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I. Introduction	  
	  

Each	   year	   in	   France,	   355	   000	   new	   cases	   of	   cancer	   are	   diagnosed	   (based	   on	   data	   from	   2012,	  
report:	   INCa	   2015).	   As	   summarized	   in	   Figure	   1,	   the	  most	   frequent	   cancers	   in	   France	   for	  men	   and	  
women	  are,	   respectively,	   prostate	   (56	  800	   cases	   each	   year,	   28%)	   and	  breast	   cancer	   (48	  800	   cases	  
each	  year,	  31%).	  Each	  year,	  85	  000	  men	  and	  63	  000	  women	  die	  because	  of	  cancer	   (based	  on	  data	  
from	  2012,	  report:	  INCa	  2015).	  The	  most	  deadly	  cancers	  for	  men	  and	  women	  are,	  respectively,	  lung	  
and	  breast.	  Moreover,	  the	  relative	  5	  and	  10-‐year	  survival	  rates	  for	  lung	  cancer	  in	  men	  is	  significantly	  
lower	   (13%	   and	   9%,	   respectively)	   than	   those	   for	   breast	   cancer	   (86%	   and	   76%,	   respectively)	  
(Grosclaude	  et	  al.	  2013).	  	  

	  

	  
Figure	  1:	  Number	  of	  cancers	  diagnosed	  and	  number	  of	  deaths	  due	  to	  cancer	  each	  year	  in	  France.	  Prostate	  and	  
breast	  cancers	  represent	  the	  most	  diagnosed	  cancer	  in	  men	  and	  women,	  respectively	  The	  most	  deadly	  cancers	  
for	  men	   and	  women	   are,	   respectively,	   lung	   and	   breast	   cancers.	   These	   statistics	   refer	   to	   data	   through	   2012	  
(INCa	  2015)	  	  
	  
	  

As	  summarized	  in	  Figure	  2,	  important	  geographic	  inequalities	  exist	  in	  France	  in	  terms	  of	  cancer	  
mortality	   with	   fewer	   deaths	   per	   capita	   in	   the	   south	   than	   in	   the	   north.	   Geographic	   repartition	   of	  
mortality	  for	  men	  is	  much	  more	  strongly	  contrasted	  than	  for	  women.	  Epidemiological	  studies	  such	  as	  
the	   ones	   summarized	   in	   Figures	   1	   and	   2	   underline	   that	   both	   cancer	   incidence	   and	   mortality	   are	  
influenced	  by	   the	  gender-‐distribution	  and	   the	  geographical	   location	  of	  populations	   in	  France.	   Such	  
inequalities	   in	   the	   cancer	   incidence	   can	   hold	   clues	   regarding	   the	   factors	   contributing	   to	   cancer	  
development.	  Demographic	  differences	  in	  survival	  may	  also	  underline	  inequalities	  concerning	  access	  
to	  the	  diagnostic	  and	  therapeutic	  approaches	  that	  are	  most	  effective	  in	  the	  fight	  against	  cancer.	  	  
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Figure	  2:	  Geographic	   repartition	   of	  mortality	   due	   to	   cancer	   in	   France.	   The	  World	   Standardized	  Rate	   (WSR)	  
enables	  the	  comparison	  with	  other	  countrys.	  Adapted	  from	  (INCa	  2015).	  
	  
	  
Factors	  contributing	  to	  cancer	  development	  	  

	  
It	   can	   be	   very	   difficult	   to	   precisely	   determine	   the	   underlying	  mechanisms	   contributing	   to	   the	  

development	  of	  cancer	  in	  response	  to	  carcinogenic	  agents.	  Even	  though	  descriptions	  of	  the	  biological	  
processes	   are	   often	   not	   available,	   correlation	   and	  meta-‐analysis	   can	   be	   used	   to	   identify	   potential	  
carcinogens.	   Based	   on	   the	   precautionary	   principle,	   governments	   can	   then	   better	   regulate	  
carcinogens	   in	   the	  environment	   to	  protect	   their	   citizens.	   For	  example,	   the	  French	  government	  has	  
actively	  regulated	  tobacco	  and	  alcohol	  in	  an	  attempt	  to	  reduce	  cancers	  related	  to	  their	  consumption.	  

Environmental	   factors	   have	   been	   graded	   by	   the	   International	   Agency	   for	   Research	   on	   Cancer	  
(IARC)	   into	   three	  different	   categories	  depending	  on	   their	   level	  of	   risk1:	  proven	   (group	  1),	  potential	  
(group	  2A)	  or	  possible	  (group	  2B)	  carcinogen.	  	  For	  example,	  physical	  agents	  (e.g.	  ultraviolet	  radiation,	  
Group	  1	  (IARC	  2007);	  electromagnetic	  fields,	  Group	  2B	  (Inserm,	  2008,	  p889));	  chemicals	  (e.g.	  radon,	  
Group	   1	   (Catelinois	   et	   al.	   2007);	   atmospheric	   pollution,	   Group	   1	   (Loomis	   et	   al.	   2013);	   pesticides,	  
Group	   depending	   on	   chemical	   molecule	   (INCa	   2014));	   biological	   agents	   (endocrine	   disruptors:	  
benzo(a)pyrene,	   2,3,7,8-‐tetrachlorodibenzo-‐p-‐dioxin,	   Polychlorinated	   biphenyl…	   Group	   1	   (Cavalieri	  
et	  al.	  1988;	  De	  et	  al.	  2004;	  Fenichel	  et	  al.	  2013;	  Inserm	  2011;	  Kociba	  et	  al.	  1978);	  viruses)	  have	  been	  
shown	  to	  be	  associated	  with	  increased	  cancer	  incidence.	  	  
	  
Diagnosis	  and	  therapy	  
	  

The	  cancer	  plan	  launched	  in	  2014	  in	  France	  defines	  three	  main	  lines	  of	  battle:	  cure	  more	  people,	  
preserve	   continuity	   and	   quality	   of	   life	   of	   people	   suffering	   from	   cancer	   and,	   finally,	   invest	   in	  
prevention	  and	  in	  cancer	  research.	  	  The	  earlier	  a	  cancer	  is	  diagnosed,	  the	  better	  the	  chances	  are	  for	  
patient	   survival.	   The	   clinical	   armetarium	   for	   cancer	   diagnosis	   includes	   colonoscopy,	   biopsy,	   blood	  
sample	  analysis,	  ultrasonic	  imaging,	  computed	  tomography	  (CT),	  magnetic	  resonance	  imaging	  (MRI)	  
and	   positron	   emission	   tomography	   (PET).	   Improving	   the	   capacity	   of	   these	   techniques	   for	   earlier	  

                                            
1	  Additional	  description	  of	  groups	  and	  classifications	  of	  chemical	  substances	  can	  be	  found	  at	  the	  following	  link:	  
http://monographs.iarc.fr/ENG/Classification/index.php.	  
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diagnosis	   requires	   state-‐of-‐the-‐art	   devices	   and	   analysis	   procedures,	   use	   of	   validated	   and	  
standardized	  protocols	  and	  insuring	  wide-‐spread	  availability	  of	  the	  best	  practices.	  Numerous	  recent	  
advancements	   in	   preclinical	   and	   clinical	   research	   have	   contributed	   to	   provide	   a	  more	   precise	   and	  
complete	  characterization	  of	  tumors.	  As	  new	  aspects	  concerning	  the	  tumor	  are	  revealed,	  cancers	  can	  
potentially	  be	  detected	  earlier	  and	  followed	  more	  reliably	  throughout	  therapy.	  	  

As	  shown	  in	  Figure	  3	  the	  most	  common	  treatments	  used	  in	  the	  clinic	  are	  chemotherapy	  (use	  of	  
chemical	  substances),	  radiotherapy	  (ionizing	  radiation)	  and	  surgery.	  By	  designing	  techniques	  for	  well-‐
localized	   delivery	   of	   chemotherapy	   and	   radiotherapy,	   considerable	   progress	   has	   been	   made	   to	  
increase	  therapeutic	  efficiency	  while	  reducing	  toxicity	  to	  healthy	  tissues.	  

	  
Figure	  3:	  Nature	  and	  number	  of	  therapy	  sessions	  in	  France	  in	  2013.	  The	  data	  concerning	  radiotherapy	  do	  not	  
include	  radiotherapy	  done	  in	  the	  private	  sector	  (Source:	  database	  PMSI	  MCO	  2013	  provided	  by	  INCa).	  	  

	  
	   	  

This	   thesis	   evaluates	   the	   capacity	   of	   emerging	   ultrasound	   imaging	   techniques	   to	   better	  
characterize	  tumors	  and	  explores	  the	  ability	  to	  apply	  theses	  imaging	  techniques	  to	  monitor	  changes	  
occurring	   during	   chemotherapy,	   anti-‐angiogenic	   therapy	   and	   novel	   therapies	   based	   on	   local,	  
physical-‐interactions.	  Chapter	  II	  reviews	  cancer	  biology	  from	  the	  initial	  development	  on	  the	  cellular	  
scale	  to	  the	  ensuing	  physiologic	  modifications.	  Chapter	  III	  provides	  a	  summary	  of	  available	  state-‐of-‐
the	   art	   imaging	   techniques	   and	   describes	   how	   they	   can	   be	   used	   to	   probe	   specific	   aspects	   of	   the	  
tumor	   and	   its	   surrounding	   microenvironment.	   In	   Chapter	   IV,	   the	   thesis	   focuses	   on	   experimental	  
developments	   in	   our	   laboratory	   that	   were	   implemented	   to	   reduce	   the	   variability	   of	   ultrasonic	  
measurements.	   Using	   the	   techniques	   thus	   developed	   to	   improve	   the	   reproducibility	   of	   tumor	  
characterization,	   a	   multiparametric	   study	   is	   presented	   in	   Chapter	   V	   that	   uses	   three	   different	  
ultrasound	  modalities	   (quantitative	  ultrasound,	  elastography	  and	  contrast-‐enhanced	  ultrasound)	   to	  
differentiate	  modifications	  in	  the	  tumor	  under	  antiangiogenic	  and	  cytotoxic	  therapies.	  In	  Chapter	  VI,	  
ultrasonic	  elastography	  and	  contrast-‐enhanced	  ultrasound	  are	  applied	  to	  monitor	  tumors	  receiving	  a	  
new	  type	  of	  ultrasound	  based-‐activation,	  sonosensitization,	  to	  enhance	  the	  effect	  of	  a	  conventional	  
chemotherapy.	   Finally,	   in	   the	   Chapter	   VII	   the	   results	   presented	   in	   the	   thesis	   are	   discussed	   and	  
positioned	  with	   respect	   to	   other	   current	   advancements	   in	   diagnosis	   and	   the	   treatment	   of	   cancer.	  
Preliminary	   results	   concerning	   multi-‐parametric	   ultrasound	   monitoring	   of	   tumors	   exposed	   to	   an	  
innovative	  therapy	  referred	  to	  as	  cold	  plasma	  are	  also	  presented	  in	  this	  final	  summary	  chapter.	  
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Before	   undertaking	   research	   towards	   better	   characterization	   of	   tumors	   with	   novel	   imaging	  
methods,	  the	  tumor’s	  biological	  components,	  physiological	  structures	  and	  their	  interactions	  need	  to	  
be	   considered.	   The	   following	   sections	   present	   a	   summary	   of	   key	   elements	   of	   tumor	   development	  
and	  explores	  how	  therapy	  can	  be	  used	  to	  modify	  these	  elements.	  This	  review	  will	  provide	  a	  basis	  for	  
the	   interpretation	   of	   modifications	   observed	   using	   imaging	   that	   will	   be	   reported	   in	   subsequent	  
chapters.	  

II. The	  Tumor	  Microenvironment	  (TME):	  a	  key	  in	  tumor	  development	  
	  
The	  development	  of	  a	  tumor	  cell	  is	  the	  consequence	  of	  specific	  genetic	  alterations	  of	  the	  cells’	  

DNA.	   Tumor	   growth	   from	   the	   initial	   cell,	   involves	   a	   cascade	   of	   chemical	   messengers	   exchanged	  
between	  the	  cell	  and	  its	  microenvironment.	  Several	  physiopathological	  changes	  such	  as	  an	  increase	  
of	   acidity	   in	   the	   TME	   or	   an	   increase	   of	   interstitial	   fluid	   pressure	   (IFP)	   arise	   from	   these	  molecular	  
modifications	   and	   impact	   tumor	   development	   (invasiveness)	   and	   drug	   delivery.	   To	   reduce	   tumor	  
invasiveness	   and	   drug	   resistance,	   several	   therapeutic	   strategies	   have	   been	   developed	   that	  will	   be	  
presented	  at	  the	  end	  of	  this	  chapter.	  

II.1. 	  A	  cell	  goes	  wrong	  

II.1.1. Deoxyribonucleic	  acid	  	  
 

Genetic	  information	  is	  stored	  in	  the	  deoxyribonucleic	  acid	  (DNA)	  molecule	  located	  in	  each	  cell’s	  
nucleus.	  Although	  the	  DNA	  molecule	  remains	   inside	  the	  cell’s	  nuclei,	  on	  a	   larger	  scale,	   it	   influences	  
the	   development	   and	   the	   function	   of	   the	   entire	   organism	   using	   intermediary	   proteins.	   These	  
polypeptide	   chains	   are	   synthetized	   in	   the	   cell’s	   cytoplasm	   thanks	   to	   messenger	   ribonucleic	   acid	  
(mRNA)	  which	  brings	   information	   from	  a	  gene	   (DNA	   fragment)	   to	   the	  cytoplasm.	  The	  entire	   set	  of	  
proteins	  expressed	  by	  a	  genome	  is	  called	  the	  proteome.	  	  

The	  Universal	   Protein	   Resource	   (UniProt)	   gathers	   research	   on	   the	   proteome,	   in	   an	   accessible	  
database.	   The	   last	   update	   of	   the	   database	   in	   August	   2014,	   revealed	   64	   336	   proteins	   for	   Homo	  
sapiens	  (proteome	  ID:	  UP000005640)	  and	  43	  186	  proteins	  for	  the	  mouse,	  Mus	  musculus	  (proteome	  
ID:	  UP000000589).	  Because	  proteins	  are	  built	  using	  information	  stored	  in	  genes,	  their	  synthesis	  can	  
be	   altered	  by	  modifications	   in	   the	  DNA	   sequences.	   The	  mutation	  of	   certain	   genes	   can	   lead	   to	   the	  
development	  of	  tumor	  cells.	  

