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•  Good	  news:	  current	  imaging	  technology	  provides	  	  
–  Images	  with	  improved	  spa8al	  resolu8on	  
–  High	  volumes	  of	  data	  
–  Research	  studies	  commonly	  have	  with	  hundreds	  of	  scans	  

•  Bad	  news:	  there	  is	  a	  lot	  of	  data	  
–  Require	  increased	  data	  processing	  8me	  

•  Therefore:	  we	  need	  automated	  tools	  

Mo8va8ons	  for	  automa8on	  
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•  Human	  placement	  of	  landmark	  points	  (widely	  used):	  
–  Labor-‐intensive	  (expensive)	  
–  Subjec8ve	  
–  Intra/inter-‐rater	  inconsistent	  
–  Not	  scalable	  

•  Hard	  to	  hire	  
•  Hard	  to	  train	  
•  Hard	  to	  keep	  busy	  all	  the	  8me	  /	  	  
or	  it	  takes	  a	  long	  8me	  to	  complete	  the	  work	  

Mo8va8ons	  –	  Golden	  Standard	  
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•  Computer-‐aided	  detec8on	  method:	  
–  Automated	  (liSle	  human	  efforts	  required)	  
–  Efficient	  (vs.	  human	  labeling)	  
–  Consistent	  (reproducible)	  
–  Accurate	  (similar	  to	  human)	  
–  Generalizable	  

•  Different	  modali8es	  
•  Different	  anatomical	  regions	  

–  Robust	  
•  Noise	  
•  Orienta8on	  
•  Spacing	  
•  Origin	  
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Mo8va8ons	  –	  Desired	  Proper8es	  



Method	  Overview	  
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Top	  level	  data	  flow	  diagram	  
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Constella8on	  GUI	  corrector	  
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Processing	  Phases	  

•  Landmarks	  are	  es8mated	  in	  a	  simple	  to	  hard,	  
special	  to	  general	  fashion.	  

•  First:	  find	  a	  few	  reference	  points/planes	  
– Centroid	  of	  head	  mass	  
– Mid-‐sagiSal	  plane	  transform	  
– Eye	  centers	  

•  Second:	  most	  landmarks	  will	  be	  found	  by	  a	  
linear	  model	  es8ma8on	  method.	  
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Centroid	  of	  head	  mass	  es8ma8on	  
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1.  CoHM	  is	  processed	  first	  as	  it	  can	  be	  es8mated	  independently.	  
2.  The	  spa8al	  loca8on	  is	  usually	  stable	  and	  very	  close	  to	  the	  MPJ.	  
	  

MPJ	   MPJ	  

Center	  of	  
head	  mass	  

Center	  of	  
head	  mass	  



Centroid	  of	  head	  mass	  es8ma8on	  
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Centroid	  of	  head	  mass	  es8ma8on	  
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Centroid	  of	  head	  mass	  es8ma8on	  
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A	  

Bi: foreground object slice in ith	
iteration	
	
Bmax-so-far = max(Bi), i = 1, 2, …, curr	
r = sqrt(Bmax-so-far/π)	
VA = ½ x 4/3πr3	
VB = sumi=1:curr(Bi x thickness)	
Thickness = 3 mm	

hemisphere	  

B	  

Stop	  criteria:	  Un8l	  VB	  >	  VA	  

S-‐>I	  in	  
Physical	  
Space	  	  



Centroid	  of	  head	  mass	  es8ma8on	  
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Centroid	  of	  head	  mass	  es8ma8on	  
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Center	  of	  
head	  mass	  

Center	  of	  
head	  mass	  

MPJ	   MPJ	  



Centroid	  of	  head	  mass	  es8ma8on	  
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Center	  of	  
8ssue	  mass	  

MPJ	   MPJ	  

Center	  of	  
head	  mass	  

Center	  of	  
head	  mass	  

Compared	  to	  center	  of	  mass,	  CoHM	  is	  more	  robust	  to	  
input	  image	  with	  lots	  of	  neck	  and	  shoulder	  por8on.	  
That	  is,	  CoHM	  is	  s8ll	  very	  close	  to	  MPJ	  as	  is	  expected.	  	  

