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ORGAN	  MOTION	  IN	  RADIATION	  ONCOLOGY	  

-‐  respiratory	  mo9on	  
-‐ pseudo-‐regular	  moFon	  –	  predictable	  in	  a	  short	  
interval	  (50-‐500	  ms)	  

-‐ skeletal-‐muscular	  mo9on	  	  
-‐  irregular	  moFon	  –	  can	  be	  controlled	  

-‐ cardiac	  mo9on	  
-‐  	  (pseudo-‐)regular	  moFon	  –	  generally	  not	  explicitly	  
accounted	  for	  in	  RT	  	  

-‐ gastrointes9nal	  mo9on	  
-‐ unpredictable	  –	  can	  be	  partly	  limited	  

-‐ genitourinary	  system	  –	  e.g.	  bladder	  filling	  
-‐  large	  displacements	  -‐	  can	  be	  partly	  limited	  



RESPIRATORY	  MOTION	  IN	  RADIATION	  ONCOLOGY	  



RESPIRATORY	  MOTION	  –	  organs	  that	  move	  with	  
respira9on	  
SHALLOW	  BREATHING	  RANGE	  OF	  MOTION	  

-‐ lung	   	   	   	  up	  to	  50	  mm	  
-‐ esophagus	  
-‐ liver	   	   	   	  up	  to	  40	  mm	  
-‐ pancreas	   	   	   	  up	  to	  35	  mm	  
-‐ breast	  
-‐ prostate	  (!)	  
-‐ kidneys 	   	   	  up	  to	  40	  mm	  
-‐ …	  



RESPIRATORY	  MOTION	  IN	  RADIATION	  ONCOLOGY	  



RESPIRATORY	  MOTION	  IN	  RADIATION	  ONCOLOGY	  



SOURCES	  OF	  INFORMATION	  –	  RESPIRATORY	  MOTION	  

-‐ radiography	  (e.g.	  double	  exposure	  or	  cine)	  

-‐ fluroscopy	  (with	  or	  without	  fiducial	  markers)	  

-‐ ultrasound	  

-‐ CT	  and	  4D-‐CT	  (amplitude-‐	  or	  phase-‐based	  /	  
prospecOve	  or	  retrospecOve	  /	  …)	  

-‐ MR	  and	  4D-‐MR	  

-‐ PET	  and	  4D-‐PET	  



MITIGATION	  OF	  MOTION	  AND	  MOTION	  IRREGULARITY	  

-‐ paOent	  training	  
-‐ audiovisual	  feedback	  
-‐ oxygen	  administraOon?	  

R	   George	   et	   al.,	   “Audio-‐visual	   biofeedback	   for	   respiratory-‐gated	   radiotherapy:	   Impact	   of	   audio	   instrucOon	   and	   audio-‐visual	  
biofeedback	  on	  respiratory-‐gated	  radiotherapy”,	  Int	  J	  Rad	  Onc	  Biol	  Phys	  65,	  924-‐933	  (2006)	  

Air O2

Breath	  Hold	  time	  (sec) 20	  (11-‐40) 100	  (85-‐230)

%	  O2 Pre	  BH 95%	  (90-‐97) 100%

%O2 After	  BH 94%(90-‐97) 100%

M	  Romano,	  C	  Cavedon,	  A	  Porcaro,	  M	  Palazzi,	  M	  Gabbani,	  N	  
Marciai,	  A	  D’Amico,	  S	  Dall’Oglio,	  F	  Pioli,	  MG	  Giri,	  A	  Grandineb,	  	  
“Does	  pre-‐radiaOon	  oxygen	  breathing	  prolong	  deep	  inspiraOon	  
breath	  hold?”	  ASTRO	  meeOng	  2013	  



RESPIRATORY	  MOTION	  –	  5	  MAJOR	  STRATEGIES	  FOR	  
MANAGEMENT	  

-‐ mo9on	  encompassing	  techniques	  

-‐ respiratory-‐ga9ng	  techniques	  

-‐ breath-‐hold	  techniques	  	  

-‐ forced	  shallow-‐breathing	  techniques	  

-‐ respira9on-‐synchronized	  techniques	  (tracking)	  