II.1.2. Balance	  between	  cell	  death	  and	  cell	  division	  
 

To	   develop	   and	   live	   normally,	   an	   organism	   needs	   a	   balance	   between	   the	   proto-‐oncogenes	  
involved	   in	   the	   stimulation	  of	   cell	   growth	  and	  proliferation	  and	   suppressor	  genes	   that	  prevent	   cell	  
division	  and	  control	  the	  apoptotic	  process.	  	  

A	  number	  of	  proto-‐oncogenes	  code	  for	  cell	  surface	  receptors	  that	  span	  the	  plasma	  membrane	  
to	  communicate	  between	  the	  extracellular	  environment	  and	  the	  inside	  of	  the	  cell.	  As	  shown	  in	  Figure	  
1,	  these	  transmembrane	  receptors	  have	  three	  parts:	  (1)	  an	  extracellular	  region	  that	  is	  exposed	  to	  the	  
outside	  of	   the	   cell	   and	  acts	   like	  an	  antenna	   to	   collect	  outside	   signals;	   (2)	   a	   transmembrane	   region	  
that	  spans	  the	  plasma	  membrane;	  (3)	  and	  an	  intracellular	  region	  that	  initiates	  the	  signal	  transduction	  
leading	   to	   a	   physiological	   cellular	   response.	   These	   receptors	   play	   a	   crucial	   role	   in	   cell	   life	   as	   they	  



 11 

control	   delivery	   of	   messages	   concerning,	   for	   example,	   cell	   division,	   cell	   death	   and	   secretion	   of	  
growth	   factors.	   Proto-‐oncogenes	   may	   also	   code	   for	   intracellular	   proteins	   that	   normally	   act	  
downstream	  from	  the	  cell	  surface	  receptor	  pathways	  to	  stimulate	  cell	  growth	  and	  division.	  If	  proto-‐
oncogene	   or	   suppressor	   genes	   undergo	   mutations	   that	   imply	   overexpression	   or	   neutralized	  
expression,	  respectively,	  then	  uncontrolled	  cell	  proliferation	  and	  cancer	  can	  result.	  

A	  mutation	  of	   the	  proto-‐oncogene	  Ras	   is	   present	   in	   numerous	   human	   cancers	   (Thomas	   et	   al.	  
2007).	   As	   this	   gene	   codes	   for	   a	   protein	   involved	   in	   the	   initial	   activation	   of	   the	   cascade	   reaction	  
(phosphorylation)	  occurring	  in	  the	  intracellular	  domain,	  a	  dysfunction	  of	  the	  Ras	  gene	  may	  lead	  to	  an	  
intracellular	  reaction	  even	  when	  the	  corresponding	  extracellular	  receptor	  has	  not	  been	  activated.	  

	  
Figure	  1:	  Signal	  transduction	  trough	  a	  tyrosine	  kinase	  receptor	  (TKR).	  After	  the	  activation	  of	  the	  extracellular	  
receptor,	  a	  cascade	  of	  reactions	  is	  induced	  that	  modifies	  either	  the	  activity	  of	  proteins	  located	  in	  the	  cytosol	  or	  
DNA	  located	  in	  the	  nucleus.	  These	  modifications	  have	  a	  significant	  effect	  on	  cell	  functions.	  	  	  	  
	  

Another	  well-‐known	  mutation	  effecting	  the	  p53	  suppressor	  has	  been	  observed	  in	  at	  least	  50%	  of	  
human	  cancers	   (Levine	  1997).	  This	  p53	  gene	   is	  directly	   involved	   in	  stopping	  the	  cell	  cycle	  or	   in	   the	  
initiation	  of	  apoptosis	  when	  DNA	  molecules	  are	  damaged.	  Thus,	  when	  mutations	  occur	  on	  the	  p53	  
gene,	  continuous	  division	  and	  proliferation	  of	  cells	  with	   impaired	  DNA	  becomes	  possible.	  This	  may	  
lead	  to	  the	  development	  of	  cells	  with	  a	  tumor	  phenotype.	  In	  summary,	  the	  appearance	  of	  tumor	  cells	  
is	   directly	   related	   to	   the	   activation	   of	   proliferative	   pathways	   and/or	   suppression	   of	   inhibition	  
pathways.	  	  

II.1.3. The	  tumor	  cell	   	  
	  

Due	  to	  the	  alteration	  of	  specific	  genes,	  tumor	  cells	  develop	  a	  different	  phenotype	  compared	  to	  
normal	  cells.	  Tumor	  cells:	  

-‐ develop	  in	  a	  way	  that	  is	  not	  appropriately	  controlled	  by	  growth	  factors	  in	  the	  environment.	  	  
-‐ have	  lost	  sensitivity	  to	  anti-‐proliferative	  pathways.	  
-‐ resist	  apoptosis.	  
-‐ can	  present	  unlimited	  proliferation	  (telomeres2	  are	  preserved	  after	  division)	  

                                            
2	  Telomere	   is	   region	   that	   protects	   the	   end	   of	   the	   chromosomes	   from	   deterioration	   or	   from	   fusion	   with	  
neighboring	   chromosomes.	   After	   each	   chromosome	   replication,	   the	   telomere	   is	   shortened	   until	   senescence	  
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Morphological	   abnormalities	   affect	   the	   nucleus’	   shape,	   the	   size	   of	   tumor	   cells,	   the	   cytoplasm	   and	  
membrane	  cytoplasm	  (modification	  of	  cell	  adhesion).	  Unlike	  normal	  cells,	  tumor	  cells	  can	  divide	  and	  
proliferate	  without	  any	  control.	  A	  solid	  tumor	  can	  emerge.	  To	  keep	  growing,	  tumor	  cells	  then	  need	  to	  
interact	  with	  the	  surrounding	  microenvironment.	  	  

II.2. The	  stroma	  and	  parenchyma	  	  
	  

The	   stroma	   designates	   the	   loose	   connective	   tissue,	   blood	   vessels	   and	   nerves.	   The	   loose	  
connective	  tissue	  contains	  the	  extracellular	  matrix	  (ECM),	  fibroblasts	  and	  free	   immune	  system	  cells	  
(white	  blood	  cells	  or	  leukocytes).	  In	  the	  following	  paragraphs	  each	  part	  of	  the	  stroma	  is	  described.	  

II.2.1. 	  Extra	  cellular	  matrix	  (ECM)	  
	  

The	   ECM	   designates	   the	   extracellular	   macromolecules	   making	   up	   the	   connective	   tissue.	   The	  
main	   macromolecules	   of	   the	   ECM	   are	   polysaccharides	   (glycosaminoglycan	   and	   proteoglycan)	   and	  
two	   types	   of	   fibrotic	   proteins	   (glycoproteins):	   structural	   (collagen,	   elastin)	   and	   adherence	  
(fibronectin,	  laminin).	  The	  fibrotic	  proteins	  play	  a	  crucial	  role	  in	  cell-‐cell	  and	  cell-‐ECM	  interactions.	  	  

Proteoglycans	   are	   formed	   from	   a	   protein	   core	   linked	   to	   glycosaminoglycans	   (GAGs).	   These	  
proteoglycans	  aggregate	  on	  hyaluronic	  acid	  and	   form	   large	  molecules.	  The	  high	  negative	  charge	  of	  
GAGs	  allow	  them	  to	  retain	   large	  volumes	  of	  water.	  Proteoglycans	  have	  the	  ability	  to	  attach	  certain	  
cytokines3	  or	  growth	  factors	  and	  can	  thus	  modulate	  their	  bioavailability.	  

Fibrotic	   proteins	   form	   a	   tridimensional	   meshwork.	   Collagen	   fibers	   are	   synthesized	   in	   the	  
extracellular	  space	  by	  the	  assembly	  of	  glycoproteins	  that	  are	  synthesized	  and	  excreted	  by	  fibroblasts.	  
There	  exist	  a	  large	  family	  of	  collagens.	  The	  most	  widely	  distributed	  is	  collagen	  I.	  Collagen	  microfibers	  
have	   variable	   lengths.	   They	   gather	   in	   fibers	   which	   themselves	   are	   assembled	   in	   bundles	   with	  
different	   orientations	   to	   provide	   a	   mechanical	   support	   for	   connective	   tissue.	   Collagen	   I	   is	   easily	  
detectable	  by	  optical	  microscopy	  using	  red	  Sirius	  staining.	  The	  fibers	  which	  provide	  elastic	  properties	  
to	   connective	   tissue	   are	   mainly	   composed	   of	   elastin,	   an	   amorphous	   substance	   (no	   order	   on	   a	  
microscopic	  scale)	  and	  a	  microfibrillar	  network	  composed	  of	  different	  types	  of	  glycoproteins	  such	  as	  
fibrillin.	  	  

Cell	   adhesion	   in	   the	   ECM	   is	   principally	   due	   to	   fibronectin	   secreted	   by	   fibroblasts	   and	   some	  
endothelial	  cells.	  Fibronectin	  presents	  numerous	  connection	  sites	  for	  proteins	  in	  the	  ECM:	  collagen,	  
membrane	   receptors	   (integrin),	   proteins	   from	   circulating	   blood	   (fibrin)	   and	   GAGs	   (heparin).	   In	  
addition	  to	  its	  role	  in	  the	  adhesion	  between	  cells	  and	  connective	  tissue,	  fibronectin	  intervenes	  in	  cell	  
communication.	  The	  membrane	  connection	  fibronectin-‐integrin	  can	  activate	  signaling	  pathways	  and	  
thus	  modify	  the	  cell’s	  behavior	  as	  described	  in	  Figure	  1.	  Finally,	  the	  basement	  membrane,	  composed	  
mainly	  by	  laminin	  and	  collagen	  IV,	  is	  present	  at	  the	  interface	  between	  epithelial	  cells	  and	  ECM.	  	  

II.2.2. Fibroblasts	  
	  

Fibroblasts	   are	   fusiform,	   or	   star-‐shaped,	   cells	   with	   long	   cytoplasmic	   prolongations:	   their	  
characteristic	  size	  is	  20-‐30	  µm	  in	  length	  and	  5-‐10	  µm	  in	  width.	  The	  fibroblast	  phenotype	  is	  adjustable	  

                                                                                                                                        
and	  apoptosis	  are	  induced.	  	  During	  cancer	  development,	  tumor	  cells	  prevent	  telomere	  shortening	  by	  using	  the	  
telomerase	  enzyme.	  
3 	  Cytokines	   are	   small	   soluble	   proteins	   synthesized	   by	   many	   different	   cells	   and	   are	   involved	   in	   the	  
communication	  between	  cells.	  
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with	  respect	  to	  their	  level	  of	  activation.	  Fibroblasts	  can	  be	  activated	  under	  different	  conditions	  such	  
as	   wound	   healing	   or	   tumor	   development.	   Activated	   fibroblasts	   are	   associated	   with	   an	   increased	  
proliferative	   activity	   and	   enhanced	   secretion	   of	   ECM	   proteins	   such	   as	   type	   I	   collagen	   and	   also	  
fibronectin.	  	  

II.2.3. 	  Immune	  system	  cells:	  whites	  blood	  cells	  (WBCs)	  
	  

Free,	   immune-‐system	  cells,	  known	  as	  WBCs	  or	   leukocytes,	  are	  contained	   in	   the	  stroma	  or	  can	  
invade	  the	  stroma	  if	  an	  inflammation	  occurs	  (Figure	  2).	  The	  myeloid	  cells	  have	  a	  non-‐specific	  action	  
in	   that	   they	   are	   not	   steered	   to	   a	   specific	   target.	   For	   example,	   macrophages	   and	   monocytes	   can	  
phagocytose	   any	   unrecognized,	   solid	   particles.	   Granulocytes	   of	   different	   types	   exist:	   phagocytic	  
activity	  of	  neutrophils	  can	  decrease	  the	  inflammatory	  reaction,	  basophils	  attract	  WBCs	  and	  activate	  
inflammatory	  response	  and	  eosinophils	  destroy	  parasites	  by	  liberating	  enzymes.	  

Lymphoid	  cells	  produce	  a	  specific	   immune	  response.	  Lymphocytes	  (T	  and	  B	  cells)	  are	  activated	  
to	   recognize	   specific	   “non-‐self”	   antigens	   and	   induce	   the	   response	  necessary	   for	   the	   elimination	  of	  
these	  antigens.	  Natural	  killer	  cells	  do	  not	  require	  previous	  activation	  to	  eliminate	  antigens.	  

Dendritic	   cells	  act	  at	   the	   frontier	  between	  myeloid	  and	   lymphoid	  cells.	   They	   recognized	  “non-‐
self”	  antigens	  and	  present	  them	  to	  T-‐cells	  (Shevach	  2009).	  

	  
Figure	  2:	  Presentation	  of	   the	  different	   types	  of	  white	  blood	  cells	  present	   in	   the	   stroma	  and	   the	   surrounding	  
organs.	  

II.2.4. Blood	  vessels	  –	  capillaries	  
	  

The	   organ	   surrounded	   by	   the	   stroma	   is	   sustained	   physiologically	   by	   a	   supply	   of	   oxygen	   and	  
nutrients	  delivered	  via	  the	  smallest	  blood	  vessels,	  the	  capillaries	  (Figure	  3).	  	  

	  
Figure	   3:	  Diagram	   of	   a	   capillary,	   the	   smallest	   blood	   vessel	   in	   the	   organism.	   It	   is	   characterized	   by	   a	  mean	  
diameter	  between	  8	  and	  10	  µm,	  and	   fenestration	  at	   the	   junctions	  between	  endothelial	   cells	   (the	   size	  of	   the	  
gaps	  varies	  as	  a	  function	  of	  the	  vascularized	  organ).	  The	  formation	  of	  a	  basement	  membrane	  and	  coverage	  by	  
pericytes	  (not	  shown)	  occurs	  to	  develop	  mature	  blood	  vessels.	  
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By	   a	   specific	   assembly,	   endothelial	   cells	   form	   a	   capillary	   which	   is	   surrounded	   by	   a	   basement	  

membrane.	  Once	  an	  organ	  has	  metabolized	  oxygen	  and	  nutrients,	   it	   evacuates	  waste	  products	   via	  
the	   lymphatic	  network.	  Lymphatic	  vessels	  consist	  of	  endothelial	  cells	  surrounded	  by	  a	   thin	   layer	  of	  
smooth	  muscle	  cells	  and	  adventitia.	  Lymphatic	  capillaries	  drain	  interstitial	  fluid	  which	  is,	  ultimately,	  
transported	  to	  the	  subclavian	  vein.	  Because	  it	  provides	  mechanical	  support	  via	  the	  ECM	  (fibrotic	  and	  
elastic	  proteins),	  immune	  protection	  with	  WBCs	  and	  an	  energy	  supply	  with	  capillaries,	  the	  stroma	  is	  
essential	   for	   organ	   function.	   Under	   normal	   conditions,	   all	   the	   components	   of	   the	   stroma	   are	   in	  
balance,	  but	  the	  appearance	  of	  a	  cell	  with	  a	  tumoral	  phenotype	  can	  break	  this	  equilibrium.	  
	  

