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Project	  Goal	  

•  Design	  and	  implement	  a	  method	  for	  extrapola)ng	  missing	  anatomical	  
craniofacial	  skeletal	  structure	  with	  the	  use	  of	  a	  sta)s)cal	  shape	  model	  of	  
the	  human	  cranium.	  	  

Courtesy	  of	  Dr.	  Otake	  



Project	  Relevance:	  Face	  Transplant	  Surgery	  

•  Restore	  lost	  func)onality	  
•  Restore	  appearance	  

Courtesy	  of	  Dr.	  Chad	  Gordon	  



Project	  Relevance:	  Face	  Transplant	  Surgery	  (cont.)	  

Courtesy	  of	  Dr.	  Chad	  Gordon	  



Extrapola)on	  Overview	  

…	  
Atlas	  Deformed	  Pa/ent	  

Deformable	  Surface	  
Registra/on	  

Es/mated	  Structure	  

Structure	  Replacement	  and	  
Discon/nuity	  Removal	  

Cadaver	  CT	  Courtesy	  of	  Dr.	  Otake	  



Extrapola)on	  Overview	  (cont.)	  

…	  
Atlas	  Deformed	  Pa/ent	  

Deformable	  Surface	  
Registra/on	  

Es/mated	  Structure	  

Structure	  Replacement	  and	  
Discon/nuity	  Removal	  

Cadaver	  CT	  Courtesy	  of	  Dr.	  Otake	  

U"lize	  CIS	  I	  PA5	  



Extrapola)on	  Overview	  (cont.)	  

…	  
Atlas	  Deformed	  Pa/ent	  

Deformable	  Surface	  
Registra/on	  

Es/mated	  Structure	  

Structure	  Replacement	  and	  
Discon/nuity	  Removal	  

Cadaver	  CT	  Courtesy	  of	  Dr.	  Otake	  

Source:	  Chintalapani,	  et	  al.	  “Sta)s)cal	  Atlases	  of	  Bone	  Anatomy:	  
Construc)on,	  Itera)ve	  Improvement	  and	  Valida)on”	  

Atlas	  Crea"on	  Derived	  
From	  Prior	  Art	  



Extrapola)on	  Overview	  (cont.)	  

…	  
Atlas	  Deformed	  Pa/ent	  

Deformable	  Surface	  
Registra/on	  

Es/mated	  Structure	  

Structure	  Replacement	  and	  
Discon/nuity	  Removal	  

Cadaver	  CT	  Courtesy	  of	  Dr.	  Otake	  

Thin	  Plate	  Spline	  Extrapola"on	  
of	  Displacement	  Vectors	  

Between	  Pa"ent	  and	  Es"mate	  



Prior	  Work	  From	  Forensics	  Community	  

The color-coded deviation map in Fig. 9 illustrates the
shape differences between the original knockout individ-
ual and the reconstruction of KI-2 using the GM as ref-
erence. The accuracy for MD-MIRROR was 2.46 mm and
2.78 mm for MD-TPS (Table 5). Negative deviation val-
ues (i.e., the reconstruction is smaller than the original)
are found in the infraorbital region, medial orbital wall,
and cranial vault, while positive deviation values occur
both in the mirrored side and in a portion of the left pa-
rietal bone.

Sexual Dimorphism

The landmark configurations for reconstruction cre-
ated from female and male references do not differ sig-
nificantly in terms of accuracy or Procrustes distance (P-
value>0.21). Likewise, reconstructions based on female
and male mean are not significantly different (P-val-
ue>0.43). The female mean provides a reconstruction
that is as close to the original knockout individual as
the one reconstructed by the male mean. In general, the
GM performs better than any single reference specimen
itself, reflected by low values for the accuracy and Pro-
crustes distance (Fig. 10a–c).

Asymmetry

We found a low correlation between the values of indi-
vidual asymmetry of the reference (Table 4) and the accu-
racy values of the respective reconstruction (MD-
MIRROR: r 5 0.146, P-value< 0.01, Fig. 10d; MD-TPS:
r 5 0.203, P-value< 0.01, Fig. 10e). Low correlation was
also observed for the Procrustes distance of the respective
reconstruction to original Ind1 and the corresponding
values for asymmetry (r 5 0.37, P-value< 0.01, Fig. 10f).
As for case 1, less asymmetric templates did not necessarily

yield better results than more asymmetric individuals and
vice versa. In general, the male, female, and GM shape
produce reconstructions with the highest accuracy.