Center	  of	  
8ssue	  mass	  

S	  

I	  

S	  

I	  

P	  A	   L	  R	  



Mid-‐sagiSal	  plane	  transform	  
es8ma8on	  
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3D	  -‐>	  2D,	  good	  for	  base	  landmark	  detec8on	  
	  

(a)	  

(b)	  



Mid-‐sagiSal	  plane	  transform	  
es8ma8on	  
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Op8mal	  transform:	  Maximize	  the	  reflec8ve	  correla8on	  
in	  the	  bounding	  box	  centered	  at	  CM	  using	  Powell’s	  op8mizer	  
	  

(a)	  

(b)	  



Mid-‐sagiSal	  plane	  transform	  
es8ma8on	  
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Reflec8ve	  correla8on:	  Correla8on	  of	  the	  intensi8es	  of	  reflected	  
pixels	  about	  the	  MSP	  and	  inside	  the	  bounding	  box	  

(a)	  

(b)	  



Sphere	  detec8on	  using	  radial	  Hough	  
transform	  
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An	  2D	  illustra8on	  showing	  sphere	  
detec8on	  using	  radial	  Hough	  transform	  

-‐	  Single	  pixel	  p	  

-‐	  Gradient	  vector	  g	  

g(p)	  =	  (	  ∂f(x,y)/∂x,	  ∂f(x,y)/∂y	  )	  |	  (x,y)	  =	  p	  

-‐	  Edge	  



Eye	  detec8on	  using	  radial	  Hough	  
transform	  
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Eye	  detec8on	  
demo	  

Diameter	  of	  eyes:	  24	  mm	  [1]	  

[1]	  Britannica	  Inc.	  Encyclopedia	  Britannica	  Macropedia:	  Sensory	  Recep8on.	  Britannica	  Inc.,	  USA,	  1997	  



Eye	  detec8on	  using	  radial	  Hough	  
transform	  
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Eye	  detec8on	  
demo	  

ROI:	  truncated	  spherical	  sector	  
R1	  =	  120	  mm,	  R2	  =	  30	  mm,	  Spread	  angle	  =	  2.4	  rad	  



Verifica8on	  for	  Eye	  detec8on	  

11/19/10	   Wei	  Lu	  MS	  Thesis	  Defense	  

Distribu8on	  of	  IPD	  for	  the	  en8re	  ANSUR	  database	  [1]	  

[1]	  Figure	  courtesy	  of	  Neil	  A.	  Dodgson,	  Proc.	  SPIE	  Vol.	  5291	  



Eye	  detec8on	  using	  radial	  Hough	  
transform	  
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Eye	  detec8on	  
failure	  case	  



Linear	  model	  predic8on	  
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Morphometric	  constraining	  
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Morphometric	  constraining	  
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The	  informa8on	  of	  CEC	  improves	  the	  robustness	  for	  ac	  and	  4VN	  detec8on	  



Linear	  model	  es8ma8on	  using	  
Evolu8onary	  PCA	  

•  The	  rela8onship	  between	  each	  new	  landmark	  is	  
trained	  by	  a	  linear	  combina8on	  of	  its	  principal	  
components	  extracted	  from	  the	  landmarks	  
appearing	  before	  it	  in	  the	  processing	  list.	  

•  New	  landmarks	  are	  es8mated	  one	  by	  one,	  
evolu8onarily	  taking	  the	  advantage	  of	  knowing	  more	  
informa8on.	  