II.3. Tumor	  cell-‐stroma	  interaction	  
	  
A	   tumor	  cell	   is	   theoretically	   immortal	  and	  will	   live	  as	   long	  as	   it	   receives	  oxygen	  and	  nutrients.	  

During	   the	   initial	   phase	   of	   tumor	   development,	   as	   cells	  multiply,	   hypoxic	   regions	   develop.	   Via	   the	  
secretion	   of	   soluble	   proteins,	   a	   tumor	   cell	   calls	   upon	   its	   surrounding	   environment,	   the	   stroma,	   to	  
recruit	  and	  modify	  “normal”	  cells	  like	  fibroblasts,	  myeloid	  cells	  or	  endothelial	  cells	  (Liotta	  and	  Kohn	  
2001).	  Pro-‐angiogenic	  factors	  to	  create	  a	  new	  microvascular	  network	  able	  to	  supply	  the	  tumor	  cells	  
with	  oxygen	  and	  nutrients.	  

II.3.1. 	  Hypoxia	  Inducible	  Factor	  (HIF)	  
	  

When	  tumor	  cells	  proliferate	  and	  form	  an	  aggregate	  with	  a	  volume	  greater	  than	  1	  mm3,	  hypoxic	  
regions	   develop	   because	   oxygen	   cannot	   diffuse	   over	   distances	   superior	   to	   100	  µm	   (Carmeliet	   and	  
Jain	   2000).	  Hypoxic	   stress	   is	  mediated	  by	  HIF-‐1.	   It	   has	   a	   heterodimeric	   structure	   consisting	  of	   two	  
subunits	  HIF-‐1α	  and	  β.	  Due	  to	  its	  sensitivity	  to	  oxygen,	  HIF-‐1	  has	  a	  half	  life	  of	  4	  to	  6	  min	  (Moroz	  et	  al.	  
2009).	  Under	  hypoxic	  conditions,	  HIF-‐1α	  is	  protected	  from	  degradation.	  It	  migrates	  into	  the	  nucleus	  
where	   it	   heterodimerizes	   with	   the	   HIF-‐1β	   subunit	   and	   induces	   the	   expression	   of	   targeted	   genes	  
coding	   for	   vascular	   endothelial	   growth	   factor	   (VEGF),	   platelet	   derived	   growth	   factor	   (PDGF),	  
fibroblast	   growth	   factor	   (FGF),	   transforming	   growth	   factor	   (TGF-‐β),	   angiopoietins,	   stromal	   cell-‐
derived	   factor	   1	   (SDF1α)	   and	   certainenzymes	   from	   glycolysis	   (Du	   et	   al.	   2008;	   Pugh	   and	   Ratcliffe	  
2003).	   As	   presented	   in	   the	   following	   section,	   these	   proteins	   contribute	   at	   different	   levels	   to	   the	  
development	  of	  the	  tumor	  neo-‐vasculature.	  	  

II.3.2. 	  ECM	  remodeling	  	  
	  

The	   activation	   of	   fibroblasts,	   proteases	   and	   integrins	   disturb	   normal	   tissue	   homeostasis	   and	  
induce	  stromal	  reactions	  like	  angiogenesis	  (Bergers	  and	  Benjamin	  2003)	  and	  inflammatory	  response	  
(Coussens	  and	  Werb	  2002).	  	  

II.3.3. Cancer-‐associated	  fibroblasts	  (CAFs)	  and	  proteases	  
	  
Fibroblast	   activation	   stimulates	   growth	   of	   fibrous	   and	   connective	   tissue.	   Cancer-‐associated	  

fibroblasts	  (CAFs)	  secrete	  proteases	  such	  as	  matrix	  metalloproteinase	  (Boire	  et	  al.	  2005;	  Kessenbrock	  
et	  al.	  2010)	  that	  can,	  for	  example,	  increase	  the	  migratory	  behavior	  of	  cancer	  cells	  by	  modifying	  cell-‐
cell	   adhesion	  properties	   (epithelial	   to	  mesenchymal	   transition)	   (Lochter	   et	   al.	   1997;	   Thierry	   2002).	  



 15 

CAFs,	  within	  the	  TME,	  secrete	  SDF-‐1	  chemokines4	  that	  enable	  the	  adhesion	  of	  tumor	  cells	  to	  stromal	  
cells	  which	  contributes	  to	  their	  survival,	  growth	  and	  drug	  resistance	  (Burger	  and	  Peled	  2009).	  

II.3.4. Integrins	  
 

Integrins5	  bind	   to	   distinct	   ECM	   proteins,	   thereby	   inducing	   survival	   signals	   and	   mechanical	  
traction	   that	   enables	   endothelial	   cells	   penetrate	   the	   interstitial	   space	   (Desgrosellier	   and	   Cheresh	  
2010).	  Abundant	  collagen	  deposition	  through	  integrin	  signaling	  is	  associated	  with	  the	  stimulation	  of	  
tumor	  cell	  proliferation	  and	  survival,	  chemoresistance	  and	  possibly	  contributes	  to	  the	  establishment	  
and	  progression	  of	  metastatic	  lesions	  (Cardones	  et	  al.	  2003;	  Conti	  et	  al.	  2008).	  	  

Finally,	  the	  ECM	  degradation	  and	  the	  resulting	  modifications	  of	  tumor	  cells	  and	  endothelial	  cell	  
adhesion	  enable	  the	  development	  of	  a	  neovascular	  network	  from	  the	  preexisting	  one	  and	  may	  lead	  
to	  the	  dissemination	  of	  metastasis.	  

II.3.5. 	  Tumor	  angiogenesis	  
	  
Vascular	   Endothelial	   Growth	   Factor	   (VEGF)	   has	   an	   essential	   role	   in	   the	   remodeling	   of	   the	  

vasculature	  in	  the	  stroma.	  This	  protein	  can	  be	  secreted	  by	  tumor	  cells	  but	  the	  main	  source	  of	  VEGF	  
comes	   from	   fibroblasts	   and	   inflammatory	   cells	   (Fukumura	   et	   al.	   1998).	   VEGF	   expression	   is	  
upregulated	  by	  numerous	  other	  growth	  factors	  such	  as	  epidermal	  growth	  factor	  (EGF),	  TGF-‐α,	  TGF-‐β,	  
insulin-‐like	  growth	  factor-‐1	  (IGF),	  fibroblast	  growth	  factor	  (FGF)	  and	  PDGF	  (Neufeld	  et	  al.	  1999).	  The	  
VEGF	  family	   includes	  a	   large	  range	  of	   interactive	  factors.	  By	  activating	   integrins	  and	  proteases	  they	  
solicit	  the	  creation	  of	  new	  vessels.	  	  

The	   primary	   integrins	   in	   the	   angiogenic	   process	   are	   the	   cell-‐matrix	   adhesion	   molecules	   that	  
control	  signals	  between	  the	  ECM	  and	  endothelial	  cells.	  They	  initiate	  intracellular	  signaling	  pathways	  
promoting	   migration,	   invasion,	   survival	   and	   proliferation	   that	   are	   needed	   for	   vessel	   sprouting	  
(Desgrosellier	  and	  Cheresh	  2010).	  Interestingly,	  by	  degrading	  proteoglycan	  complex,	  some	  proteases	  
(MMP-‐9)	   liberate	  sequestered	  VEGF	  and	  thus	  modulate	   its	  bioavailability	   for	   the	   receptor	  VEGFR-‐2	  
(Bergers	  et	  al.	  2000).	  	  

II.3.6. 	  Inflammatory	  response	  &	  immune	  escape	  	  
	  

Because	  of	  strong	  proangiogenic	  stimuli	  induced	  by	  tumor	  cells,	  the	  myeloid	  cells	  conveyed	  into	  
hypoxic	   areas	   undergo	   differentiation	   into	   tumor-‐associated	   macrophages	   (TAM),	   neutrophils,	  
dendritic	  or	  endothelial	  cells	  and	  release	  their	  own	  supplies	  of	  cytokines	  and	  proangiogenic	  growth	  
factors	   (Biswas	   and	  Mantovani	   2010;	   Carmeliet	   and	   Jain	   2000;	   Lin	   et	   al.	   2006).	  Normally,	   immune	  
system	   cells	   should	   reject	   the	   tumor,	   which	   is	   recognized	   as	   a	   foreign	   entity,	   but	   the	   TME	   is	  
immunosuppressive	  (Elgert	  et	  al.	  1998;	  Ohm	  and	  Carbone	  2001).	  One	  of	  the	  mechanisms	  for	  immune	  
escape	   relies	   on	   dendritic	   cells	   (DCs).	   When	   antigens	   are	   detected	   by	   DCs	   in	   an	   inflammatory	  
environment,	   it	   triggers	   their	  maturation	   and	   leads	   to	   a	   phenotype	   that	   enables	   a	   strong	   immune	  
response.	   However,	   antigens	   captured	   by	   DCs	   in	   non-‐inflammatory	   regions	   fail	   to	   induce	   a	  
productive	  T-‐cell	   response,	   leading	   instead	   to	   the	  development	  of	  T	  cell	   tolerance	   (Steinman	  et	  al.	  
2003).	  	  

                                            
4	  Chemokines	  are	  cytokines	  that	  mediates	  chemoattraction	  between	  cells	  (chemotaxis:	  movement	  of	  a	  cell	   in	  
response	  to	  a	  chemical	  stimulant).	  
5	  Integrin	  is	  a	  transmembrane	  heterodimer	  receptor	  involved	  in	  cell-‐cell	  and	  cell-‐ECM	  adhesion.	  
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Figure	  4:	  Tumor	  development.	  The	  appearance	  of	  hypoxic	  areas	  triggers	  the	  release	  of	  a	  range	  of	  proteins	  that	  
initiate	   recruitment	   and	   modification	   of	   stroma	   cells.	   The	   activation	   and	   recruitment	   of	   fibroblasts	   due	   to	  
factors	  such	  as	  TGF-‐β,	  chemokines	  and	  ECM-‐degrading	  proteases	   leads	  to	  an	  activated	  phenotype	  promoting	  
the	   deposition	   of	   ECM	   proteins	   (Collagen,	   Fibrin,	   Laminin)	   that	   foster	   the	   remodeling	   required	   for	   tumor	  
expansion.	   These	   cancer-‐associated	   fibroblasts	   (CAFs)	   also	   release	   a	   range	   of	   proteases	   (MMPs)	   that	   can	  
degrade	   components	   of	   the	   quiescent	   basement	   membrane	   of	   the	   endothelium,	   exposing	   binding	   sites	   or	  
forming	   fragments	   that	   affect	   the	   function	   of	   integrins	   on	   neighboring	   cells.	   Various	   growth	   factors	   are	  
released	   by	   tumor	   cells	   to	   initiate	   vessel	   sprouting.	   VEGF-‐A	   activates	   the	   VEGFR2	   present	   at	   the	   surface	   of	  
endothelial	  quiescent	  cells	  and	  induces	  a	  modification	  of	  their	  phenotype	  to	  increase	  motility,	  survival	  and	  rate	  
of	   cell	   division.	   Thus,	   new	   blood	   vessels	   can	   emerge	   from	   pre-‐existing	   ones	   and	   sprout	   along	   a	   direction	  
following	  a	  gradient	  of	  chemokines	   released	  by	   tumor	  cells.	  Endothelial	  progenitor	  cells	   (EPCs),	  attracted	  via	  
SDF-‐1,	  also	  participate	  in	  the	  constitution	  of	  new	  blood	  vessels.	  This	  angiogenic	  process	  is	  promoted	  by	  other	  
cells	   like	   those	   of	   the	   immune	   system	   such	   as	   TAMs,	   neutrophils	   or	   dendritic	   cells	  which	   release	   their	   own	  
supplies	   of	   cytokines	   and	   proangiogenic	   factors.	   The	   release	   of	   proteases	   tunes	   the	   bioavailability	   of	  
proangiogenic	  growth	  factors	  (GFs)	  that	  would	  normally	  remain	  sequestered	   in	  fibrous	  ECM.	  Finally,	  the	  new	  
tumor	  microvascular	  network	  is	  not	  as	  efficient	  as	  the	  network	  that	  feeds	  healthy	  organs.	  It	  remains	  in	  a	  state	  
of	  constant	  evolution	  that	  is	  facilitated	  by	  the	  continuous	  stimulation	  of	  pericytes	  (blood	  vessel	  coverage).	  

	  
In	   summary,	   the	   creation	   of	   the	   tumor	   microvascular	   network	   is	   a	   very	   complex	   process	  

involving	   interactions	   between	  many	   cellular	   types	  with	   exchanges	   of	   various	  messengers	   (growth	  
factors,	  cytokines,	  chemokines…).	  The	  main	  goal	  of	  all	  the	  processes	  is	  to	  provide	  enough	  oxygen	  and	  
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nutrients	   to	   sustain	   the	   tumor	   development	   (Figure	   4).	   Because	   of	   leaks,	   tortuosity	   and	   a	  
heterogeneous	  distribution,	   the	  new	  microvascular	  network	   is	  not	  as	  efficient	  as	  normal	  capillaries	  
that	  feed	  healthy	  organs	  and	  this	  lead	  to	  physiopathologies	  on	  a	  macroscopic	  scale.	  

II.4. The	  physiological	  tumor	  microenvironment	  	  

II.4.1. Genetic	  and	  phenotypic	  variations	  
	  

The	  genetic	  and	  phenotypic	  variations	  that	  exist	  within	  tumors	  can	  significantly	  influence	  tumor	  
growth	   and	   thus	   the	   related	   physiologic	   modifications.	   As	   described	   in	   Figure	   6,	   during	   their	  
development,	  genetic	  alterations	  in	  tumors	  can	  accumulate.	  This	   leads	  to	  the	  aggregation	  of	  tumor	  
cells	  with	  various	  phenotypes.	  These	  phenotypic	  variations	  can	  significantly	  impact	  how	  a	  tumor	  will	  
interact	  with	   its	  surrounding	  microenvironment	  and	  so	  will	  affect	  the	  tumor’s	  physiopathology	  and	  
therapeutic	  response.	  	  

