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10 .3 .1  I n te ra c tiv e  D is ta n c e  M e a s u re m e n t  3 7 1

1 0 .3 .2  E s tim a tio n  o f  Q u a n ti ta t iv e  V alues 3 7 3

1 0 .4  A u to m a tic  D is ta n c e  M e a s u re s  3 7 6
1 0 .4 .1  B o u n d in g  V o lu m e s  a n d  S p a tia l T rees  f o r  D is ta n c e  C o m p u ta t io n  3 7 6

1 0 .4 .2  E ffic ien t a n d  F le x ib le  D is ta n c e  C o m p u ta t io n  3 7 8

1 0 .4 .3  C lin ic a l E x a m p le s  381
1 0 .4 .4  M e a s u r in g  th e  E x te n ts  o f  O b je c ts  381

1 0 .5  A n g u la r  M e a s u re m e n ts  3 8 4
10 .5 .1  M e a s u re m e n t  o f  A n g le s  B e tw e e n  E lo n g a te d  O b je c ts  3 8 4

1 0 .5 .2  M ed ic a l A p p lic a tio n s  3 8 5

1 0 . 6  M e a s u re m e n ts  i n  V ir tu a l R e a lity  3 8 7
10 .7  L a b e lin g  2 D  a n d  3D  M ed ic a l V is u a liz a t io n s  3 8 7

1 0 .7 .1  In te rn a l  L a b e lin g  o f  3 D  M ed ic a l S u rface  M o d e ls  3 9 0

1 0 .7 .2  E x te rn a l L a b e lin g  391

1 0 .7 .3  L a b e lin g  S lic e -B ased  V is u a liz a t io n s  3 9 4

1 0 . 8  S u m m a ry  3 9 7

P A R T  III A D V A N C E D  M E D IC A L  V ISU A LIZA TIO N  T E C H N IQ U E S

1 1  V ISU A LIZA TIO N  O F V A SC U LA R  S T R U C T U R E S  4 0 1
1 1 . 1 I n tr o d u c t io n  4 0 1

1 1 .2  E n h a n c in g  V ascu la r S tru c tu re s  4 0 2
1 1 .2 .1 E m p h a s is  o f  E lo n g a te d  S tru c tu re s  4 0 2

1 1 .2 .2  B o n e  R em o v a l 4 0 3

1 1 .3  P ro je c tio n -B a se d  V isu a liz a tio n  4 0 5
1 1 .3 .1  M a x im u m  In te n s i ty  a n d  C lo se s t Vessel P ro je c tio n  4 0 5

1 1.3 .2  M a x im u m  In te n s i ty  D iffe re n c e  A c c u m u la t io n  4 0 7



CO N TE N TS

1 1.3 .3  C u rv e d  P la n a r  R e fo rm a tio n  4 0 8

1 1 .4  V essel A n a ly s is  4 1 2

I 1 .4 .1 V essel S e g m e n ta t io n  4 1 2

1 1 .4 .2  S k e le to n iz a tio n  a n d  G ra p h  A n aly sis  4 1 4

1 1 .4 .3  D ia m e te r  E s tim a t io n  4 1 8

1 1 .5  M o d e l-B a se d  S u rfa c e  V isu a liz a tio n  4 19

I 1 .5 .1  R e c o n s t ru c t io n  w i th  C y lin d e rs  a n d  T ru n c a te d  C o n e s  4 2 0

I 1 .5 .2  V is u a liz a t io n  w i th  P a ra m e tr ic  a n d  S u b d iv is io n  S u rfaces  4 2 4

I 1 .5 .3  Im p l ic i t  R e c o n s t ru c t io n  o f  V ascu lar T re es  4 2 5

1 1 .6  M o d e l-F re e  S u rfa c e  V isu a liz a tio n  4 3 2

1 1 .6 .1  S m o o th in g  S u rface  V isu a liz a tio n s  4 3 2

1 1 .6 .2  V isu a liz a tio n  w i th  M P U  Im p l ic i ts  4 3 2

1 1 .6 .3  Im p l ic i t  R e c o n s t ru c t io n  w i th  S w e e p in g  4 3 6