RESPIRATORY	  MOTION	  -‐	  IMPLICIT	  MANAGEMENT	  	  

-‐ mo9on	  encompassing	  techniques	  
-‐ concept:	  treat	  the	  whole	  volume	  defined	  by	  
the	  envelope	  of	  posiFons	  during	  respiraFon	  

-‐ ITV	  =	  internal	  target	  volume	  (ICRU	  62)	  =	  CTV+IM	  



MOTION	  ENCOMPASSING	  –	  EXAMPLE	  -‐	  expira9on	  



MOTION	  ENCOMPASSING	  –	  EXAMPLE	  -‐	  inspira9on	  



RESPIRATORY	  MOTION	  –	  EXPLICIT	  MANAGEMENT	  	  

-‐ respiratory	  ga9ng	  techniques	  
-‐ concept:	  treat	  only	  when	  the	  target	  is	  	  within	  
the	  “gaFng	  window”	  
-‐ volume	  /	  normal	  Fssue	  preservaFon	  	  
-‐ long	  treatment	  Fmes	  



RESPIRATORY	  GATING	  –	  EXAMPLE	  



RESPIRATORY	  GATING	  
-‐	  surrogate	  signal	  needed	  to	  describe	  moOon	  in	  real	  Ome	  



RESPIRATORY	  GATING	  –	  need	  for	  surrogate	  signal	  
-‐ 	  possible	  inaccuracy	  from	  the	  relaOon	  between	  

tumor	  moOon	  and	  surrogate	  	  signal	  



RESPIRATORY	  MOTION	  –	  EXPLICIT	  MANAGEMENT	  	  

-‐ respiratory	  tracking	  (synchronized)	  techniques	  
-‐ concept:	  redirect	  beam	  to	  the	  target	  posiFon	  
in	  real	  Fme	  
-‐ volume	  /	  normal	  Fssue	  AND	  treatment	  Fme	  
preservaFon	  



RESPIRATORY	  MOTION	  –	  EXPLICIT	  MANAGEMENT	  	  

-‐ respiratory	  tracking	  (synchronized)	  techniques	  



RESPIRATORY	  TRACKING	  

-‐ need	  for	  4D	  PLANNING	  

-‐ planning	  on	  one	  phase	  does	  
not	  guarantee	  dosimetric	  
accuracy	  on	  nearby	  Ossues	  

-‐ 4D	  planning	  requires	  a	  
complete	  descripOon	  
of	  the	  respiratory	  
phase	  (e.g.	  4DCT	  –	  see	  
below)	  



MOTION	  CONTROL	  IN	  IMAGING	  FOR	  TREATMENT	  
PLANNING	  AND	  TREATMENT	  VERIFICATION	  

-‐ need	  for	  temporal	  coherence	  between	  imaging	  for	  
treatment	  planning	  and	  treatment	  administraOon	  

-‐ imaging	  shall	  describe	  the	  treatment	  condi9on	  

-‐ quan9ta9ve	  imaging	  (e.g.	  BTV	  based	  on	  SUV	  map)	  
shall	  account	  for	  moOon	  in	  order	  to	  avoid	  
quan9fica9on	  errors	  



MOTION	  CONTROL	  IN	  IMAGING	  FOR	  TREATMENT	  
PLANNING	  AND	  TREATMENT	  VERIFICATION	  

-‐ effect	  of	  moOon	  on	  a	  
free-‐breathing	  paOent	  
(CT	  lek)	  and	  at	  exhale	  
(right)	  

-‐ staOc	  sphere	  seen	  at	  CT	  
(lek)	  and	  effect	  of	  
sinusoidal	  moOon	  
(right)	  



4D-‐CT:	  principle	  



4D-‐CT:	  modes	  of	  opera9on	  

-‐ prospec9ve	  acquisiOon	  
-‐ x-‐ray	  on	  only	  in	  the	  phase	  chosen	  for	  acquisiOon	  (e.g.	  
full	  exhale)	  

-‐ dose	  sparing	  –	  limited	  informaOon	  
-‐ useful	  e.g.	  in	  breath-‐hold	  treatment	  