	  
Figure	  6:	  Diagram	  presenting	  a	  schematic	  view	  of	  the	  evolution	  of	  cancer	  cells	  during	  tumor	  growth.	  The	  initial	  
cells	  (in	  dark	  rose)	  proliferate	  and	  mutate.	  Various	  genetic	  alterations	  accumulate	  leading	  to	  a	  solid	  tumor	  with	  
a	  heterogeneous	  phenotype.	  

II.4.2. 	  Interstitial	  Fluid	  Pressure	  	  
	  

Interstitial	   fluid	  has	  an	   ionic	  composition	  close	   to	   that	  of	   the	  blood	  plasma6.	   It	   is	   found	   in	   the	  
space	  between	  blood	   capillaries	   and	   cells,	   and	   it	   facilitates	   the	   exchange	  of	   nutrients,	   oxygen	   and	  
waste	  between	   these	   two	   compartments.	   In	   capillaries	   from	  normal	   tissues,	   the	  osmotic7	  pressure	  
tends	   to	   keep	   fluid	   inside	   vessels	  whereas	   hydrostatic8	  pressure	   tends	   to	  move	   fluid	   out	   from	   the	  
capillaries.	   This	   results	   in	   a	   net	   outward	   filtration	   (Figure	   5-‐A).	   Conversely,	   in	   most	   solid	   tumors,	  
hydrostatic	  pressure	  exerts	  a	  pressure	  from	  the	  interstitial	  space	  to	  the	  blood	  vessel	  due,	  in	  part,	  to	  
the	  leakiness	  of	  the	  defective	  vascular	  network,	  lymph-‐vessel	  abnormalities,	  interstitial	  fibrosis	  and	  a	  
contraction	   of	   the	   interstitial	   matrix	   mediated	   by	   stromal	   fibroblasts.	   The	   consequence	   is	   a	   net	  
                                            
6	  Blood	  plasma	  is	  constituted	  about	  91%	  water	  including	  a	  wide	  range	  of	  ionic	  compounds	  such	  as	  Na+,	  Cl-‐,	  K+,	  
PO4

3-‐,	  Ca2+,	  Mg2+,	  SO4
2-‐.	  

7 	  The	   concentration	   gradient	   of	   solute	   between	   compartments	   (capillaries/cells)	   separated	   by	   a	  
semipermeable	   membrane	   (basement	   membrane)	   leads	   to	   fluid	   flow	   from	   the	   lowest	   to	   the	   highest	  
concentration.	  The	  pressure	  needed	  to	  overcome	  this	  movement	  corresponds	  to	  the	  osmotic	  pressure.	  	  
8	  Hydrostatic	  pressure	  is	  related	  to	  the	  pressure	  exerted	  by	  a	  fluid	  in	  a	  confined	  space. 
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inward	  filtration	  because	  of	  the	  overall	  elevation	  of	  interstitial	  fluid	  pressure	  in	  tumor	  tissue.	  (Heldin	  
et	   al.	   2004)	   (Figure	   5-‐B).	  This	   high	   IFP	   creates	   a	   physiological	   barrier	   that	   can	   prevent	   drugs	   from	  
reaching	   the	   tumor	   core.	   Understanding	  mechanisms	   underlying	   the	   elevation	   of	   IFP	   in	   tumors	   is	  
crucial	  to	  address	  the	  problem	  of	  drug	  delivery	  in	  solid	  tumors.	  	  

	  

	  
Figure	  5:	  Transcapillary	  exchanges	  and	  resulting	  pressures	  in	  normal	  and	  tumor	  tissues.	  The	  figure	  shows	  the	  
gradient	   of	   hydrostatic	   and	   osmotic	   pressures	   in	   a	   normal	   capillary	   (A)	   and	   in	   a	   tumor	   blood	   vessel	   (B).	   In	  
normal	   tissue	  a	  net	  outward	  pressure	   (vessel	   to	   interstitial	   space)	   is	  present	  because	  hydrostatic	  pressure	   is	  
higher	   than	   osmotic	   pressure.	   Conversely,	   in	   tumors	   tissues,	   the	   hydrostatic	   pressure	   is	   inverted	   and	   is	  
associated	  with	  osmotic	  pressure	  to	  induce	  a	  net	  inward	  pressure	  on	  capillaries.	  
	  

• Fibroblasts	  and	  ECM’s	  microfibrillar	  network	  
Reed	   et	   al.	   (2001)	   proposed	   a	  model	   describing	   how	   IFP	   is	  mediated	  by	   the	   loose	   connective	  

tissues.	  Fibroblasts	  exert	  tension	  on	  the	  collagen	  microfibrillar	  network	  of	  the	  ECM	  through	  collagen-‐
binding	  integrins.	  It	  was	  shown	  in	  vitro	  that	  PDGF	  (Clark	  et	  al.,	  1989;	  Gullberg	  et	  al.,	  1990)	  and	  TGF-‐β	  
(Montesano	  and	  Orci	  1988)	  significantly	  enhance	  the	  contractile	  activity	  of	  fibroblasts	  but,	  when	  the	  
link	  between	  fibroblasts	  and	  collagen	  is	  broken	  due	  to	  inhibition	  of	  specific	  integrins	  (Gullberg	  et	  al.	  
1990),	   their	   contractile	   activity	   is	   suppressed.	   These	   in	   vitro	   findings	   are	   consistent	   with	   in	   vivo	  
experiments	   in	  which	  a	  specific	  blockage	  of	  β1-‐integrins	   in	   rat	   skin	  significantly	   reduced	  the	   IFP	  by	  
releasing	  the	  tension	  in	  the	  network	  of	  matrix	  molecules	  (Reed	  et	  al.	  1992).	  Like	  TGF-‐β,	  the	  inhibition	  
of	   PDGF	   in	   tumor	   leads	   to	   a	   decrease	   of	   IFP	   (Pietras	   et	   al.	   2001).	   Therefore,	   the	   effects	   of	   PDGF	  
antagonists	  on	  the	  tumor	   IFP	  seem	  to	  be	  mediated	  primarily	   through	  PDGF’s	  effect	  on	  the	  stromal	  
fibroblasts	  rather	  than	  its	  effect	  on	  the	  tumor	  vessels	  (Pietras	  et	  al.,	  2002).	  	  

	  
• Defective	  tumor	  microvascular	  network	  

The	   architecture	   and	   functionality	   of	   the	   tumor	  microvascular	   network	  modulated	   by	   diverse	  
growth	  factors,	  with	  VEGF	  being	  the	  most	  significant,	  also	  play	  an	  important	  role	   in	  the	  increase	  of	  
IFP	  in	  tumors.	  The	  poor	  efficiency	  of	  tumor	  vessels	  is	  the	  consequence	  of	  many	  factors.	  By	  initiating	  
vessel	   sprouting,	  VEGF	  modulates	   the	  permeability	  of	  capillaries	  and	   thus	  enables	   leakage	   into	   the	  
interstitial	   space.	   This	   leads	   to	   increased	   IFP	   (Dvorak	   et	   al.,	   1995;	   Tong	   et	   al.,	   2004).	   Persistent	  
activation	   of	   PDGF	   in	   tumors	   prevents	   blood	   vessels	   from	   reaching	   a	   mature	   state	   which	   also	  
contributes	   to	   a	   defective	   tumor	   vasculature	   (Hellberg	   et	   al.	   2010).	   The	   high	   level	   of	   ramification	  
coupled	  with	   the	  heterogeneous	  distribution	  of	  vessel	   size	  may	  also	  contribute	   to	   the	  elevation	  of	  
the	   IFP	   within	   tumors.	   Moreover,	   the	   high	   rate	   of	   tumor	   cell	   growth	   may	   lead	   to	   mechanical	  
compression	  of	  blood	  vessels	  and	  so	  reduce	  blood	  flow	  (Jain	  2004).	  	  
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Significantly	   decreased	   tumor	   IFP	  was	   observed	   in	   6	   patients	   suffering	   from	   rectal	   carcinoma	  
that	   received	   Anti-‐VEGF	   therapy	   (bevacizumab)	   (Willett	   et	   al.	   2004).	   This	   reduction	   of	   IFP	   was	  
accompanied	  with	   a	   decrease	   in	   the	  number	  of	   tumor	   endothelial	   cells,	   tumor	  perfusion,	   vascular	  
volume,	  and	  microvascular	  density	  associated	  with	  the	  pruning	  of	  abnormal	  vessels.	  The	  decrease	  of	  
IFP	  initiated	  by	  the	  tumor	  vasculature	  renormalization	  might	  also	  be	  due,	  in	  part,	  to	  the	  reduction	  of	  
vessel	   permeability.	   For	   example,	   in	   islet-‐cell	   tumor	   (pancreatic	   tumor)	   in	   transgenic	   mice,	   VEGF	  
antagonist	  induced	  a	  reduction	  of	  endothelial-‐cell	  fenestration	  (Inai	  et	  al.	  2004).	  
	  

II.4.3. 	  Acidity	  modifications	  
	  

The	  absence	  or	  non-‐functional	  nature	  of	  the	  lymphatic	  network	  will	  also	  affect	  the	  acidity	  within	  
tumor	  tissue	  and	  will	  thus	  impact	  its	  development	  (Alitalo	  and	  Carmeliet	  2002).	  Lymphatic	  vessels	  in	  
the	   periphery	   of	   tumors	   are	   enlarged	   and	   perfused,	   but	   those	   deeper	   within	   the	   tumor	   are	  
compressed	   and	  nonfunctional	   (Jain	   and	   Fenton	  2002).	   In	   normal	   cells,	   aerobic	   glycolysis	   converts	  
glucose	  into	  acetyl-‐coenzyme	  A	  (acetyl-‐CoA)	  via	  pyruvate	  and	  these	  acetyl-‐CoA	  molecules	  undergo	  a	  
complete	   oxidation	   with	   the	   creation	   of	   CO2	   and	   H2O	   leading	   to	   the	   formation	   of	   carbonic	   acid	  
(H2CO3).	  This	  process	  generates	  38	  ATP	  molecules	  per	  molecule	  of	  glucose,	  whereas,	  in	  tumor	  cells,	  
only	  2	  ATP	  molecules	  per	  molecule	  of	  glucose	  are	  created	  (Kroemer	  and	  Pouyssegur	  2008).	  Because	  
tumors	   are	   not	   well	   oxygenated,	   the	   complete	   oxidation	   of	   pyruvate	   cannot	   occur	   and	   waste	  
products	   such	  as	   lactic	  acid	  are	  generated.	  The	  subsequent	  decreased	  clearance	  of	  acidic	  products	  
resulting	   from	   glucose	   metabolism	   leads	   to	   a	   significant	   decrease	   of	   the	   interstitial	   pH	   to	   levels	  
between	  6.5	  –	  6.9	  (Estrella	  et	  al.,	  2013;	  Helminger	  et	  al.,	  1997;	  Tannock	  &	  Rotin,	  1989).	  	  

The	  pH	  in	  the	  TME	  can	  significantly	  impact	  the	  cytotoxic	  effect	  of	  anticancer	  drugs.	  The	  passive	  
diffusion	   of	  molecules	   through	   a	   cell	  membrane	   is	  most	   efficient	  when	  molecules	   are	   uncharged.	  
Because	  of	  the	  pH	  gradient	  between	  intra	  (pH	  ≥	  7.4)	  and	  extracellular	  (pH	  <	  7.4)	  tumor,	  weakly	  basic	  
drugs	  with	  an	  acid	  dissociation	  constant	  (7.5	  –	  9.5)	  such	  as	  doxorubicin,	  mitoxantrone	  and	  vincristine	  
are	   protonated	   (a	   conjugate	   acid	   is	   created	   by	   addition	   of	   proton	   H+)	   and	   cellular	   uptake	   is	  
significantly	  decreased	  (Gerweck	  et	  al.,	  2006;	  Tannock	  &	  Rotin,	  1989).	  	  

In	  summary,	  high	  IFP	  and	  low	  pH	  in	  a	  solid	  tumor	  have	  a	  strong	  impact	  on	  tumor	  development	  
and	  therapeutic	  response.	  They	  have	  been	  established	  as	  a	  marker	  of	  poor	  prognosis	  in	  many	  types	  
of	  cancers	  (Curti	  et	  al.	  1993;	  Estrella	  et	  al.	  2013;	  Milosevic	  et	  al.	  2001).	  Different	  strategies	  have	  been	  
developed	   to	   modify	   these	   physiopathologic	   parameters	   in	   order	   to	   bring	   tumors	   and	   their	  
microenvironment	  back	  to	  “normal”	  conditions	  for	  better	  delivery	  of	  therapy.	  

II.5. 	  Therapeutic	  strategies	  that	  consider	  the	  specific	  tumor	  physiopathology	  

II.5.1. Molecular	  profiling	  
 

Le	  Tourneau	  et	  al.	   (2014)	  performed	  a	  multicentric,	  randomized	  proof-‐of-‐concept	  phase	  II	  trial	  
comparing	  molecularly	  targeted	  therapy	  based	  on	  tumor	  molecular	  profiling	  vs.	  conventional	  therapy	  
in	  patients	  with	  any	  type	  of	  refractory	  cancer.	  By	  mapping	  the	  molecular	  profile	  of	  tumors	  including	  
gene	   mutations,	   therapy	   was	   selected	   based	   on	   the	   tumor	   molecular	   profile	   instead	   of	   by	  
considering	   tumor	   localization.	  Molecular	   abnormalities	  were	  detected	   in	   40%	  of	   the	   tumors	   from	  
patients	  enrolled	   in	   the	   study	   for	  which	  a	  molecularly	   targeted	  agent	  was	  available.	  As	   the	   clinical	  
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trial	  is	  recent,	  results	  presented	  in	  the	  study	  are	  limited	  to	  showing	  the	  feasibility	  of	  introducing	  such	  
protocol	  in	  clinical	  routine.	  	  

II.5.2. Reducing	  IFP	  
 

A	   strategy	   to	   enhance	   the	   cytotoxicity	   of	   conventional	   therapy	   is	   to	   return	   physiopathologic	  
parameters	   to	   conditions	   comparable	   to	   those	   observed	   in	   healthy	   organs	   so	   that	   the	   drug	   can	  
better	   treat	   the	   whole	   tumor. Tong	   et	   al.	   (2004)	   inhibited	   the	   VEGF	   expression	   in	  MCaIV-‐tumor-‐
bearing	  mice	  and	  observed	  a	   significant	   reduction	  of	   IFP	  due	   to	  a	   transient	   renormalization	  of	   the	  
vascular	  network	  by	  the	  pruning	  of	  immature	  vessels.	  They	  also	  showed	  that	  VEGF	  inhibition	  induced	  
a	   hydrostatic	   gradient	   across	   the	   vascular	   wall	   which	   led	   to	   a	   deeper	   penetration	   of	   therapeutic	  
molecules	  into	  tumors.	  Matsuo	  et	  al.	  (2014)	  observed	  a	  similar	  renormalization	  of	  tumor	  vasculature	  
in	   SCCVII	   tumor-‐bearing	   mouse	   using	   a	   multi-‐tyrosine	   kinase	   inhibitor	   (sunitinib).	   Vascular	  
renormalization	  was	  coupled	  with	  an	   increase	  of	   the	  oxygen	   level	  which	  significantly	  enhanced	  the	  
efficiency	  of	  radiotherapy. 