1 1 .7  V essel V is u a liz a t io n  fo r  D ia g n o s is  4 3 8

1 1 .7 .1  D ia g n o s is  o f  C e re b ra l A n e u ry s m s  a n d  A r te r io -V e n o u s  M a lfo rm a tio n s  4 4 0
1 1 .7 .2  D ia g n o s i s o f th e C o r o n a r y H e a r tD is e a .s e  4 4 5

1 1 .7 .3  M u ltip le  C o o rd in a te d  V iew s  4 4 8

1 1.8  S u m m a ry  4 4 8

ILLUSTRATIVE M E D IC A L  V ISU A LIZA TIO N  4 5 1
I 2 . 1 In tro d u c tio n  4 S I

12 .2  M ed ic a l A p p lic a tio n s  4 5 3

12 .3  C u rv a tu re  A p p ro x im a tio n  4 5 4

12 .3 .1  C u rv a tu re -R e la te d  M e a s u re s  4 5 5

1 2 .3 .2  C u rv a tu re  E s tim a tio n  fo r  I llu s tra tiv e  V isu a liz a tio n  4 5 6
12 .4  A n  In tr o d u c t io n  to  F e a tu re  L in es  4 5 7

12 . 4 . 1 A n  O v e rv ie w  o f  F e a tu re  L in es  4 5 8

12 .4 .2  G e n e ra l A sp e c ts  o f  F e a tu re  L in e  R e n d e r in g  4 5 9

1 2 .5  G e o m e try - D e p e n d e n t  F e a tu re  L in es  4 6 2

1 2 .5 .1  S ilh o u e tte  G e n e ra t io n  4 6 2

1 2 .5 .2  C re a se  L in es  4 6 7

1 2 .5 .3  R id g e  a n d  V alley L in es  4 6 8

1 2 .5 .4  S u g g e s tiv e  C o n to u r s  4 7 1

1 2 .5 .5  A p p a re n t R id g e s  4 7 2

1 2 .5 .6  S tre a m lin e -B a s e d  Illu s tra tiv e  R e n d e r in g  4 7 4

1 2 .6  L ig h t-D e p e n d e n t F e a tu re  L in es  4 7 6

1 2 .6 .1  L a p lac ian  L in es  4 7 6

1 2 .6 .2  P h o tic  E x tr e m u m  L in es  4 7 7

1 2 .6 .3  H ig h lig h t  L in es  4 8 0

1 2 .6 .4  D is c u s s io n  4 8 1

1 2 .7  S tip p l in g  4 8 2

12 .7 .1  E ssen tia l P a ra m e te rs  o f  S t ip p l in g  4 8 2

1 2 .7 .2  F ra m e -C o h e re n t  S tip p l in g  4 8 3

1 2 .8  H a tc h in g  4 8 5

1 2 .8 .1  C u rv a tu re -G u id e d  H a tc h in g  4 8 7



C O N T E N T S xiii

1 2 .8 .2  M o d e l-B a se d  H a tc h in g  o f  M u sc le s  a n d  V ascu la r S tru c tu re s  4 8 8

1 2 .8 .3  C o m b in a t io n  o f  C u rv a tu re  a n d  P re fe re n t ia l  D ire c t io n  4 9 0

1 2 .8 .4  H a tc h in g  V o lu m e  M o d e ls  4 9 1

1 2 .9  I l lu s tra tiv e  S h a d in g  4 9 2

1 2 .9 .1  S h a d in g  in  M e d ic a l T e x tb o o k s  4 9  3

1 2 .9 .2  R e a liz a tio n  o f  th e  E x te n d e d  S h a d in g  4 9 4

1 2 .9 .3  I l lu s tra tiv e  V is u a liz a t io n  o f  V ascu la r T re e s  4 9 7