-‐ retrospec9ve	  sorOng	  
-‐  redundant	  acquisiFon	  –	  “a	  posteriori”	  sorFng	  
-‐ higher	  dose	  –full	  informaOon	  
-‐ necessary	  e.g.	  for	  4D	  planning	  and	  to	  esOmate	  the	  
full	  envelope	  of	  posiOons	  –	  tumor	  trajectory	  	  



4D-‐CT:	  how	  to	  use	  the	  informa9on	  

-‐ informaOon	  from	  4D-‐CT	  used	  for	  planning	  shall	  
be	  coherent	  with	  the	  delivery	  technique,	  e.g.:	  

-‐  free-‐breathing	  treatment	  =>	  MIP	  or	  other	  method	  to	  
esFmate	  envelope	  of	  posiFons	  

-‐ gaFng	  and	  breath-‐hold:	  use	  the	  phase(s)	  that	  will	  be	  
used	  to	  treat	  

-‐  tracking:	  use	  all	  informaFon	  for	  4D	  planning	  
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Courtesy Mihaela Rosu, Virginia Commonwealth Univ. 

4D-‐CT:	  how	  many	  phases?	  



4D-‐MR:	  methods	  
-‐ 4D-‐MR	  is	  less	  frequently	  used	  for	  RT	  treatment	  
planning	  than	  4D-‐CT	  

-‐ Breath-‐hold	  
-‐  long	  acquisiOon	  Omes	  
-‐  poor	  reproducibility	  
-‐  dynamic	  behaviour	  might	  be	  poorly	  described	  in	  breath-‐hold	  

-‐ Cine-‐MR	  /	  Echo	  Planar	  Imaging	  (SSh,	  EPI,	  …)	  
-‐  poor	  spaOal	  resoluOon	  
-‐  arOfacts	  at	  Ossue	  interfaces	  

-‐ 4D-‐MR	  -‐	  sor9ng	  
-‐  external	  surrogate:	  volume,	  strain-‐gauge,	  IR	  markers	  …	  
-‐  internal	  surrogate:	  pencil-‐beam	  excitaOon,	  2D	  slice-‐stacking	  
-‐  generally	  available	  as	  phase-‐based	  (limited	  TR	  =>	  limited	  T2	  

weighOng)	  



4D-‐MR:	  methods	  

-‐  “navigator”	  saginal	  slice	  
-‐  sorOng	  based	  on	  diaphragm	  
posiOon	  and	  vascular	  details	  

-‐  axial	  slice	  acquisiOon	  at	  2.8	  Hz	  
-‐  acquisiOon	  Ome	  ~	  1h	  (200	  
frames/slice)	  

-‐  very	  good	  temporal	  resoluOon	  
-‐  generates	  deformaOon	  maps	  that	  
can	  be	  used	  in	  CT	  etc.	  

-‐  potenOally	  useful	  for	  dose	  tracking	  
in	  treatment	  adaptaOon	  

-‐  sensiOve	  to	  breathing	  irregulariOes	  
-‐  not	  clinically	  available	  yet	  with	  full	  
funcOonality	  

M von Siebenthal et al., “”4D MR imaging of respiratory organ motion and its variability”, Phys. Med. Biol. 52, 1547-1564 (2007) 



4D-‐MR:	  methods	  

-‐  4D-‐MRI	  in	  RT	  is	  constantly	  growing	  
-‐  generally	  phase-‐based	  triggering	  =>	  T1-‐weighOng	  only	  (limited	  TR	  –	  
comparable	  to	  breathing	  cycle	  =>	  non	  applicable	  to	  new	  quanOtaOve	  
techniques)	  

-‐  recent	  studies	  on	  amplitude-‐based	  triggering	  (strain	  gauge)	  =>	  T2	  weighOng	  	  

max expiration max inspiration 

Y Hu, SD Caruthers, DA Low, PJ Parikh, S Mutic, “Respiratory Amplitude Guided 4-Dimensional Magnetic Resonance Imaging”, 
Int J Radiation Oncol Biol Phys, Vol. 86, No. 1, pp. 198e204 (2013) 