Fig. 8. KI-2. Shape changes involving facial breadth and neurocranial height.

TABLE 5. KI-2: accuracy of the reconstruction (RMS, in mm)

Label MD-MIRROR MD-TPS Label MD-MIRROR MD-TPS Label MD-MIRROR MD-TPS

Ind2 2.64 2.65 Ind12 6.57 6.3 Ind22 2.47 3.25
Ind3 3.29 6.14 Ind13 7.33 6.05 Ind23 9.63 6.36
Ind4 7.93 5.83 Ind14 6.19 4.23 Ind24 6.8 3.39
Ind5 10.36 6.36 Ind15 4.37 5.99 Ind25 7.34 4.98
Ind6 8.67 7.25 Ind16 5.15 5.27 Ind26 9.35 9.48
Ind7 5.15 5.04 Ind17 4.27 5.34 Grand mean 2.46 2.78
Ind8 2.27 3.99 Ind18 4.23 7.14 Female mean 2.48 2.78
Ind9 2.28 6.99 Ind19 2.55 3.16 Male mean 2.8 3.52
Ind10 5.14 4.6 Ind20 4.37 4
Ind11 5.17 4.98 Ind21 6.35 5.03

Fig. 9. KI-2 reconstructed using the Procrustes mean shape (GM).
Surface deviation between Ind1 and the reconstruction using the
grand mean as reference specimen for MD-MIRROR and MD-TPS.
Signed color-coded deviation map ranging from 27 mm to 7 mm.
Highest distances from the original are in the superior cranial vault
and the left alveolar region.

754 SENCK ET AL.

Source:	  Senck,	  Sascha,	  et	  al.,	  Virtual	  Reconstruc)on	  of	  
Very	  Large	  Skull	  Defects	  Featuring	  Partly	  and	  Completely	  
Missing	  MidsagiWal	  Planes	  

tioned slightly backward compared with the original
(!0.5/!1.0 to !1.0/!1.5 mm, respectively). Similar
results were obtained for the anterior rim of the orbit
(!1.0/!1.5 mm).

The deviation measured in the maxillary region and
in the lower aspect of the zygomatic bone (!0.5/"1
mm) could have been related to the somewhat larger
size of the mirrored model in those specific areas.
This was supported by the results obtained from the
second method, in which an alignment between the
hemifaces was performed before isolating the zygo-
matic segment (Figs 7, 8). The maxillary and lower
zygomatic region of the reconstructed model were
slightly larger than the original.

Nevertheless, the overall result improved, and the
mean and SD were clearly reduced (Table 4). Com-
pared with the former reconstruction, the position of
the reconstructed bone with regard to critical areas,
such as the temporal process of the zygomatic bone,
the lateral orbital wall, and the lower orbital rim, was
noteworthy.

The results did not significantly differ when the
reconstruction was performed using the TPS interpo-
lation (Figs 9, 10, and Table 4). Nevertheless, the
continuity between the reconstruction and the origi-
nal bone near the resected areas was correctly repro-
duced.

SECOND EXAMPLE: SKULL H15
Unsatisfactory results were obtained using the mir-

roring tool for skull H15 (Figs 11, 12, and Table 4).
This certainly resulted from the larger amount of total
facial asymmetry (Table 4). Consequently, the frontal
process of the zygomatic segment deviated more than
4 mm backward from the original bone, and the
latero-orbital floor was more than 4 mm upward. A
backward position of the virtual reconstruction is also
displayed in the lower orbital rim and in the temporal
process (Figs 11, 12).

The mean distances between the reconstruction
and the original decreased when method 2 was used
(Figs 13, 14, and Table 4). The surface deviation
between the 2 compared models was reduced in both

FIGURE 6. Skull H14, basal view. Reconstruction using method 1.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 8. Skull H14, basal view. Reconstruction using method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 5. Skull H14, anterolateral view. Reconstruction using
method 1. Color map illustrating distance between reconstruction
and original model (in millimeters).
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 7. Skull H14, anterolateral view. Reconstruction using
method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

1190 3D VIRTUAL METHODS FOR CRANIOMAXILLOFACIAL RECONSTRUCTION



Addi)onal	  Work	  

•  Development	  of	  a	  method	  to	  incorporate	  this	  structure	  es)ma)on	  into	  
surgical	  planning	  
–  Integra)on	  into	  APL	  Face	  Surgery?	  