•  Exploit	  PCA	  to	  extract	  the	  most	  efficient	  basis	  to	  
represent	  a	  new	  landmark	  vector.	  (scalable)	  
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Precondi8on:	  Some	  of	  the	  landmarks	  
(e.g.	  LE,	  RE,	  AC,	  PC,	  and	  MPJ)	  have	  
been	  es8mated	  well	  in	  physical	  
space.	  
Postcondi8on:	  Loca8ons	  of	  a	  list	  of	  
new	  landmarks	  (e.g.	  4VN,	  genu,	  etc.)	  
are	  es8mated	  reasonably.	  
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AC	  

LE	  

RE	  

PC	  

MPJ	  

ideal	  
4VN	  

ideal	  
genu	  

Physical	  vector	  space	  

EPCA	  demo	  



All	  the	  landmark	  vectors	  are	  
transformed	  into	  their	  principal	  
component	  space.	  
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AC	  

PC2	  

PC3	  

Principal	  component	  space	  

EPCA	  demo	  

PC1	  

Z = WTX	
Wopt = [w1, w2, ..., wr]	
wi := eig(cov(X), i),	
∀i ∈ {1, 2, ..., r}	



New	  landmark	  (e.g.	  4VN)	  loca8on	  
is	  es8mated	  by	  its	  morphometric	  
rela8onship	  among	  current	  PCs	  
we	  obtained	  in	  the	  training	  phase.	  
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Principal	  component	  space	  

EPCA	  demo	  

AC	  

PC2	  

PC3	  

4VN’	  

PC1	  



Minor	  correc8on	  are	  made	  
by	  local	  search	  process.	  
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Principal	  component	  space	  

EPCA	  demo	  

AC	  

PC2	  

PC3	  

PC1	  

4VN	  



Revolu8onarily/itera8vely	  add	  
newly	  es8mated	  landmarks	  vector	  
(e.g.	  4VN)	  to	  the	  physical	  vector	  
space.	  
Other	  new	  landmarks	  such	  as	  
genu	  can	  be	  es8mated	  in	  a	  similar	  
way	  but	  with	  addi8onal	  
informa8on	  from	  previously	  
es8mated	  landmarks	  (e.g.	  4VN).	  
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Physical	  vector	  space	  

EPCA	  demo	  

AC	  

LE	   PC	  

MPJ	  

4VN	  

ideal	  
genu	  

RE	  



Local	  search	  es8ma8on	  
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Local	  search	  using	  sta8s8cal	  shape	  
models	  
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•  Template	  matching:	  dot	  product	  
•  Reduce	  anisotropic	  error:	  ten	  uniformly-‐rotated	  copies	  
•  Shape:	  Cylinder	  V	  =	  π	  x	  R2	  x	  h	  	  
•  Size	  (mm):	  R	  =	  5,	  h	  =	  10	  (salient	  –	  precise	  anatomical	  defini8on)	  

	   	   	  	  	  R	  =	  8,	  h	  =	  16	  (quasi	  –	  regional	  extrema)	  	  

Example:	  Center	  slices	  of	  a	  T1-‐weighted	  AC	  template	  



Local	  search	  using	  sta8s8cal	  shape	  
models	  
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Constella8on	  
distribu8on	  



Local	  search	  using	  sta8s8cal	  shape	  
models	  
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Error	  residuals	  
using	  LME-‐EPCA	  



Local	  search	  using	  sta8s8cal	  shape	  
models	  
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Constella8on	  
distribu8on	  
in	  sagiSal	  view	  



Local	  search	  using	  sta8s8cal	  shape	  
models	  
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Error	  residuals	  
using	  LME-‐EPCA	  
in	  sagiSal	  view	  



Detec8on	  process	  review	  
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Detec8on	  process	  demo	  
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The	  input	  image	  



Detec8on	  process	  demo	  
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Precondi8on:	  none	  
CM	  by	  Otsu	  thresholding	  and	  a	  top-‐
down	  maximum	  sphere	  radius	  
es8ma8on	  (CM	  is	  used	  as	  a	  
reference	  point	  to	  find	  MPJ	  when	  
rela8vely	  few	  informa8on	  is	  
obtained)	  	  

CM	  



Detec8on	  process	  demo	  
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Precondi8on:	  LE	  and	  RE	  are	  
reasonably	  found	  by	  the	  radial	  Hough	  
transform	  
Center	  of	  eye	  centers	  (CEC)	  is	  used	  as	  
a	  reference	  point	  to	  guide	  the	  search	  
when	  there	  is	  some	  rota8on	  along	  L-‐
axis	  in	  a	  LPS	  coordinate	  system.	  	  