1 2 .1 0  S m a r t  V is ib il i ty  5 0 0

1 2 .1 0 .1  C u ta w a y s  501
1 2 .1 0 .2  G h o s te d  V iew s  5 0 5

12 .11  C o n c lu s io n  5 0 7

1 3  V IRTU A L E N D O S C O P Y  5 0 9
І З .  I I n t r o d u c t io n  5 0 9

13 .2  M e d ic a l a n d T e c h n ic a l  B a c k g ro u n d  5 10

13 .3  P re p ro c e s s in g  5 1 3

1 3 .3 .1  P re p ro c e s s in g  W o rk flo w  5 1 3

1 3 .3 .2  P a th  P la n n in g  5 1 3

1 3 .4  R e n d e r in g  fo r  V ir tu a l E n d o s c o p y  5 1 5

1 3 .4 .1  In d i r e c t  V o lu m e  R e n d e r in g  5 1 5

I 3 .4 .2  D ire c t V o lu m e  R e n d e r in g  5 1 7

1 3 .4 .3  H y b r id  R e n d e r in g  5 1 8

1 3 .4 .4  A d v a n c e d  R e n d e r in g  5 1 8

1 3 .4 .5  G e o m e try  C u ll in g  5 1 8

1 3 .5  U s e r  In te r fa c e s  f o r  V ir tu a l E n d o s c o p y  521
1 3 .5 .1  C a m e ra  C o n tro l  a n d  N a v ig a tio n  5 2 2

1 3 .5 .2  V iew s  f o r  In te ra c tiv e  V ir tu a l E n d o s c o p y  5 2 3

1 3 .5 .3  G ra p h ic a l U s e r  In te r fa c e  5 2 4

1 3 .5 .4  I n p u t  D ev ic e s  5 2 4

1 3 .6  A p p lic a tio n s  5 2 5

1 3 .6 .1  V ir tu a l C o lo n o s c o p y  5 2 5

1 3 .6 .2  V irtu a l B ro n c h o s c o p y  5 2 9

1 3 .6 .3  V ir tu a l A n g io s c o p y  531
13 .6 .4  V ir tu a l E n d o s c o p y  fo r  M in im a lly - In v a s iv e  N e u ro s u rg e r y  5 3 3

1 3 .7  C o n c lu d in g  R e m a rk s  5 3 6

1 4  P R O JE C T IO N S  A N D  R E F O R M A T IO N S  (O n lin e  C h a p te r )  5 3 7  

P A R T  IV V ISU A LIZA TIO N  O F  H IG H -D IM E N S IO N A L  M E D IC A L  IM A G E  DATA

1 5  V ISU A LIZA TIO N  O F B R A IN  CO N N EC TIV ITY
1 5 I In tro d u c tio n

I 5 .2  A c q u is it io n  o f  C o n n e c tiv i ty  D ata

5 4 1
5 4 1 

5 4 3



xiv C O N T E N TS

1 5 -2 .1  EEG a n d  M E G  S 43

1 5 .2 .2  M a g n e tic  R e s o n a n c e  Im a g in g  5 4 3

1 S .2 .3  D if fu s io n  M RI 5 4 5

1 5 .2 .4  F u n c tio n a l M R I 5 4 7
1 5 .3  V is u a liz a t io n  o f  S tru c m ra l C o n n e c tiv i ty  5 4 7

1 5 .3 .1  S ca la r R e d u c t io n  5 4 8

1 5 .3 .2  G ly p h s  5 5 4

1 5 .3 .3  G lo b a l M u lti f ie ld  5 5 9

1 5 .4  V is u a liz a tio n  o f  C o n n e c tiv i ty  M a tr ic e s  5 7 9

1 5 .4 .1  N o n -S p a tia l  M e th o d s  5 8 0

1 5 .4 .2  S p a tia l M e th o d s  5 8 3
1 5 .5  S u m m a ry  5 8 7

1 6  V ISU A L EX PLO R A TIO N  A N D  A N A L Y SIS  O F P E R F U S IO N  DATA
[O n lin e  C h a p te r )  5 8 9

P A R T  V  T R E A T M E N T  P L A N N IN G , G U ID A N C E  A N D  TR A IN IN G

1 7  C O M P U T E R -A S S IS T E D  S U R G E R Y  5 9 3
17 . 1 In tr o d u c t io n  5 9 3

17 .2  G e n e ra l T asks 5 9 4

17 .3  V is u a liz a t io n  T e c h n iq u e s  5 9 5

1 7 .3 .1 V isu a l R e p re s e n ta t io n  5 9 6

1 7 .3 .2  I n te r a c t io n  5 9 8

1 7 .3 .3  S im u la tio n  5 9 8

1 7 .3 .4  Q u a n ti ta t iv e  V isu a liz a tio n  6 0 1

1 7 .4  G u id a n c e  A p p ro a c h e s  6 0 7

17 . 4 . 1 M e n ta l M o d e l 6 0 8

1 7 .4 .2  D o c u m e n ta t io n  6 0 9

17 .4 .3  Im a g e -B ased  G u id a n c e  6 I 0

17 .4 .4  M e c h a n ic a l G u id a n c e  6 1 0

I 7 .5  A p p lic a tio n  A reas  6 1 2

17 .5 . !  O ra l a n d  M ax illo fac ia l S u rg e ry  6 12

17 .5 .2  O r th o p e d ic  S u rg e ry  6 14
1 7 .5 .3  N e u ro s u rg e r y  6 1 6