•  Design	  of	  a	  future	  system	  architecture	  
–  For	  example,	  enabling	  the	  automa)c	  iden)fica)on	  of	  a	  poten)al	  donor	  

Intra-‐opera)ve	  strategy	  
•  Naviga)on	  with	  op)cal	  tracker	  performed	  concurrently	  on	  both	  donor	  and	  recipient	  
•  Hard	  )ssue	  naviga)on	  involving	  tracking	  guides	  and	  lines	  of	  osteotomy	  
•  So[	  )ssue	  naviga)on	  via	  mapping	  vessels	  and	  nerves	  
•  3D	  visualiza)on	  of	  the	  surgical	  progress	  	  
•  Intra-‐opera)ve	  plan	  updates	  and	  biomechanical	  assessment	  during	  

the	  surgery	  
	  
	  

Figures	  Courtesy	  of	  Ryan	  Murphy,	  JHU	  APL	  



Ini)al	  Set	  of	  Six	  Cadaver	  Heads	  

Cadaver	  CT	  Courtesy	  of	  Dr.	  Otake	  



The	  Cancer	  Imaging	  Archive	  

•  Disclaimer:	  2	  minute	  segmenta)on	  &	  model	  
–  Simple	  threshold,	  connected	  components,	  Marching	  Cubes	  

Data	  Source:	  hWps://wiki.cancerimagingarchive.net/display/Public/Head-‐Neck+Cetuximab	  



Deliverables	  

•  Minimum	  
–  Segmenta)on	  mask	  of	  the	  skeletal	  regions	  in	  the	  cranial	  CT	  images	  
–  Deformable	  registra)on	  of	  each	  CT	  image	  (or	  mesh)	  to	  a	  chosen	  template	  
–  Atlas	  crea)on	  and	  evalua)on	  
–  Development	  and	  evalua)on	  of	  anatomical	  extrapola)on	  method	  

•  Expected	  
–  Crea)on	  and	  evalua)on	  of	  an	  atlas	  via	  a	  bootstrapping	  technique	  
–  Development	  and	  evalua)on	  of	  a	  pa)ent/donor	  similarity	  metric	  

•  Maximum	  
–  Design	  of	  a	  method	  to	  use	  the	  es)mated	  surface	  of	  the	  pa)ent	  to	  assist	  in	  

surgical	  planning	  
–  Create	  a	  system	  architecture	  for	  the	  future	  use	  of	  this	  system	  



Dependencies	  

•  Obtaining	  the	  Cranial	  CT	  Data	  
–  We	  have	  an	  ini)al	  set	  of	  6	  cadaver	  head	  CT	  images	  from	  Dr.	  Otake	  
–  The	  Cancer	  Imaging	  Archive	  (TCIA)	  has	  two	  datasets	  with	  head	  CT	  images	  of	  77	  

and	  91	  pa)ents,	  respec)vely;	  the	  data	  is	  freely	  available	  with	  no	  usage	  
restric)ons	  

–  If	  TCIA	  data	  is	  insufficient,	  then	  we	  can	  request	  addi)onal	  data	  from	  Dr.	  
Armand,	  however	  it	  may	  require	  IRB	  approval.	  

–  If	  neither	  of	  these	  plans	  work,	  then	  the	  fallback	  would	  be	  to	  use	  exis)ng	  pelvis	  
CT	  data.	  

•  	  Access	  to	  Mentors	  
–  A	  recurring	  weekly	  mee)ng	  with	  Dr.	  Otake	  has	  been	  scheduled	  
–  Schedule	  mee)ngs	  with	  Dr.	  Taylor,	  Dr.	  Armand,	  and	  Ryan	  Murphy	  as	  needed	  

•  Access	  to	  Fast	  Computer	  
–  Ask	  Dr.	  Armand	  for	  permission	  to	  use	  the	  new	  BIGSS	  lab	  computer	  
–  Fallback	  is	  to	  use	  personal	  computers	  



Management	  Plan:	  Basics	  

•  Program	  Manager:	  Robert	  Grupp	  
•  Two	  Weekly	  Recurring	  Team	  Mee)ngs	  