II.5.3. Modification	  of	  pH	  
 

Modulation	  of	  the	  pH	  in	  tumors	  can	  also	  participate	  in	  enhancing	  drug	  uptake.	  To	  enable	  drug	  
dissociation	  in	  and	  around	  tumor	  cells,	  an	  acid-‐base	  reaction	  is	  needed.	  A	  weakly	  basic	  drug	  (pH>7.4)	  
needs	  an	  acid	  environment	  (pH<7.4)	  to	  increase	  its	  uptake,	  whereas,	  a	  drug	  that	  is	  weakly	  acid	  needs	  
a	  basic	  environment	  to	  increase	  its	  uptake	  and	  effectiveness.	  Tumor	  pH	  can	  be	  transiently	  decreased	  
by	   bolus	   administration	   of	   glucose	   (with	   or	   without	   a	   specific	   mitochondrial	   inhibitor).	   Glucose	  
decreases	   pH	   through	   an	   increase	   in	   the	   production	   of	   lactate	   (Kalliomäki	   and	   Hill	   2004).	   It	   was	  
shown	  that	  a	   transient	  drop	   in	  pH	   (alkalinization)	  allowed	  enhancement	  of	   the	  antitumor	  effect	  of	  
chlorambucil	  and	  melphalan	  (weakly	  basic	  drugs)	  in	  a	  murine	  tumor	  model	  (Kozin	  et	  al.	  2001;	  Kuin	  et	  
al.	   1999).	   Conversely,	   an	   increase	   in	   pH	   can	   be	   induced	   by	   bolus	   administration	   of	   sodium	  
bicarbonate.	   It	   was	   shown	   that	   pretreating	   animals	   with	   bicarbonate	   before	   administering	  
mitoxantrone	  or	  doxorubicin	  (weakly	  acid	  drugs)	  significantly	  increased	  the	  response	  in	  CH3	  or	  MCF7	  
breast	  cancer	  models,	  respectively	  (Raghunand	  et	  al.,	  1999;	  Raghunand	  et	  al.,	  2001).	  

II.5.4. Restoring	  immune	  capability	  
 

Another	  way	   to	   influence	   tumor	   growth	   consists	   in	   restoring	   the	   immune	   capability	   of	  WBCs	  
present	   in	   the	   surrounding	   tumor	   stroma	   (Figure	   7).	   Two	   different	   approaches	   exist.	   The	  
conventional	   one	   relies	   on	   supplementing	   the	   immune	   system	   by	   providing	   fundamental	   immune	  
elements	  such	  as	  tumor-‐associated	  antigens	  (TAAs),	  antigen-‐presenting	  cells	  (APCs),	  effector	  T	  cells	  
and	   cytokines.	   This	   approach	   aims	   to	   boost	   TAA-‐specific	   immunity.	   Novel	   tumor	   immunotherapy	  
directly	  targets	  to	  destroy	  Treg	  cells	  or	  immune	  suppressive	  molecules.	  This	  approach	  can	  enable	  the	  
restoration	  of	   immune	  capability	  of,	   for	  example,	  NK	  cells	  (Gorelik	  and	  Flavell	  2001;	  Grivennikov	  et	  
al.	  2010;	  Mellman	  et	  al.	  2011;	  Palucka	  and	  Banchereau	  2012;	  Zou	  2006).	  
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Figure	   7	   Therapeutic	   targeting	   of	   suppressive	   mechanisms	   including	   regulatory	   T	   cells.	   Traditional	   tumor	  
therapy	   targets	   the	   tumor	   itself	   and	   remains	   the	   ‘gold	   standard’	   therapy.	   Conventional	   immunotherapy	  
supplements	   the	   immune	   system	   and	   provides	   essential	   immune	   elements,	   including	   tumor-‐associated	  
antigens	  (TAAs),	  antigen-‐presenting	  cells	  (APCs),	  effector	  T	  cells,	  cytokines	  and/or	  chemokines	  with	  the	  aim	  of	  
boosting	  TAA-‐specific	  immunity.	  Novel	  immunotherapeutic	  strategies	  target	  the	  immunosuppressive	  network	  
of	  tumors,	   including	  regulatory	  T	  cells	  (Treg),	  suppressive	  molecules	  and	  dysfunctional	  antigen-‐presenting	  cells	  
(APCs),	   with	   the	   aim	   of	   recovering	   TAA-‐specific	   immunity.	   Abbreviations:	   COX2,	   cyclooxygenase	   2;	   CTLA4,	  
cytotoxic	  T-‐lymphocyte-‐associated	  antigen	  4;	   FOXP3,	   forkhead	  box	  P3;	   IDO,	   indoleamine	  2,3-‐dioxygenase;	   IL,	  
interleukin;	  PD1,	  programmed	  cell	  death	  1;	  TGFβ,	  transforming	  growth	  factor-‐β;	  VEGF,	  vascular	  endothelial	  
growth	  factor.	  Figure	  adapted	  from	  (Zou	  2006)	  	  

II.5.5. Targeting	  the	  defective	  tumor	  cell	  metabolism	  
 

Targeting	   cancer	   cell	   metabolism	   also	   represents	   a	   promising	   new	   strategy	   to	   fight	   cancer.	  
Metformin,	   a	   widely	   used	   anti-‐diabetic	   agent,	   drastically	   effects	   cancer	   cell	   metabolism.	   Several	  
clinical	  pilot	  studies,	  showed	  a	  strong	  benefit	  for	  the	  use	  of	  metformin	  alone	  or	  in	  combination	  with	  
conventional	  therapy.	  For	  example,	  Niraula	  et	  al.	  (2012)	  conducted	  a	  neo-‐adjuvant	  pilot	  study	  in	  39	  
women	  with	  breast	  cancer.	  There	  was	  a	  significant	  increase	  in	  tumor	  cell	  apoptosis	  (TUNEL	  staining)	  
and	   a	   significant	   decrease	   of	   the	   cell	   division	   rate	   (Ki	   67	   staining)	   after	  metformin	   administration.	  
Hirsch	  and	  colleagues	  (2009)	  have	  administrated	  a	  combination	  of	  metformin	  and	  doxorubicin	  (Dox)	  
in	  prostate	  tumor	  xenografts,	  and	  they	  showed	  a	  significant	  decrease	  in	  tumor	  volume	  compared	  to	  
control	  and	  Dox-‐alone	  groups.	  Moreover,	  mice	  that	  had	  undergone	  combinatorial	  therapy	  remained	  
tumor-‐free	  for	  at	  least	  2	  months	  after	  the	  end	  of	  therapy,	  whereas,	  tumor	  volume	  of	  the	  Dox-‐alone	  
group	  reached	  1000	  mm3	  after	  1	  month.	  Evaluation	  of	  the	  clinical	  relevance	  of	  the	  use	  of	  metformin	  
in	  adequately	  powered	  clinical	  trials	  using	  clinical	  endpoints	  such	  as	  survival	  is	  in	  progress.	  

II.5.6. Summary	  of	  recently	  developed	  therapies	  
 

Numerous	  therapies	  have	  been	  developed	  to	  target	  angiogenesis,	  ECM	  and	  the	  immune	  aspects	  
of	   the	   TME	   in	   order	   to	   modify	   tumor	   development.	   Table	   1	   summarizes	   a	   range	   of	   therapeutic	  
molecules	  that	  target	  tumor	  stroma	  and	  immunity	  in	  the	  TME.	  	  
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Table	   1:	  Examples	   of	   therapies	   that	   target	   the	   tumor	   stroma	   listed	   by	   compartment;	   red	   crosses	   indicate	  
drugs	  that	  failed	  during	  clinical	  trial	  (Junttila	  and	  de	  Sauvage	  2013).	  
	  

Clinical	   trial	   results	   were	   sufficiently	   positive	   to	   acquire	   Food	   and	   Drug	   Administration	   (FDA)	  
approval	  for	  several	  antiangiogenic	  and	  immuno-‐therapies.	  These	  drugs	  can	  now	  be	  used	  in	  clinical	  
routine.	   However,	   despite	   promising	   results	   obtained	   in	   preclinical	   studies,	  many	   other	  molecules	  
that	  target	  ECM	  and	  fibroblasts	  failed	  during	  Phase	  III	  clinical	  trials	  (Table	  1).	  	  

Longitudinal,	   in	   vivo	   monitoring	   of	   tumor	   modifications	   induced	   by	   innovative	   targeted	  
therapies	  will	  provide	  a	  better	  understanding	  of	  the	  tumor	  response	  and	  the	  specific	  modifications	  
occurring	  in	  the	  TMD.	  By	  developing	  a	  better	  understanding	  of	  the	  therapeutic	  changes	  that	  occur	  it	  
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may	  be	  possible	  to	  better	  predict	  which	  molecules	  will	  provide	  useful	  therapeutic	  response	  in	  human	  
studies.	   Furthermore,	   in	   vivo	  monitoring	   in	   clinical	   trials	   can	  potentially	   provide	   earlier	   study	   end-‐
points	  or	  could	  be	  used	  to	  gauge	  and	  adapt	  individual	  therapeutic	  response.	  	  

In	   preclinical	   studies,	   a	   range	   of	   imaging	   modalities	   is	   available	   to	   investigate	   tumor	  
modifications	  and	  thus	  provide	  essential	  information	  about	  their	  functional	  and	  dynamic	  therapeutic	  
response.	   In	   the	   following	   chapter,	   a	   review	   of	   the	   different	   imaging	   tools	   available	   and	   under	  
development	  for	  preclinical	  research	  will	  be	  presented.	  
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III. In-‐vivo	  characterization	  of	  tumors	  and	  their	  microenvironment	  	  
	  

In	   recent	   years,	   technological	   advancements	   have	   widened	   the	   capacities	   of	   all	   the	   existing	  
biomedical	   imaging	  modalities.	   In	   parallel,	   a	   great	   body	   of	   scientific	   research	   has	   been	   developed	  
using	  these	  different	  modalities	  to	  explore	  new	  facets	  of	  the	  tumor	  microenvironment	  or	  to	  improve	  
the	  evaluation	  of	  existing	  biomarkers.	  It	  is	  thus	  of	  central	  interest	  to	  review	  the	  current	  state-‐of-‐the-‐
art	  for	  the	   in	  vivo	  characterization	  of	  tumors	  and	  their	  microenvironment	  by	  imaging.	  Four	  types	  of	  
imaging	   will	   be	   considered	   in	   turn:	   imaging	   using	   ionizing	   radiation,	   magnetic	   nuclear	   resonance,	  
optical	  imaging	  and	  ultrasound.	  

III.1	  Imaging	  using	  ionizing	  radiation	  
 

Several	   imaging	   modalities	   rely	   on	   the	   use	   of	   ionizing	   radiation	   carrying	   enough	   energy	   to	  
liberate	  electrons	  from	  atoms	  or	  molecules.	  If	  the	  energy	  of	  radiation	  is	  too	  high	  it	  can	  have	  a	  strong	  
toxic	  impact	  on	  a	  patient	  and	  thus	  the	  number	  of	  exams	  that	  a	  patient	  can	  receive	  is	  limited.	  	  	  

III.1.1. Micro	  computed	  tomography	  (µCT)	  
 

Micro	   CT	   imaging	   provides	   anatomical	   information	   based	   on	   the	   difference	   of	   x-‐ray	   tissue	  
absorption.	   X-‐rays	   easily	   penetrate	   soft	   tissue	  which	  mostly	   consists	   of	   light	   elements	   like	   carbon,	  
oxygen,	  and	  nitrogen.	  Conversely,	  dense	  mater	  absorbs	  x-‐rays	  strongly	  and	  enables,	  for	  example,	  the	  
characterization	   of	   bone	   tissue.	   The	   resolution	   of	   µCT	   scans	   can	   reach	   5	   to	   10	   µm	  with	   isotropic	  
voxels.	   It	   provides	   a	   convenient	   means	   to	   investigate	   tumor	   modifications	   in	   murine	   models.	  
Radiopaque	  (high	  atomic	  number)	  non-‐targeted	  and	  targeted	  contrast	  agents	  can	  be	  used	  to	  provide	  
structural	   information	  on	   the	   tumor	  microvascular	  network	  or	   the	   level	  of	  expression	  of	   receptors	  
involved	  in	  tumor	  development.	  	  

Savai	  et	  al.	   (2009)	  used	  µCT	  to	  quantify	  the	  vascular	  structure	  and	  volume	  in	  an	  orthotopic	  
Lewis	  lung	  carcinoma	  (LLC)	  under	  bevacizumab	  therapy	  (anti-‐VEGF	  drug).	  They	  revealed	  significantly	  
reduced	  lung	  tumor	  volume	  and	  lung	  tumor	  angiogenesis	  compared	  with	  untreated	  mice	  (Figure	  1).	  
Vessels	  were	  characterized	  in	  terms	  of	  extent	  and	  ramifications.	  Results	  revealed	  that	  Bevacizumab	  
principally	  reduced	  vascularization	  of	  the	  smaller	  vessels	  (area	  ranging	  from	  0.0005-‐0.02	  mm2).	  	  

