
  15x	
  SMS	
  Wave-­‐CAIPI	
  

7	
  year	
  old	
  w/	
  tumor	
  removed:	
  monitoring	
  exam	
  



Online	
  Recon	
  for	
  3D-­‐GRE	
  Wave-­‐CAIPI	
  

SWI	
  	
  

R	
  =	
  3x3	
  accelera$on	
  
Acquisi<on:	
  1	
  mm	
  iso	
  in	
   	
  90	
  seconds	
  
Reconstruc<on:	
   	
   	
   	
  80	
  seconds	
  



Wave-­‐CAIPI	
  for	
  SMS-­‐EPI	
  

§ 	
  Wave-­‐CAIPI	
  is	
  also	
  applicable	
  to	
  high	
  bandwidth	
  EPI	
  
acquisi$on	
  	
  

§ 	
  Poten$al	
  to	
  provide	
  substan$al	
  g-­‐factor	
  improvement	
  over	
  
blipped-­‐CAIPI	
  	
  

1	
  

0	
  

Gavg	
  =	
  1.4	
  
Gmax=	
  2.4	
  

1/g-­‐factor	
  simula$on	
  Rinplane3	
  ×	
  MB3	
  @	
  BW	
  1000	
  Hz/pixel	
  	
  

Gavg	
  =	
  1.2	
  
Gmax=	
  1.5	
  



	
  
§ 	
  Ques$ons	
  /	
  comments:	
  
	
  berkin@nmr.mgh.harvard.edu	
  

	
  
§ 	
  Matlab	
  sooware	
  and	
  data	
  online	
  for	
  3D	
  and	
  SMS	
  Wave-­‐CAIPI:

	
  mar<nos.org/~berkin	
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  your	
  aGen<on	
  