PET-‐CT:	  quan9ta9ve	  imaging	  
-‐  reference	  volumes	  based	  on	  SUV	  

(18F-‐FDG)	  
-‐  imaging	  of	  hypoxia	  (18F-‐MISO,	  64Cu-‐

ATSM,	  …)	  
-‐  cell	  proliferaOon	  (18F-‐FLT)	  
-‐  transport	  of	  amino	  acids	  –	  synthesis	  

of	  proteins	  (18F-‐FET)	  
-‐  neo-‐angiogenesis	  
-‐  …	  

=>	  dose-‐painFng	  by	  numbers?	  

example	   of	   18F-‐MISO	   PET-‐CT	   –	  
accumulaOon	   in	   hypoxic	   areas	  
(NSCLC	  –	  animal	  model)	  
T	   Huang	   et	   al.,	   “18F-‐misonidazole	   PET	   imaging	   of	   hypoxia	   in	  
micrometastases	   and	   macroscopic	   xenograks	   of	   human	   non-‐
small	   cell	   lung	   cancer:	   a	   correlaOon	   with	   autoradiography	   and	  
histological	   findings”,	   Am	   J	   Nucl	   Med	   Mol	   Imaging	   2013;3(2):
142-‐153	  

example	   of	   18F-‐FLT	   PET-‐CT	   –	  
evidence	  of	  cell	  proliferaOon	  areas	  	  
W	   Yang	   et	   al.,	   “Imaging	   proliferaOon	   of	   18F-‐FLT	   PET/CT	  
correlated	  with	  the	  expression	  of	  microvessel	  density	  of	  tumour	  
Ossue	   in	   non-‐small-‐cell	   lung	   cancer”,	   Am	   J	   Nucl	   Med	   Mol	  
Imaging	  2013;3(2):142-‐153	  



THE	  EFFECT	  OF	  MOTION	  ON	  SUV	  VALUES	  
	  

-‐  SUVmax	  in	  expiraOon	  as	  a	  funcOon	  of	  the	  number	  of	  phase-‐bins	  

-‐  excursion	  19	  mm	  

-‐  SUVmax=1.8	  non-‐
gated	  

-‐  SUVmax	  =6.1	  @9ph	  



4D-‐PET-‐CT	  –	  INSTRUMENTS	  (ga$ng)	  
	  
-‐ ga9ng	  –	  4D	  PET-‐CT	  
-‐ surrogate	  signal:	  
-‐  opFcal	  
-‐  “strain-‐gauge”	  belt	  
-‐  “Fdal	  volume”	  measurement	  
-‐  thermometry	  
-‐  …	  
-‐ phase-‐based	  gaOng	  
-‐ prospecOve	  or	  retrospecOve	  CT	  

-‐ loss	  of	  SNR	  compared	  to	  uncontrolled	  
acquisiOon	  



4D-‐PET-‐CT	  –	  INSTRUMENTS	  (ga$ng)	  

-‐  above:	  free-‐breathing	  uncontrolled	  
acquisiOon	  

-‐  lower	  lek:	  “gated”	  acquisiOon	  -‐	  max	  
inspira9on	  

-‐  lower	  right:	  “gated”	  acquisiOon	  max	  
expira9on	  



C	  Gianoli,	  G	  Fontana,	  M	  Riboldi,	  C	  Cavedon,	  G	  Baroni,	  “Enhanced	  4D	  PET	  opFmizaFon	  based	  on	  4D	  CT	  moFon	  modeling”,	  ESTRO	  Anniversary	  
MeeFng,	  London,	  May	  2011	  

4D-‐PET-‐CT	  –	  INSTRUMENTS	  (virtual	  4D-‐CT)	  



C Gianoli, G Fontana, M Riboldi, C Cavedon, G Baroni, “Enhanced 4D PET optimization based on 4D CT motion modeling”, 
ESTRO Anniversary Meeting, London, May 2011 

-‐  4D	  PET	  Ome	  series	  	  -‐	  
gated	  acquisiOon	  

-‐  virtual	  4D	  PET	  

-‐  open	  issues:	  
-‐  how	  to	  recover	  loss	  of	  signal	  due	  to	  moFon	  blurring	  (models?)	  
-‐  difficult	  management	  and	  control	  of	  the	  deformable	  registraOon	  

technique	  (e.g.	  at	  lung-‐chest	  wall	  interface)	  
	  