Reuveni	   et	   al.	   (2011)	   demonstrated	   the	   in	   vivo	   feasibility	   of	   cancer	   diagnosis	   based	   on	  
molecular	   markers	   detected	   using	   clinical	   computed	   tomography.	   Anti-‐epidermal	   growth	   factor	  
receptor	  (anti-‐EGFR)	  conjugated	  gold	  nanoparticles	   (GNPs,	  30	  nm)	  were	   injected	   intravenously	   into	  
nude	   mice	   with	   subcutaneous	   implantation	   of	   human	   squamous	   cell	   carcinoma	   head	   and	   neck	  
cancer.	  During	  the	  early	  phase	  of	  contrast	  uptake	  (0	  to3	  h),	  no	  difference	  was	  observed	  between	  the	  
accumulation	  of	  targeted	  and	  nontargeted	  GNPs.	  But	  during	  the	  late	  phase	  of	  contrast	  uptake	  (3	  to6	  
h)	   signal	   intensity	  was	   significantly	  higher	   in	   tumors	  which	   received	   targeted	  GNPs.	  Moreover,	   the	  
targeted	   contrast	   agent	   remained	   in	   the	   tumor,	   whereas,	   the	   nontargeted	   GNPs	   were	   found	   in	  
others	  tissues	  (red	  arrows,	  Figure	  2).	  Since	  CT	  scans	  are	   in	  widespread	  clinical	  use,	  development	  of	  
such	  targeted	  molecular	  probes	  could	  ultimately	  be	  useful	  to	  assess	  the	  level	  of	  expression	  of	  various	  
tumor-‐development	  receptors	  in	  patients.	  	  
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Figure	  1:	  µCT	  imaging	  of	  tumor	  vasculature.	  Three-‐dimensional	  surface	  rendering	  images	  of	  lung	  tumors	  from	  
untreated	   and	   bevacizumab-‐treated	   mice.	   Tumors	   and	   tumor	   microvascularization	   are	   shown	   (yellow	  
represents	  tumor	  tissue	  extent;	  red	  represents	  tumor	  vessels).	  Figure	  adapted	  from	  (Savai	  et	  al.	  2009).	  
	  
	  

	  
Figure	  2:	  Molecular	   imaging	   in	  µCT.	  In	  vivo	  X-‐ray	  computed	  tomography	  (CT)	  volume-‐rendered	  images	  of,	  on	  
the	   left,	   a	  mouse	  6	  hours	  postinjection	  of	  nonspecific	   immunoglobulin	  G-‐coated	  GNPs	  as	  a	  passive	   targeting	  
experiment,	   and,	   on	   the	   right,	   a	   mouse	   6	   hours	   postinjection	   of	   anti-‐EGFR-‐coated	   GNPs	   that	   specifically	  
targeted	  the	  squamous	  cell	  carcinoma	  head	  and	  neck	  tumor.	  The	  anti-‐EGFR-‐targeted	  GNPs	  show	  clear	  contrast	  
enhancement	  of	  the	  tumor	  (white	  outline	  around	  the	  ROI).	  The	  contrast	  enhancement,	  estimated	  from	  the	  full	  
tumor	   volume,	   was	   quantitatively	   determined	   according	   to	   the	   differential	   contrast	   in	   CT	   numbers	   (in	  
Hounsfield	  units	  [HU]),	  compared	  to	  that	  of	  the	  same	  mouse	  before	  injection.	  Figure	  adapted	  from	  (Reuveni	  et	  
al.	  2011).	  
	  

III.1.2. Positron	  Emission	  Tomography	  (PET)	  
 

PET	   imaging	   is	   based	   on	   the	   coincident	   detection	   of	   two	   photons	   (511	   keV)	   that	   are	  
simultaneously	   emitted	   after	   the	   annihilation	   of	   a	   positron	   with	   an	   electron.	   The	   creation	   of	   the	  
positron	   is	   due	   to	   the	   disintegration	   of	   an	   unstable	   isotope	   of	   atoms	   like	   18F,	   15O,	   13N	   or	   11C.	   The	  
resolution	   of	   this	   imaging	   modality	   is	   limited	   by	   the	   distance	   that	   the	   positron	   travels	   before	  
annihilation	   which	   is	   of	   the	   order	   of	   1	   mm	   (Figure	   3).	   To	   overcome	   this	   limitation	   in	   spatial	  
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resolution,	  a	  CT	  scan	  can	  be	  acquired	  and	  co	  registered	  with	  the	  PET	  scan	  to	  anatomically	  locate	  PET	  
signal.	  Within	  the	  tumor,	  this	  imaging	  modality	  can	  assess	  physiological	  processes	  and	  the	  molecular	  
expression	  of	  various	  types	  of	  receptors.	  
 

	  
Figure	  3:	  TEP	   imaging.	  A)	  Fluorodeoxyglucose	  (18F-‐FDG)	  is	  one	  of	  the	  radiotracers	  that	   is	  the	  most	  commonly	  
used	  in	  clinical	  routine	  because	  it	  enables	  the	  detection	  of	  tumors	  based	  on	  their	  high	  glucose	  metabolism.	  The	  
18F	  atom	  (half-‐life	  =	  110	  min)	  disintegrates	  into	  18O	  (stable)	  and	  a	  positron	  which	  annihilates	  with	  an	  electron	  
after	  a	   free	   travel	  of	  ≈1	  mm.	  B)	   The	  annihilation	  creates	   two	  coincident	  photons	  with	  an	  energy	  of	  511	  keV	  
which	  are	  detected	  with	  a	  scintillation	  detector	  from	  which	  the	  signals	  are	  amplified	  with	  photomultiplier.	  
 

The	   development	   of	   alveolar	   type	   rhabdomyosarcoma	   (ARMS)	   is	   principally	   driven	   by	   the	  
expression	  of	  tyrosine	  kinase	  receptors	  such	  as	  insulin-‐like	  growth	  factor	  (IGF1R),	  PDGFR,	  c-‐Met	  and	  
c-‐Kit.	   By	   inhibiting	   IGF1R	   in	   ARMS	   with	   a	   picropodophyllin	   drug,	   Soundararajan	   et	   al.	   (2012)	  
demonstrated	   a	   significant	   decrease	   in	   the	   uptake	   of	   18F-‐FDG	   in	   treated	   vs.	   control	   mice.	   Tumor	  
volume	  was	   not	   significantly	   different	   between	   the	   two	   groups.	   Since	   18F-‐FDG	   is	   a	  marker	   of	   cell	  
metabolism,	   these	   results	   indicate	   that	   the	   inhibition	  of	   IGF1R	   in	   this	   tumor	  model	   reduces	   tumor	  
metabolism.	  	  

 
Figure	   4:	  Molecular	   imaging	  with	   PET.	  White	   arrows	   designate	   the	   tumor	   position.	   The	   presented	   data	   are	  
reported	   in	   terms	   of	   the	   mean	   standard	   uptake	   value	   (SUVmean=[Activity	   in	   tumor/Tumor	   weight]/[Injected	  
activity/Body	  weight]).	  N=6	  in	  the	  treated	  group	  and	  N=3	  in	  the	  control	  group	  (drug	  vehicle),	  **	  p<0.01	  ANOVA	  
test.	  Figure	  adapted	  from	  (Soundararajan	  et	  al.	  2012).	  
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18F-‐FDG	   is	   not	   suitable	   for	   the	   study	   of	   brain	   tumors	   because	   of	   the	   high	   rate	   of	   glucose	  
metabolism	  in	  normal	  brain	  tissue.	  Conversely,	  radiolabeled	  amino	  acids	  have	  a	  relatively	  low	  uptake	  
in	  normal	  brain	  tissue	  and	  usually	  accumulate	  intensely	  in	  tumor	  cells.	  The	  high	  tumor-‐to-‐brain	  (T/B)	  
ratio	  makes	  radiolabeled	  amino	  acids	  particularly	  applicable	  in	  the	  study	  of	  brain	  tumor	  (Hutterer	  et	  
al.	  2011).	  As	  shown	  in	  Figure	  6,	  in	  an	  orthotopic	  xenograft	  model	  of	  human	  glioblastome	  multiform	  
(GBM),	  Nedergaard	   et	   al.	   (2014)	   detected	   early	   response	   to	   an	   antitumor	   therapy	  using	   18F-‐FET,	   a	  
radiolabeled	  amino	  acid.	  

	  
Figure	  5:	  Detection	  of	  cerebral	  tumor	  with	  18F-‐FET	  imaging.	  A)	  Fused	  18F-‐FET	  µPET/CT	  images	  showing	  tumor	  
progression	  7–9	  weeks	  after	  tumor	  cell	  injection.	  Transverse	  views	  through	  the	  brain	  of	  the	  same	  mouse.	  The	  
ROIT	   was	   drawn	   around	   the	   region	   with	   maximum	   tracer	   uptake	   and	   a	   4	   mm3	   ROIB	   was	   drawn	   in	   the	  
contralateral	   hemisphere.	   Scale	   bar:	   0.0–2.0	   SUVmax.	   B)	   The	   relative	   T/B	   ratio	   of	   SUVmean	   versus	   time	   after	  
tumor	  engraftment.	  Values	  are	  expressed	  as	  mean	  ±	  SEM	  in	  the	  treated	  group	  (n	  =	  5	  to	  7)	  and	  in	  the	  control	  
group	  (n	  =	  4	  to7),	  **p<0.01,	  unpaired	  Student’s	  t-‐test.	  
	  

Hypoxia,	   which	   is	   one	   of	   the	   physiologic	   patterns	   that	   trigger	   the	   recruitment	   of	   cells	  
surrounding	   a	   tumor,	   can	   be	   traced	   using	   fluoroazomycin	   arabinoside	   (FAZA)	   in	   murine	   tumor	  
models	  (Busk	  et	  al.	  2013;	  Tran	  et	  al.	  2012)	  or	  in	  clinical	  routine	  (Bollineni	  et	  al.	  2013).	  Moreover,	  by	  
grafting	   specific	   antibodies	   to	   a	   radionuclide,	   it	   is	   possible	   to	   assess	   the	   molecular	   expression	   of	  
specific	  receptors.	  Battle	  et	  al.	   	  (2011)	  used	  the	  ability	  of	  18F-‐Fluciclatide	  to	  bind	  αvβ3	  and	  αvβ5,	  two	  
integrins	   that	   are	   highly	   expressed	   on	   a	   range	   of	   tumor	   cells	   and	   neovasculature,	   to	   assess	   the	  
efficacy	  of	  an	  antiangiogenic	  drug	   (sunitinib)	   in	  human	  glioblastoma	  xenografts	   (U87-‐MG).	  Findings	  
revealed	   that	   this	   drug	   induced	   a	   reduction	   in	   the	   tumor	   uptake	   of	   18F-‐fluciclatide	   compared	  with	  
that	   in	  vehicle-‐treated	  controls	  over	  the	  2-‐week	  dosing	  regimen	  while	  no	  significant	  difference	  was	  
observed	   in	   term	   of	   tumor	   volume.	   These	   results	   suggest	   that	   the	   antiangiogenic	   drug	   induced	   a	  
significant	   decrease	   in	   the	   expression	   of	   αvβ3	   and	   αvβ5	   integrins.	   Another	   team	   assessed	   the	  
molecular	   expression	   of	   the	   epidermal	   growth	   factor	   receptor	   (EGFR)	   in	   a	   human	   head	   and	   neck	  
squamous	  carcinoma	  model	   in	  nude	  mice	  using	  a	   [18F]FBEM-‐cEGF	  probe	  consisting	   in	  a	  Cys-‐tagged	  
EGF	   (cEGF)	   labeled	   with	   18F	   thanks	   to	   a	   coupling	   between	   Cys-‐tag	   and	   N-‐[2-‐(4-‐	  
18F]fluorobenzamido)ethyl]maleimide	   ([18F]FBEM)	   (Li	   et	   al.	   2012).	   The	   CXCR4	   receptor	   is	   another	  
interesting	  molecular	   imaging	  target	  for	  which	  the	  level	  of	  molecular	  expression	  can	  be	  assessed	   in	  
vivo	  using	  the	  targeted	  radionuclide,	  4-‐18F-‐T140,	  designed	  by	  Jacobson	  et	  al	  (2010).	  This	  receptor	   is	  
involved	   at	   different	   levels	   in	   tumor	   development	   and	   several	   studies	   have	   shown	   a	   correlation	  
between	  high	   levels	  of	  CXCR4	  expression	   in	  cancers	  and	  tumor	  aggressiveness,	  poor	  prognosis	  and	  
resistance	  to	  chemotherapy	  (Azab	  et	  al.	  2011;	  Kurtova	  et	  al.	  2009;	  Nie	  et	  al.	  2010;	  Oda	  et	  al.	  2009;	  
Zeng	  et	  al.	  2006).	  	  
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TEP	   imaging	   not	   only	   provides	   information	   about	   the	   level	   of	   expression	   of	   growth	   factor	  
receptors	  (GFr)	  but	  may	  also	  assess	  the	  activity	  of	  proteases	  involved	  in	  ECM	  remodeling.	  Selivanova	  
et	  al.	  (2013)	  have	  developed	  a	  selective	  gelatinase	  inhibitor	  for	  in	  vivo	  TEP	  imaging	  of	  active	  MMP-‐2	  
and	   MMP-‐9.	   To	   prepare	   the	   way	   toward	   application	   of	   this	   PET	   in	   TME	   imaging,	   they	   used	   this	  
targeted	  radionuclide	  for	  the	  detection	  and	  characterization	  of	  atherosclerosis	  (Müller	  et	  al.	  2014).	  
The	   association	   of	   PET	   radiotracers	  with	   antibodies	   allows	   assessment	   of	   the	   physiologic	   status	   of	  
tumors	  by	  mapping	   viable	   (perfused),	   hypoxic	   and	  necrotic	   tissues.	  Huang	  et	   al.	   (2012)	  performed	  
experiments	  with	  mouse	  models	  of	  human	  non–small	   cell	   lung	  cancer	   in	  which	   they	  evaluated	   the	  
intratumoral	   accumulation	   of	   3	   different	   PET	   tracers	   to	   determine	   tumor	   heterogeneity.	   By	  
coinjecting	   18F-‐FDG,	   18F-‐fluorothymidine	   (18F-‐FLT),	   and	   18F-‐fluoromisonidazole	   (18F-‐FMISO)	   with	  
fluorescent	  anti-‐bodies	  marker	  of	  cell	  proliferation	  (bromodeoxyuridine),	   tumor	  perfusion	  (Hoechst	  
33342)	   and	  hypoxia	   (pimonidazole),	   they	  mapped	  and	   correlated	   regions	  of	   proliferation,	   hypoxia,	  
perfusion,	  stroma,	  and	  necrosis	  with	  digital	  autoradiography	  of	  PET	  tracers	  and	  fluorescent	  histology.	  
They	  also	  showed	  the	  possibility	  to	  perform	  an	  in	  vivo	  follow-‐up	  of	  the	  level	  of	  apoptosis	  in	  a	  human	  
head	   and	  neck	   squamous	   cell	   cancer	   tumor	   xenograft	  model	   under	   doxorubicin	   therapy	  using	   18F-‐
annexin9	  V	  (Hu	  et	  al.	  2012)	  

A	  similar	  study	  has	  been	  performed	  in	  vivo	  by	  Cho	  et	  al.	  (2009)	  by	  coupling	  dynamic	  contrast	  
enhanced	   MRI	   (DCE-‐MRI,	   intravascular	   contrast	   agent:	   Gd-‐DTPA)	   with	   PET	   18F-‐Fmiso	   (hypoxia	  
marker)	  for	  the	  characterization	  of	  a	  rat	  prostatic	  carcinoma	  (R3327-‐AT).	  The	  in	  vivo	  imaging	  results	  
were	  validated	  by	  ex	  vivo	   staining	  with	  hematoxylin/eosin	  (H&E,	  tumor	  necrosis)	  and	  pimonidazole	  
(PIMO,	   tumor	  hypoxia)	  on	   tumor	   tissue	  sections	  accurately	   registered	   to	   the	  corresponding	   in	  vivo	  
slices	   (Figure	   6).	   Finally,	   by	   demonstrating	   the	   relationships	   between	   DCE-‐MRI	   and	  
hematoxylin/eosin	   slices	   and	   between	   18F-‐Fmiso	   PET	   and	   pimonidazole	   slices	   they	   confirmed	   the	  
validity	  of	  MRI/PET	  measurements	  to	  image	  the	  tumor	  microenvironment	  and	  to	  identify	  regions	  of	  
tumor	  necrosis,	  hypoxia,	  and	  well-‐perfused	  tissue.	  The	  in	  vivo	  mapping	  of	  such	  biomarkers	  (necrosis,	  
hypoxia	  and	  well-‐perfused	  tissue)	  could	  be	  very	  useful	  to	  predict	  the	  future	  evolution	  of	  a	  tumor.	  	  