1 7 .5 .4  H e p a t ic  S u rg e ry  621

1 7 .6  C o n c lu s io n s  6 2 3

1 8  IM A G E-G U ID ED  S U R G E R Y  A N D  A U G M E N T E D  REALITY 6 2 5
18 . 1 In tr o d u c t io n  6 2 5

18 .2  Im a g e -G u id e d  S u rg e ry  6 2 7

1 8 .2 .1 O v e rv ie w  o f  IG S A p p lic a tio n s  6 2 7

1 8 .2 .2  M e d ic a l A u g m e n te d  R e a lity  6 2 8



C O N T E N T S xv

1 8 .3  R e g is t r a tio n  6 3 0

1 8 .3 .1  T is s u e  D e fo rm a t io n  a n d  B ra in  S h if t 6 3 1

1 8 .3 .2  F id u c ia l-B a se d  R e g is t r a tio n  631

1 8 .3 .3  P o in t-B a se d  R e g is t r a tio n  6 3 3

1 8 .4  C a l ib r a t io n  a n d  T ra c k in g  6 3 4

1 8 .4 .1  C a lib ra t in g  I n s t r u m e n ts  6 3 4

1 8 .4 .2  C a m e ra  C a l ib ra t io n  6 3 7

1 8 .4 .3  O p tic a l T ra c k in g  6 3 9

1 8 .4 .4  E le c tro -M a g n e tic  T ra c k in g  6 4 0

1 8 .4 .5  S u m m a r y  641

1 8 .5  N a v ig a te d  C o n tr o l  641

1 8 .6  D isp lay  M o d e s  6 4 2

1 8 .6 .1  B r ie f  H is to ry  o f  M e d ic a l AR 6 4 3

1 8 .6 .2  O p tic a l  S e e - T h ro u g h  D isp lay s  6 4 4

1 8 .6 .3  V id e o  S e e -T h ro u g h  D isp lay s  6 4 5

1 8 .6 .4  A u g m e n te d  M ic ro s c o p e  D isp lay s  6 4 5

1 8 .6 .5  A u g m e n te d  R e a lity  W in d o w s  6 4 6

1 8 .6 .6  P ro je c tio n -B a se d  M ed ic a l A u g m e n te d  R ea lity  6 4 7

1 8 .7  V is u a liz a tio n  T e c h n iq u e s  fo r  M e d ic a l A u g m e n te d  R e a lity  6 4 8

1 8 .7 .1  T h e  O c c lu s io n  P ro b le m  o f  A u g m e n te d  R ea lity  6 4 8

1 8 .7 .2  D e p th  C u e s  in  A u g m e n te d  R e a lity  6 4 9
1 8 .7 .3  B asic V is u a liz a t io n  in  AR 6 5 0

1 8 .7 .4  S m a r t V is ib il ity  in  AR 651

1 8 .7 .5  I llu s tra tiv e  V is u a liz a t io n  in  AR 6 5 3

1 8 .7 .6  In te r a c t io n  in  th e  O R  6 5 4

1 8 .7 .7  C a lib ra te d  A u g m e n te d  R ea lity  E n d o s c o p e  6 5 7
1 8 .8  A p p lic a tio n s  6 5 7

1 8 .8 .1  W o rk flo w  A n a ly s is  f o r  M ed ic a l A u g m e n te d  R ea lity  6 5 7

1 8 .8 .2  N e u ro s u rg e ry  6 5 9

1 8 .8 .3  L iv e r  S u rg e ry  6 5 9

1 8 .8 .4  V a lid a tio n  a n d  C lin ica l E v a lu a t io n  6 6 1
1 8 .9  S u m m a r y  661