CM	  

CEC	  



Detec8on	  process	  demo	  
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Precondi8on:	  CM	  is	  correct	  
MPJ	  by	  a	  correla8on	  based	  local	  search	  
which	  is	  centered	  at	  CM	  plus	  average	  
CM-‐to-‐MPJ	  vector	  from	  sta8s8cal	  
shape	  model	  (SSM)	  	  

CM	  

CEC	  



Detec8on	  process	  demo	  
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Precondi8on:	  CM	  is	  correct	  
MPJ	  by	  a	  correla8on	  based	  local	  search	  
which	  is	  centered	  at	  CM	  plus	  average	  CM-‐
to-‐MPJ	  vector	  from	  sta8s8cal	  shape	  model	  
(SSM)	  	  

CM	  

CEC	  



Detec8on	  process	  demo	  
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Precondi8on:	  CM	  is	  correct	  
MPJ	  by	  a	  correla8on	  based	  local	  
search	  which	  is	  centered	  at	  CM	  plus	  
average	  CM-‐to-‐MPJ	  vector	  from	  
sta8s8cal	  shape	  model	  (SSM)	  	  

CM	  

CEC	  

MPJ	  



Detec8on	  process	  demo	  
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Precondi8on:	  the	  es8mated	  CEC	  
and	  MPJ	  are	  reasonable	  
The	  es8ma8on	  of	  4VN	  starts	  with	  
the	  morphometric	  constraints	  
among	  CEC,	  MPJ,	  and	  4VN	  	  

CM	  

CEC	  

MPJ	  



Detec8on	  process	  demo	  
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Precondi8on:	  the	  es8mated	  CEC	  and	  
MPJ	  are	  reasonable	  
The	  es8ma8on	  of	  4VN	  starts	  with	  the	  
morphometric	  constraints	  among	  
CEC,	  MPJ,	  and	  4VN	  	  

CM	  

CEC	  

MPJ	  



Detec8on	  process	  demo	  
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Precondi8on:	  the	  es8mated	  CEC	  and	  
MPJ	  are	  reasonable	  
The	  es8ma8on	  of	  4VN	  starts	  with	  the	  
morphometric	  constraints	  among	  
CEC,	  MPJ,	  and	  4VN.	  
A	  local	  search	  is	  performed	  near	  the	  
search	  center.	  

CM	  

CEC	  

MPJ	  

4VN	  



Detec8on	  process	  demo	  
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Precondi8on:	  the	  es8mated	  CEC	  and	  
MPJ	  are	  reasonable	  
The	  es8ma8on	  of	  AC	  starts	  with	  the	  
morphometric	  constraints	  among	  CEC,	  
MPJ,	  and	  AC.	  
A	  local	  search	  is	  performed	  near	  the	  
search	  center.	  

CM	  

CEC	  

MPJ	  

4VN	  



Detec8on	  process	  demo	  
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Precondi8on:	  the	  es8mated	  CEC	  and	  
MPJ	  are	  reasonable	  
The	  es8ma8on	  of	  AC	  starts	  with	  the	  
morphometric	  constraints	  among	  
CEC,	  MPJ,	  and	  AC.	  
A	  local	  search	  is	  performed	  near	  the	  
search	  center.	  

CM	  

CEC	  

MPJ	  

4VN	  



Detec8on	  process	  demo	  
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Precondi8on:	  the	  es8mated	  CEC	  and	  
MPJ	  are	  reasonable	  
The	  es8ma8on	  of	  AC	  starts	  with	  the	  
morphometric	  constraints	  among	  
CEC,	  MPJ,	  and	  AC.	  
A	  local	  search	  is	  performed	  near	  the	  
search	  center.	  