–  More	  as	  needed	  

•  Weekly	  Recurring	  Mee)ng	  Scheduled	  with	  Dr.	  Otake	  
–  Mee)ngs	  with	  Dr.	  Taylor,	  Dr.	  Armand,	  and	  Ryan	  Murphy	  as	  needed	  

•  Source	  Code	  and	  Document	  Control	  via	  LCSR	  Git	  Lab	  



Management	  Plan:	  Key	  Milestones	  

•  March	  2:	  All	  data	  obtained	  and	  pre-‐processed	  as	  needed	  
•  March	  10:	  Manual	  segmenta)on	  of	  all	  images	  complete	  
•  March	  12:	  Deformable	  registra)on	  for	  atlas	  crea)on	  complete	  
•  March	  21:	  Ini)al	  atlas	  created	  and	  evaluated	  
•  April	  2:	  Extrapola)on	  algorithm	  complete	  and	  evaluated	  

–  Minimum	  deliverables	  achieved	  
•  April	  13:	  Bootstrapped	  atlas	  created	  and	  evaluated	  
•  April	  13:	  Compa)bility	  metric	  between	  donor	  and	  pa)ent	  complete	  

–  Expected	  deliverables	  achieved	  
•  April	  25:	  Surgical	  planning	  tool	  design	  complete	  
•  May	  1:	  Future	  system	  architecture	  complete	  

–  Maximum	  deliverables	  achieved	  
•  May	  9:	  Poster	  session	  



2/09	   2/16	   2/23	   3/02	   3/09	   3/16	   3/23	   3/30	   4/06	   4/13	   4/20	   4/27	   5/04	   5/09	  

Obtain	  Ini/al	  Data	  

Obtain	  Addi/onal	  Data	  

Choose	  Pa/ent	  Image	  

Research	  Def.	  Reg.	  For	  Atlas	  

Manual	  Image	  Seg.	  

Seminar	  Presenta/on	  

Choose	  Atlas	  Template	  Image	  

Perform	  Def.	  Reg.	  For	  Atlas	  

Ini/al	  PCA	  on	  Meshes	  

Perform	  Def.	  Sur.	  Reg.	  to	  Atlas	  

Evaluate	  Atlas	  

Develop	  Extrapola/on	  

Evaluate	  Extrapola/on	  

Bootstrapped	  Atlas	  Development	  

Develop	  Donor	  Evalua/on	  Metric	  

Research	  and	  Design	  Surgical	  Planning	  

Design	  Future	  System	  Architecture	  

Final	  Report,	  Poster	  

Min.	  Deliverable,	  Segmenta;on	  

Min.	  Deliverable,	  Deformable	  Registra;on	  for	  Atlas	  

Min.	  Deliverable,	  Ini;al	  Atlas	  

Min.	  Deliverable,	  Extrapola;on	  

Exp.	  Deliverable,	  Bootstrapped	  Atlas	  

Poster	  Session	  

Exp.	  Deliverable,	  Donor	  Evalua;on	  Method	  

Max.	  Deliverable,	  Surgical	  Planning	  

Max.Del.,	  Future	  System	  Arch.	  

Management	  Plan:	  Detailed	  Task	  Schedule	  



Reading	  List	  

•  Craniofacial	  Surgery	  Background	  
–  James	  A.	  McNamara	  Jr.,	  A	  method	  of	  cephalometric	  evalua)on,	  American	  Journal	  of	  

Orthodon)cs,	  Volume	  86,	  Issue	  6,	  December	  1984,	  Pages	  449-‐469.	  
–  F.	  V.	  Ten).,	  Cephalometric	  analysis	  as	  a	  tool	  for	  treatment	  planning	  and	  evalua)on,	  Eur	  J	  

Orthod	  (1981)	  3	  (4):	  241-‐245.	  
–  Cuong,	  Court	  M.D.,	  et	  al.,	  Three-‐Dimensional	  Computer-‐Assisted	  Design	  of	  Craniofacial	  

Surgical	  Procedures:	  Op)miza)on	  and	  Interac)on	  with	  Cephalometric	  and	  CT-‐Based	  
Models.	  Plas)c	  \&	  Reconstruc)ve	  Surgery.	  77(6):877-‐885,	  June	  1986.	  

–  Gordon,	  Chad	  R.	  DO,	  et	  al.,	  The	  Cleveland	  Clinic	  FACES	  Score:	  A	  Preliminary	  Assessment	  
Tool	  for	  Iden)fying	  the	  Op)mal	  Face	  Transplant	  Candidate.	  Journal	  of	  Craniofacial	  
Surgery.	  20(6):1969-‐1974,	  November	  2009.	  