1 9  V ISU A L  EX PLO R A TIO N  O F S IM U L A T E D  A N D  M E A S U R E D
.  F L O W  DATA 6 6 5

19 . 1 I n t r o d u c t io n  6 6 5

19 .2  B asic  F lo w  V is u a liz a t io n  T e c h n iq u e s  6 6 6

1 9 .2 .1 D ire c t F lo w  V is u a liz a t io n  T e c h n iq u e s  6 6 6
1 9 .2 .2  F ea tu re -B ased  F lo w  V isu a liz a tio n  T e c h n iq u e s  6 6 7

1 9 .2 .3  T e x tu re -B ased  F lo w  V isu a liz a tio n  6 7 0

1 9 .2 .4  G e o m e try -B a s e d  F lo w  V is u a liz a t io n  M e th o d s  6 7 0

1 9 .2 .5  P a r ti t io n -B a se d  F lo w  V isu a liz a tio n  T e c h n iq u e s  6 7 3

l b . 2 . 6  E v a lu a tio n  o f  F lo w  V isu a liz a tio n  T e c h n iq u e s  6 7 4



xvi C O N T E N TS

1 9 .3  F ro m  M e d ic a l Im a g e  D a ta  t o  S im u la t io n  M o d e ls  6 7  5

19 .3 .1  S e g m e n ta t io n  a n d  M e s h in g  f o r  S im u la tio n  6 7  5

1 9 .3 .2  R e q u ir e m e n ts  f o r  S u rface  M e s h e s  6 7 6

1 9 .3 .3  G e n e ra t io n  o f  S u rface  M e s h e s  6 7 8

1 9 .3 .4  G e n e ra t io n  o fV o lu m e  G r id s  6 8 0

1 9 .4  V isual E x p lo ra tio n  o f  M e a s u re d  C a rd ia c  B lo o d  F lo w  6 8 4

19 .4 .1  M ed ic a l B a c k g ro u n d  6 8 4

1 9 .4 .2  Im a g e  A c q u is i t io n  6 8 5

1 9 .4 .3  P re p ro c e s s in g  C a rd ia c  B lo o d  F lo w  D a ta  6 8 7

1 9 .4 .4  Q u a n ti ta t iv e  A n a ly s is  6 8 8

1 9 .4 .5  V isu a l E x p lo ra tio n  6 8 9

1 9 .4 .6  I llu s tra tiv e  V isu a liz a tio n  T e c h n iq u e s  6 9 0
1 9 .4 .7  U n c e r ta in ty  V isu a liz a tio n  6 9 1

19 .5  E x p lo ra tio n  o f  S im u la te d  C e re b ra l B lo o d  F lo w  6 9 2

1 9 .5 .1  B lo o d  F lo w  S im u la t io n s  6 9 3

1 9 .5 .2  E x tra c tio n  o f  L a n d m a rk s  6 9 5
1 9 .5 .3  A n a to m y -G u id e d  F lo w  E x p lo ra tio n  6 9 7

1 9 .5 .4  L e n s-B a sed  I n te r a c t io n  7 0 0

1 9 .5 .5  V isu a liz a tio n  o f  V ascu la tu re  a n d  E m b e d d e d  F lo w  701

1 9 .5 .6  V ir tu a l S te n t in g  7 0 2

1 9 .5 .7  S o f tw a re  A ss is ta n t 7 0 4

1 9 .5 .8  V a lid a tio n  7 0 6

1 9 .5 .9  D is c u s s io n  7 0 6

1 9 .6  B io m e d ic a l S im u la t io n  a n d  M o d e lin g  7 0 7

1 9 .6 .1  B io m e c h a n ic a l S im u la tio n  in  O r th o p e d ic s  7 0 7

1 9 .6 .2  S im u la tio n  a n d  V isu a liz a tio n  f o r  P la n n in g  R a d io -F re q u e n c y  A b la tio n  7 0 9

1 9 .7  C o n c lu d in g  R e m a rk s  7 1 2

2 0  V ISU A L C O M P U T IN G  F O R  E N T  S U R G E R Y  P L A N N IN G  (O n lin e  C h a p te r )  7 1 5

2 1  C O M P U T E R -A S S IS T E D  M ED IC A L  ED U CA TIO N  (O n lin e  C h a p te r )  7 1 7

2 2  O U TLO O K  (O n lin e  C h a p te r )  7 1 9

R E F E R E N C E S  7 2 1
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