	  
Figure	   6:	   Characterization	   of	   TME	   using	   multimodal	   MRI/PET	   imaging.	   The	   T2-‐weighted	  MR	   image	   of	   the	  
tumor	  slice	  and	  the	  corresponding	  H&E	  and	  pimonidazole	  (PIMO)	  slices	  are	  presented.	  Hypoxic	  and	  necrotic	  
areas	  were	  extracted	  form	  histology	  slices	  and	  masks	  were	  positioned	  on	  DCE-‐MRI	  and	  PET	  images	  to	  highlight	  
these	  specific	  areas.	  Based	  on	   in	  vivo	   imaging,	  a	  precise	  characterization	  of	  necrotic,	  viable,	  hypoxic	  and	  non-‐
hypoxic	  areas	  was	  made	  using	  histograms	  for	  each	  type	  of	  area	  and	  each	  imaging	  modality.	  Akep:	  rate	  constant	  
of	  movement	  of	  Gd-‐DTPA	  between	  the	  interstitial	  space	  and	  plasma;	  %ID	  =	  percentage	  of	  injected	  dose.	  Figure	  
adapted	  from	  (Cho	  et	  al.	  2009)	  

                                            
9	  The	  annexins	  protein	  family	  is	  involved	  in	  physiological	  processes	  such	  as	  inflammation	  and	  apoptosis.	  
Annexin-‐V	  is	  used	  for	  early	  detection	  of	  apoptosis.	  
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III.1.3. 	  Single-‐photon	  emission	  computed	  tomography	  (SPECT)	  
 

Another	   imaging	   modality	   using	   the	   emission	   of	   high-‐energy	   photons	   is	   single-‐photon	  
emission	   computed	   tomography	   (SPECT).	   SPECT	   also	   enables	   the	   assessment	   of	   physiologic	  
processes	  that	  occur	  within	  tumors.	  This	   imaging	  modality	   is	  principally	  used	  to	  highlight	  molecular	  
expression	  in	  tumors.	  

Due	  to	  the	   fact	   that	  only	  one	  photon	   is	  emitted	   from	  the	  atom	  disintegration	  or	  electronic	  
transition	   this	   imaging	   device	   has	   a	   different	   architecture	   compared	   to	   PET	   scans.	   As	   described	   in	  
Figure	  7,	  a	  metal	  grid	   is	  placed	   in	  front	  of	  the	  sensor	  (gamma	  camera).	   Its	  architecture	  will	  directly	  
impact	  the	  sensitivity	  of	  photon	  detection	  and	  the	  image	  resolution.	  For	  preclinical	  studies	  the	  use	  of	  
pinhole	   devices	   is	   essential	   to	   image	   small	   regions.	   Of	   note,	   different	   SPECT	   radionuclides	   emit	  
positrons	  at	  different	  energy	  levels,	  which	  can	  be	  distinguished	  by	  the	  gamma	  cameras.	  This	  method	  
can	   be	   used	   to	   label	   two	   different	   cell	   populations	   with	   different	   SPECT	   isotopes	   and	   track	   them	  
simultaneously	  in	  the	  same	  subject.	  	  

	  

 
Figure	  7:	  Basic	  description	  of	  a	  SPECT	  scan	  detector.	  A)	  The	  width	  (w),	  length	  (L)	  and	  the	  spacing	  (d)	  are	  the	  
main	   characteristics	   of	   the	   metal-‐mesh	   grid	   positioned	   in	   front	   of	   the	   gamma	   camera	   (sensor).	   Its	  
characteristics	   have	   a	   direct	   impact	   on	   the	   sensitivity	   and	   resolution	   of	   images	   acquired.	   Metastable	  
technetium	  is	  widely	  used	  because	  it	  emits	  a	  141	  keV	  photon	  when	  it	  returns	  to	  its	  stable	  state.	  B)	  To	  image	  
small	  objects	  for	  preclinical	  studies,	  single	  pinhole,	  or	  pinhole	  arrays	  are	  necessary	  (µSPECT).	   
 

Using	  µSPECT,	  McLarty	  et	  al.	  (2009)	  assessed	  the	  level	  of	  expression	  of	  the	  TKR	  HER2	  (human	  
epidermal	   growth	   factor	   receptor	   2)	   which	   is	   a	   TKR	   overexpressed	   in	   around	   20-‐30%	   of	   breast	  
cancers	   and	   is	   associated	  with	   aggressive	   disease,	   higher	   recurrence	   rate,	   and	   increased	  mortality	  
(Mitri	  et	  al.	  2012).	  To	  target	  HER2,	  McLarty	  and	  colleagues	  grafted	  pertuzumab	  molecules	  on	  111In-‐
diethylenetriaminepenta-‐aceticacid	   (111In-‐DTPA-‐pertuzumab).	   To	   assess	   the	   sensitivity	   of	   this	  
targeting,	   they	   downregulated	   HER2	   expression	   by	   administering	   trastuzumab	   in	   a	   subcutaneous	  
xenograft	   of	   human	   breast	   carcinoma	   (MDA-‐MB-‐361).	   Results	   revealed	   that	   after	   3	   days	   of	  
trastuzumab	  treatment,	  in	  vivo	  tumor	  uptake	  of	  111In-‐DTPA-‐pertuzumab	  decreased	  2-‐fold	  compared	  
to	  the	  placebo	  group	  (*P	  =	  0.05)	  (Figure	  8-‐A).	  The	  ability	  of	  this	  radiotracer	  to	  target	  HER2	  thereby	  
established	  HER2	  downregulation	  under	  trastuzumab	  therapy.	  	  

Another	   team	   described	   tumor	   uptake	   and	   biodistribution	   of	   two	   anti-‐epidermal	   growth	  
factor	   receptor	   nanobodies	   (99mTc-‐7C12	   and	   99mTc-‐7D12)	   in	   a	   human	   skin	   carcinoma	   (A431)	  model	  
expressing	   EGFR	   and	   in	   a	   rhabdomyosarcoma	   (R1M)	   model	   that	   did	   not	   express	   EGFR	   (Gainkam	  
Tchouate	  et	  al.	   2008).	   It	  was	   shown	   that,	   for	   these	   two	   radiotracers,	   there	   is	   a	   significantly	  higher	  
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uptake	   in	   A431	   tumor	   compared	   to	   R1M	   tumor.	   These	   results	   demonstrate	   that	   molecular	  
expression	  of	   this	   receptor	   can	  be	  assessed	  using	  SPECT	  detection	  of	  anti-‐epidermal	  growth	   factor	  
receptor	  nanobodies	  (Figure	  8-‐B).	  	  

	  

	  
Figure	  8:	  Molecular	  imaging	  of	  the	  epidermal	  growth	  factor	  receptor	  using	  SPECT	  imaging.	  A)	  After	  3	  days	  of	  
trastuzumab	  treatment,	  a	  significant	  decrease	  was	  observed	  in	  the	  percentage	  of	  the	  injected	  dose	  per	  voxel	  
(%ID/voxel)	   in	   the	   MDA-‐MB-‐361	   breast	   tumor	   model.	   This	   indicates	   a	   significant	   reduction	   of	   the	   HER2	  
expression	  level	  in	  the	  treated	  tumor.	  Figure	  adapted	  from	  (McLarty	  et	  al.	  2009).	  B)	  The	  99mTc-‐7C12	  and	  99mTc-‐
7D12	   (not	   shown)	   radiotracers	   target	   EGFR	   and	   can	   be	   used	   to	   quantify	   the	   molecular	   expression	   of	   EGF-‐
receptor	  in	  tumors.	  Images	  in	  panel	  B	  show	  that	  the	  targeting	  is	  EGFR	  specific.	  Figure	  adapted	  from	  (Gainkam	  
Tchouate	  et	  al.	  2008). 
 

In	   summary,	   µCT,	   µPET	   and	   µSPECT	   represent	   powerful	   tools	   to	   monitor	   the	   level	   of	  
molecular	  expression	  of	  specific	  receptors	  involved	  in	  tumor	  development	  in	  vivo.	  Moreover,	  thanks	  
to	  the	  availability	  of	  numerous	  radiotracers,	  it	  is	  possible	  to	  target	  and	  map	  specific	  biomarkers	  such	  
as	  hypoxia,	  perfusion	  and	  necrotic	  area	  in	  tumor	  using	  these	  modalities.	  	  

	  

III.2. 	  Magnetic	  resonance	  imaging	  (MRI)	  
	  

Among	  the	  non-‐ionizing	  imaging	  modalities	  available	  for	  assessment	  of	  the	  TME,	  MRI	  is	  one	  
of	  the	  most	  powerful	  and	  versatile.	  The	  magnet	  of	  an	  MRI	  device	  produces	  a	  constant	  magnetic	  field	  
(B0)	  that	  aligns	  a	  small	  but	  sufficient	  proportion	  of	  the	  magnetic	  moments	  of	  1H	  atoms	  present	  in	  the	  
body.	   During	   an	  MRI	   acquisition,	   the	   aligned	  magnetic	  moments	   are	   acted	   on	   by	   a	   perpendicular	  
oscillating	   magnetic	   field	   (B1	  ⊥ 	  B0)	   chosen	   to	   precisely	   match	   the	   resonant	   frequency	   (Larmor	  
frequency)	  of	  the	  studied	  atoms.	  When	  the	  magnetic	  field	  B1	  is	  switched	  off,	  the	  magnetic	  moments	  
of	  the	  atoms	  return	  to	  their	  equilibrium	  positions,	  aligning	  with	  B0.	  Two	  characteristic	  times	  emerge	  
from	   this	   relaxation	   that	   are	   related,	   respectively,	   to	   the	   time	   taken	   by	   the	   transverse	   and	  
longitudinal	   component	  of	   the	  nuclear	  magnetic	  moment	   to	   reach	  equilibrium	   (Figure	  9).	  As	   these	  
relaxation	  times	  are	  different	  in	  biologic	  tissues,	  it	  is	  then	  possible	  to	  image	  the	  same	  tissues	  but	  with	  
different	  contrasts	  and	  information.	  	  
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Figure	  9:	  T2	  and	  T1	  images	  in	  MRI.	  The	  relaxation	  time	  of	  transverse	  (T2)	  and	  longitudinal	  (T1)	  components	  of	  
the	  magnetic	  moment	  to	  reach	  their	  equilibrium	  positions,	  aligned	  to	  B0,	  are	  measured	  to	  produce	  T1	  and	  T2	  
images.	  The	  images	  on	  the	  right	  display	  a	  coronal	  plane	  of	  a	  mouse	  (from	  Wang	  et	  al.	  2015).	  
	  

MRI	   provides	   precise	   images	   of	   anatomic	   structures	   without	   using	   any	   ionizing	   radiation.	  
Contrast	   agent	   can	   be	   used	   in	   the	   context	   of	   tumor	   characterization	   to	   monitor	   tumor	  
microvascularization	  or	  the	  level	  of	  molecular	  expression	  of	  specific	  receptors.	  The	  spatial	  resolution	  
of	  MRI	  is	  directly	  related	  to	  the	  intensity	  of	  the	  magnetic	  field	  and	  the	  acquisition	  time.	  	  

III.2.1. Dynamic	  contrast	  enhanced	  MRI	  (DCE-‐MRI)	  

III.2.1.1	  Natural	  contrast	  agents	  
 

As	   already	   underlined,	   hypoxic	   regions	   in	   tumors	   can	   trigger	   angiogenic	   processes	   and	  
subsequent	  tumor	  development.	  Quantifying	  the	  level	  of	  hypoxia	  can	  help	  in	  the	  prediction	  of	  tumor	  
development	  and	  treatment	  outcome	  (Bussink	  et	  al.	  2003;	  Vaupel	  and	  Mayer	  2007).	  When	  blood	  is	  
oxygenated	   (oxyhemoglobin),	   it	   presents	   a	   weak	   magnetic	   susceptibility	   and	   conversely	   a	   strong	  
magnetic	  susceptibility	  when	  it	  is	  deoxygenated	  (deoxyhemoglobin).	  Specific	  sequences	  can	  be	  used	  
in	   MRI	   for	   blood-‐oxygen-‐level	   dependent	   (BOLD)	   contrast	   imaging	   to	   reflect	   the	   ratio	   of	   non-‐
paramagnetic	   oxygenated	   hemoglobin	   to	   paramagnetic	   deoxygenated	   hemoglobin.	   This	   imaging	  
modality	  has	  historically	  been	  used	  in	  the	  study	  of	  neural	  activity	  but	  it	  may	  also	  provide	  information	  
about	  the	  level	  of	  oxygenation	  in	  tumors	  (Baudelet	  and	  Gallez	  2002;	  Hallac	  et	  al.	  2014;	  Padhani	  et	  al.	  
2007;	  Peller	  et	  al.	  1998;	  Zhao	  et	  al.	  2009).	  Despite	  its	  capacity	  to	  interpret	  blood	  oxygenation	  based	  
on	  magnetic	  susceptibility,	  BOLD	  signal	  can	  also	  be	  influenced	  by	  other	  parameters	  such	  blood	  flow,	  
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blood	   volume	   and	   vascular	   architecture.	   	   Furthermore,	   several	   studies	   have	   shown	   a	   correlation	  
between	  tissue	  oxygen	  partial	  pressure	  (pO2)	  and	  BOLD	  signal	  (Al-‐Hallaq	  et	  al.	  1998;	  Elas	  et	  al.	  2003).	  
In	   a	   study	   performed	   by	   Zaho	   et	   al.	   (2009),	   the	   relaxation	   of	   hexafluorobenzene	   (H19FB)	   was	  
monitored	   after	   intratumoral	   injection	   (Zhao	   et	   al.	   2004)	   to	   assess	   the	   level	   of	   oxygenation	   in	   a	  
rodent	  mammary	  carcinoma	  (13762NF).	  They	  showed	  a	  strong	  correlation	  between	  BOLD	  signal	  and	  
reference	   oximetry	   measurements	   made	   with	   19F	   NMR	   in	   the	   same	   tumor	   model.	   Experiments	  
consisted	  in	  changing	  the	  percentage	  of	  oxygen	  breathed	  by	  the	  rats	  and	  quantifying	  the	  associated	  
variation	  of	  oxygen	  in	  tumor	  tissues	  (Figure	  9).	  Measurements	  were	  performed	  in	  9	  rats	  receiving	  no	  
therapy	   revealing	   a	   large	   intra-‐	   and	   inter-‐	   tumor	   heterogeneity	   in	   terms	   of	   oxygenation	   for	   this	  
tumor	  model.	  A	  similar	  study	  more	  recently	  demonstrated	  the	  correlation	  between	  BOLD	  signal	  and	  
19F	  oxygen	  partial	  pressure	  (pO2)	  measurements	  (Hallac	  et	  al.	  2014).	  