–  Chopra,	  Karan	  MD,	  et	  al.,	  Clinical	  Applica)on	  of	  the	  FACES	  Score	  for	  Face	  
Transplanta)on.	  Journal	  of	  Craniofacial	  Surgery.	  25(1):	  64-‐69,	  January	  2014.	  

–  Gordon,	  Chad	  R.	  DO,	  et	  al.,	  The	  World's	  Experience	  With	  Facial	  Transplanta)on:	  What	  
Have	  We	  Learned	  Thus	  Far?	  Annals	  of	  Plas)c	  Surgery.	  63(5):572-‐578,	  November	  2009.	  

–  Gordon,	  Chad	  R.	  DO,	  et	  al.,	  Le	  Fort-‐Based	  Maxillofacial	  Transplanta)on:	  Current	  State	  of	  
the	  Art	  and	  a	  Refined	  Technique	  Using	  Orthognathic	  Applica)ons.	  Journal	  of	  Craniofacial	  
Surgery.	  23(1):81-‐87,	  January	  2012.	  



Reading	  List	  (cont.)	  

•  Atlas	  Crea/on	  
–  T.F.	  Cootes,	  et	  al.,	  Ac)ve	  Shape	  Models-‐Their	  Training	  and	  Applica)on,	  

Computer	  Vision	  and	  Image	  Understanding,	  Volume	  61,	  Issue	  1,	  January	  1995,	  
Pages	  38-‐59.	  

–  Chintalapani,	  Gouthami,	  et	  al.,	  Sta)s)cal	  Atlases	  of	  Bone	  Anatomy:	  
Construc)on,	  Itera)ve	  Improvement	  and	  Valida)on,	  Medical	  Image	  
Compu)ng	  and	  Computer-‐Assisted	  Interven)on	  –	  MICCAI	  2007,	  
4791:499-‐506,	  2007.	  

–  Chintalapani,	  Gouthami.	  Sta)s)cal	  Atlases	  of	  Bone	  Anatomy	  and	  Their	  
Applica)ons.	  Thesis	  (Ph.	  D.)-‐-‐Johns	  Hopkins	  University,	  2010.	  

–  Sadowsky,	  O..	  Image	  registra)on	  and	  hybrid	  volume	  reconstruc)on	  of	  bone	  
anatomy	  using	  a	  sta)s)cal	  shape	  atlas.	  Thesis	  (Ph.	  D.)-‐-‐Johns	  Hopkins	  
University,	  2009.	  

–  Stefan	  Zachow,	  et	  al.,	  Reconstruc)on	  of	  mandibular	  dysplasia	  using	  a	  
sta)s)cal	  3D	  shape	  model,	  Interna)onal	  Congress	  Series,	  Volume	  1281,	  May	  
2005,	  Pages	  1238-‐1243.	  



Reading	  List	  (cont.)	  

•  Deformable	  Registra/on	  (for	  Atlas	  Crea/on)	  
–  So)ras,	  A.,	  et	  al.,	  Deformable	  Medical	  Image	  Registra)on:	  A	  Survey,	  Medical	  Imaging,	  

IEEE	  Transac)ons	  on	  ,	  vol.32,	  no.7,	  pp.1153,1190,	  July	  2013.	  
–  Brian	  B.	  Avants,	  et	  al.,	  A	  reproducible	  evalua)on	  of	  ANTs	  similarity	  metric	  performance	  

in	  brain	  image	  registra)on,	  NeuroImage,	  Volume	  54,	  Issue	  3,	  1	  February	  2011,	  Pages	  
2033-‐2044.	  

•  Surface	  Interpola/on	  
–  Bookstein,	  Fred	  L.,	  Principal	  warps:	  thin-‐plate	  splines	  and	  the	  decomposi)on	  of	  

deforma)ons,	  PaWern	  Analysis	  and	  Machine	  Intelligence,	  IEEE	  Transac)ons	  on	  ,	  vol.11,	  
no.6,	  pp.567,585,	  Jun	  1989.	  

–  Kazhdan,	  Michael,	  et	  al.,	  Poisson	  surface	  reconstruc)on.	  In	  Proceedings	  of	  the	  fourth	  
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