CM	  

CEC	  

MPJ	  

4VN	  AC	  



Detec8on	  process	  demo	  
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Precondi8on:	  the	  es8mated	  AC,	  
MPJ,	  and	  4VN	  are	  reasonable	  
PC	  is	  es8mated	  by	  a	  linear	  model	  
among	  landmarks	  
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4VN	  AC	  
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Precondi8on:	  the	  es8mated	  AC,	  
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Detec8on	  process	  demo	  
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Other	  landmarks	  are	  es8mated	  
in	  a	  way	  similar	  to	  what	  we	  have	  
demonstrated	  in	  “EPCA	  demo”	  

CM	  

CEC	  

MPJ	  

4VN	  AC	   PC	  



Result	  
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Constella8on	  detec8on	  result	  
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Valida8on	  for	  landmark	  
detec8on	  accuracy	  
	  
10	  training	  datasets	  
10	  test	  datasets	  

Average	  detec8on	  errors	  in	  mm	  
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Valida8on	  for	  landmark	  
detec8on	  accuracy	  
	  
10	  training	  datasets	  
10	  test	  datasets	  

Average	  detec8on	  errors	  in	  %	  



Constella8on	  detec8on	  result	  

11/19/10	   Wei	  Lu	  MS	  Thesis	  Defense	  

Valida8on	  for	  landmark	  
detec8on	  accuracy	  
	  
20	  training	  datasets	  

Average	  detec8on	  errors	  in	  mm	  



Inconsistency	  in	  human	  placement	  of	  
landmarks	  
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Valida8on	  for	  landmark	  
detec8on	  reliability	  
	  
20	  training	  datasets	  
	  
35%	  error	  >	  2	  mm	  

auto	  

manual	  



Atlas	  construc8on	  result	  
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TPS	  
warping	  result	  Moving	  image	  with	  	  

fixed	  landmarks	  
Fixed	  image	  with	  	  
fixed	  landmarks	  

Warped	  image	  with	  	  
fixed	  landmarks	  

Deforma8on	  field	  
L	   P	   S	  



Atlas	  construc8on	  result	  
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TPS,	  206	  subjects,	  41	  landmarks	  

Rigid,	  206	  subjects,	  3	  landmarks	  
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Rigid,	  206	  subjects,	  3	  landmarks	  

No8ce	  the	  regions	  near	  4th	  ventricle,	  primary	  fissure,	  ventricular	  head,	  etc	  

TPS,	  206	  subjects,	  41	  landmarks	  



Atlas	  construc8on	  result	  
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Rigid,	  206	  subjects,	  3	  landmarks	  

No8ce	  the	  regions	  genu,	  rostrum,	  op8c	  chiasm,	  basal	  pons,	  
cornea,	  boundary	  between	  brains	  and	  skull,	  etc	  

TPS,	  206	  subjects,	  41	  landmarks	  



Conclusion	  

•  This	  work	  explored	  one	  automated,	  
consistent,	  and	  efficient	  way	  of	  es8ma8ng	  
landmark	  constella8on	  by	  
–  landmark	  morphometrics	  +	  image	  intensity	  
–  Principal	  components	  +	  sta8s8cal	  shape	  models	  

11/19/10	   Wei	  Lu	  MS	  Thesis	  Defense	  



Conclusion	  
The	  proposed	  method	  is	  
•  Accurate	  (salient	  landmarks)	  
•  Scalable	  (by	  EPCA)	  
•  Generalizable	  
– Different	  modali8es	  
– Different	  anatomical	  regions	  (EPCA	  algorithm)	  

•  Robust	  	  
– Orienta8on	  
–  Spacing	  
– Origin	  
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•  Thank	  you!	  
•  Ques8ons?	  
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