4D-‐PET-‐CT	  –	  INSTRUMENTS	  (virtual	  4D-‐CT)	  



C Chan, X Jin, EK Fung, M Naganawa, 
T Mulnix, RE Carson, C Liu, “Event-by-
event respiratory motion correction for 
PET with 3D internal-1D external 
motion correlation”, Med. Phys. 40, 
112507 1-13 (2013) 

	  3D	  event-‐by-‐event	  moFon	  compensaFon	  

-‐  8-‐phase	  ga9ng	  (=>	  poor	  SNR)	  
-‐  segmentaOon	  –calculaOon	  of	  organ	  COMs	  
-‐  acquisiOon	  of	  surrogate	  signal	  at	  40	  Hz	  
-‐  =>	  moOon	  model	  of	  COMs	  
-‐  =>	   used	   to	   compensate	   for	   mo9on	   in	   list-‐

mode	  reconstrucOon	  
-‐  below:	   first	   example	   of	   event-‐by-‐event	  

reconstrucOon	   applied	   to	   18F-‐MISO	   map	   of	  
hypoxia	  	  

4D-‐PET-‐CT	  –	  INSTRUMENTS	  (mo$on	  compensa$on)	  



EXPERIMENTAL	  VALIDATION	  –	  VERIFICATION	  

-‐  use	  of	  programmable	  mo9on	  phantoms	  (recommended	  -‐	  AAPM	  TG76)	  

-‐  capable	  of	  simulaOng	  realis9c	  mo9on	  paferns	  (ideally,	  real-‐paOent	  
moOon)	  

-‐  capable	  of	  reproducing	  both	  tumor	  mo9on	  and	  surrogate	  mo9on	  



-‐  available	  for	  4D-‐CT	  
-‐  inserts	  and	  accessories	  for	  PET-‐CT	  easily	  found	  (or	  custom-‐
made)	  

-‐  3D	  mo9on	  difficult	  to	  reproduce	  in	  full	  detail	  
-‐  MR-‐compa9ble	  instruments	  not	  easily	  found	  

EXPERIMENTAL	  VALIDATION	  –	  VERIFICATION	  



-‐  analisys	  and	  tests	  on	  system	  logfiles	  

-‐  consistency	  checks	  (e.g.	  volume	  preservaOon	  
of	  solid	  tumors	  in	  different	  respiratory	  
phases)	  

-‐  expert	  judgment	  definitely	  required	  

EXPERIMENTAL	  VALIDATION	  –	  VERIFICATION	  



	  	  
anatomical	  

region	  affected	  
by	  resp.	  moOon	  

AND	  
paOent	  can	  
tolerate	  
procedure	  

standard	  PET-‐CT	  
planning	  
procedure	  

esOmaOon	  of	  
lesion	  excursion	  

standard	  PET-‐CT	  
planning	  
procedure	  

4D-‐PET-‐CT	  
RPM	  5	  phases	  

ph(3)	  
max	  expiraOon	  

ph(n)	  :	  
dmax(PTV-‐OAR)	  

BTV	  =>	  PTV	  

yes 

no 

≥ 5 mm 

< 5mm 
no close 
proximity 
to OAR 

close proximity 
to OAR 

Example	  of	  decision-‐tree	  -‐	  4D-‐PET-‐CT	  for	  RT	  planning	  



TAKE	  HOME	  MESSAGES	  
	  
1.  tumor/organ	  mo9on	  shall	  always	  be	  considered	  and	  
accounted	  for,	  but	  an	  explicit	  management	  is	  not	  always	  
necessary	  

2.  explicit	  methods	  of	  moOon	  management	  might	  prolong	  
treatment	  Ome	  and/or	  introduce	  significant	  uncertainOes	  
(e.g.	  of	  dose	  to	  OARs)	  

3.  temporal	  coherence	  is	  necessary	  between	  imaging	  used	  
for	  planning	  and	  treatment	  administraOon	  technique	  

4.  valida9on	  –	  experimental	  verifica9on	  is	  necessary	  
when	  implemenOng	  a	  moOon-‐management	  program	  
(including	  easily-‐performed	  consistency	  tests)	  

5.  balance	  between	  accuracy	  and	  clinical	  applicability	  
must	  be	  considered	  