	  

	  
Figure	  9:	  Variation	  of	  pO2	  and	  BOLD	  contrast	  with	  oxygen	  challenge.	  A)	  pO2	  maps	  obtained	  at	  successive	  times	  
overlaid	  on	  T1-‐weighted	  images	  of	  two	  tumors.	  In	  response	  to	  breathing	  oxygen,	  all	  the	  individual	  locations	  (34	  
voxels)	   in	   the	   upper	   tumor	   (upper	   row)	   responded	   significantly	   and	   became	   well	   oxygenated.	   By	   contrast,	  
some	  of	   the	   initially	  hypoxic	   regions	   in	   the	  other	   tumor	   (lower	   row)	   remained	  hypoxic,	  while	  others	  became	  
well	  oxygenated.	  These	  temporal	  variations	  are	  reported	  in	  the	  associated	  graph	  (mean	  pO2	  vs	  time).	  B)	  Data	  
were	  acquired	  under	  the	  same	  conditions	  using	  BOLD	  contrast	  imaging.	  When	  air	  was	  replaced	  by	  oxygen,	  the	  
two	  tumors	  showed	  heterogeneous	  signal	  enhancement.	  Regions	  of	  decreased	  signal	   intensity	   (SI)	  were	  also	  
observed	   (dark	   regions).	  The	  variation	  of	  normalized	  SI	  with	   time	   for	   the	   tumors	  with	   respect	   to	   the	  oxygen	  
challenge	   are	   presented	   on	   the	   associated	   graph.	  Measurements	   of	   these	   two	   imaging	  modalities	   correlate	  
significantly	   and	   suggest	   that	   BOLD	   signal	   is	   suitable	   for	   assessing	   oxygen	   level	   in	   biologic	   tissues.	   Figure	  
adapted	  from	  (Zhao	  et	  al.	  2009)	  
	  

A	   pilot	   study	   has	   been	   led	   in	   seven	   patients	   to	   predict	   breast	   cancer	   response	   to	  
chemotherapy	   using	   BOLD	   contrast	   imaging	   (Jiang	   et	   al.	   2013).	   The	   results	   exhibit	   a	   significantly	  
enhanced	   BOLD	   signal	   in	   tumor	   tissues	   (high	   level	   of	   oxygenation)	   for	   patients	   who	   presented	   a	  
complete	  response	  to	  therapy.	  These	  findings	  suggest	  that	  BOLD	  MRI	  may	  help	  to	  predict	  treatment	  
response	  in	  human	  breast	  cancer.	  

To	   provide	   more	   specific	   information	   about	   physiologic	   modifications	   (acidity,	   IFP	   and	  
immunity	   response)	   that	   occur	   within	   tumors	   and	   their	   associated	   microenvironment,	   contrast	  
agents	  must	  be	  used	  to	  enhance	  specific	  targets	  and	  to	  quantitatively	  evaluate	  tumor	  modifications	  
during	  growth	  or	  therapy.	  
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III.2.2.1	  Contrast	  MRI	  	  
	  

DCE-‐MRI	   contrast	   agents	   have	   an	   effect	   on	   the	   1H	   relaxation	   time.	   The	  most	   common	   T1	  
contrast	   agent	   is	   Gd3+	   which	   consists	   of	   chelates	   of	   paramagnetic	  metal	   ions	   and	   exhibits	   a	   high	  
magnetic	  moment	  due	  to	  its	  seven	  unpaired	  electrons.	  Normal	  sized	  (≈	  150	  nm)	  or	  ultrasmall	  (≈	  30	  
nm)	   superparamagnetic	   iron	   oxide	   nanoparticles	   (SPIO/USPIO)	   composed	   of	   a	   core	   of	   iron	   oxide	  
coated	  with	  either	  dextran,	  polymer	  or	  citrate	  (Kircher	  and	  Willmann	  2012a)	  are	  commonly	  used	  to	  
enhance	  T2	  weighted	  images.	  	  	  

	  
Figure	  10:	  Contrast	  agents	  in	  MRI.	  The	  most	  common	  contrast	  agents	  used	  in	  MRI	  modify	  the	  relaxation	  time	  
of	  water	  protons.	  Gd-‐DTPA	  is	  a	  blood	  pool	  agent	  used	  to	  trace	  the	  microvascular	  network	  and	  thus	  to	  provide	  
information	  on	  its	  structure	  and	  functionality.	  SPIO	  and	  USPIO	  can	  be	  functionalized	  and	  thus	  targeted	  toward	  
specific	  receptors	  or	  molecules	  of	  interest	  by	  conjugating	  ligands	  to	  their	  shell	  such	  as	  antibodies,	  peptides	  or	  
small	  molecules.	  
	  

By	   an	   ingenious	   use	   of	   the	   common	  Gd-‐DTPA	  MRI	   contrast	   agent,	   Hompland	   et	   al.	   (2012)	  
demonstrated	  the	  feasibility	  of	  the	  assessment	  of	  the	  interstitial	  fluid	  pressure	  (IFP)	  in	  xenografts	  of	  
human	   cervical	   carcinoma	   (TS-‐415)	   and	   human	  melanoma	   (U-‐25).	   After	   the	   injection	   of	   the	   blood	  
pool	  agent,	  a	  high-‐signal	  intensity	  rim	  appears	  in	  the	  tumor	  periphery	  and	  moves	  outward	  with	  time.	  
A	   simple	   model	   for	   peritumoral	   interstitial	   fluid	   flow	   was	   then	   used	   to	   calculate	   the	   fluid	   flow	  
velocity	   (V0	   in	  mm/s)	   at	   the	   tumor	   surface	   based	   on	   the	   rim’s	  movement.	   They	   showed	   that	   the	  
speed	  of	  displacement	  of	  the	  high-‐intensity	  rim	  was	  highly	  correlated	  with	  IFP.	  The	  higher	  the	  IFP	  the	  
faster	  the	  outward	  advancement	  of	  the	  high-‐intensity	  rim.	  Using	  this	  tool,	  they	  investigated	  the	  value	  
of	   IFP	   in	   tumor	  models	   and	   the	   associated	   level	   of	  metastasis.	   Findings	   demonstrate	   significantly	  
higher	  IFP	  in	  metastatic	  nodules	  as	  compared	  to	  primary	  tumor	  tissue.	  The	  results	  suggest	  that	  Gd-‐
DTPA-‐based	  DCE-‐MRI	  can	  noninvasively	  visualize	  tumor	  IFP,	  and	  reveal	  the	  potential	   interest	  of	  the	  
assessment	   of	   fluid	   flow	   velocity	   by	   this	  method	   to	   provide	   a	   novel,	   general	   biomarker	   of	   tumor	  
aggressiveness.	  

Some	  elaborated	  MRI	  contrast	  agents	  can	  be	  used	  to	  monitor	  tumor	  pH.	  For	  example,	  Nwe	  
et	  al.	  (2013)	  have	  developed	  a	  pH-‐responsive	  glycol	  chitosan	  Gd-‐labeled	  MR	  contrast	  agent	  (GC-‐NH2-‐
GdDOTA)	  that	  was	  designed	  to	  allow	  rapid	  imaging	  (within	  several	  hours)	  and	  to	  generate	  positive	  T1	  
contrast.	   GC-‐NH2-‐GdDOTA	   exhibits	   near-‐neutral	   surface	   charges	   at	   physiologic	   pH	   because	   of	  
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deprotonation	  of	  the	  amines	  (NH2)	  on	  the	  glycol	  chitosan.	  The	  presence	  of	  a	  neutral	  surface	  charge	  
minimizes	   nanoparticle	   association	   with	   blood	   components	   and	   normal	   tissue.	   In	   acidic	  
microenvironments,	  the	  amino	  groups	  of	  GC-‐NH2-‐GdDOTA	  yield	  a	  positive	  charge	  (NH3

+),	   leading	  to	  
electrostatic	   interactions	   with	   negatively	   charged	   cell	   membranes	   and	   extracellular	   matrix	  
components.	   These	   interactions	   result	   in	   enhanced	   retention	   of	   the	   agent	   in	   acidic	   areas.	   Results	  
exhibit	  a	  significant	  contrast	  enhancement	  in	  T1-‐	  weighted	  images	  in	  acidic	  zones	  for	  as	  long	  as	  4	  h	  
following	  the	  injection	  of	  GC-‐NH2-‐GdDOTA,	  with	  the	  greatest	  contrast	  observed	  at	  2	  h	  postinjection.	  

	  
Figure	   11:	   IFP	  measurements	   using	   a	   Gd-‐DTPA	   blood	   pool	   agent.	  A)	   The	   black	   line	   on	   the	   image	   indicates	  
where	  the	  velocity	  (V0)	  of	  the	  rim	  movement	  was	  measured.	  As	  shown	  on	  the	  graph,	  high	  IFP	  is	  associated	  with	  
higher	   velocity	   of	   the	   rim	   movement	   than	   lower	   IFP.	   B)	   Both,	   IFP	   and	   V0	   enable	   the	   distinction	   between	  
primary	  tumor	  and	  metastasis.	  Figure	  adapted	  from	  (Hompland	  et	  al.	  2012).	  
	  

Tumor	  vasculature	  can	  be	  characterized	  with	  MR	  imaging	  using	  contrast	  agents.	  Ullrich	  et	  al.	  
(2011)	  used	  the	  SPIO	  Endorem®	  (Guerbet)	  contrast	  agent	  associated	  with	  7T,	  high	  spatial	  resolution	  
(voxel	   size:	   0.25×0.25×0.3	   mm3)	   MRI	   to	   simultaneously	   quantify	   tumor	   microvessel	   density	   and	  
vessel	   size.	   The	   small	   size	   (120	   to	   180	   nm)	   and	   hydrophilic	   coating	   of	   Endorem	   provides	   longer	  
circulation	   in	   the	   intravascular	   space	   and	   prevents	   rapid	   accumulation	   of	   particles	   in	   the	  
reticuloendothelial10	  system.	  They	  performed	  a	   longitudinal	   follow-‐up	  of	  non–small	  cell	   lung	  cancer	  
xenograft	   treated	  with	   vatalanib,	   a	   TKR	   inhibitor	  with	   a	   strong	   affinity	   for	   PDGFR	   and	  VEGFR.	   The	  
strongest	   variations	   between	   the	   placebo	   and	   treated	   groups	   were	   identified	   based	   on	   the	  
microvascular	  density	  index	  which	  displayed	  lowest	  values	  for	  the	  antiangiogenic	  group	  (Figure	  12).	  
Moreover,	  a	  strong	  reduction	  in	  the	  apparent	  diffusion	  coefficient	  (ADC),	  a	  measurement	  related	  to	  
the	  confinement	  of	   the	  contrast	  agent,	  was	  observed	   for	   the	  antiangiogenic	  group.	  Because	   it	  was	  
previously	   shown	   that	   inhibition	   of	   VEGFR2	   expression	   reduces	   vascular	   permeability	   (Jain	   2005),	  
Wang	   et	   al	   interpreted	   the	   lower	   values	   in	   ADC	  maps	   in	   the	   treated	   group	   as	   a	   decline	   in	   vessel	  
permeability	   that	   reduced	   interstitial	   edema	   and,	   thus,	   intra-‐tumor	   diffusion.	   Finally	   in	   this	   study,	  

                                            
10	  Reticuloendothelial	  system:	  mononuclear	  phagocyte	  system	  which	  is	  a	  part	  of	  the	  immune	  system	  consisting	  
of	  phagocytic	  cells	  such	  as	  monocytes	  and	  macrophages.	  	  	  
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Ullrich	   and	   colleagues	   demonstrated	   the	   sensitivity	   of	   DCE-‐MRI	   to	   modifications	   of	   the	   tumor	  
vasculature	  under	  antiangiogenic	  therapy.	  

Specific	  MRI	   contrast	   agents	   can	   be	   used	   to	   follow	   immunotherapy	   response	   by	   targeting	  
immune	   cells.	   For	   example,	   in	   the	   context	   of	   the	   infusion	   of	   genetically	   modified	   NK	   cells	   that	  
recognize	   tumor-‐associated	   surface	   antigens,	   Meier	   et	   al.	   (2011)	   demonstrated	   the	   ability	   of	   MR	  
imaging	  to	  assess	  SPIO-‐labeled	  NK-‐cell	  accumulation	  in	  a	  xenograft	  prostate	  cancer	  model	  (DU145)	  in	  
rats.	   The	   in	   vivo	   accumulation	   of	   NK	   cells	   in	   tumor	   was	   confirmed	   ex	   vivo	   by	   anti-‐CD57	  
immunohistochemistry	   stains	  directed	  against	   the	  antigen	  CD57	  on	   the	   surface	  of	  NK	   cells.	   Similar	  
results	  were	   reported	   by	   Sheu	   et	   al.	   (2013)	   in	   a	   hepatocellular	   carcinoma	  model.	   They	   performed	  
intra-‐arterial	  infusion	  of	  SPIO-‐labeled	  NK	  cells	  and	  observed	  a	  significant	  reduction	  of	  tumor	  volume	  
8	  days	   after	  NK	   cell	   accumulation.	   The	  ability	  of	   SPIO	   to	   label	   lymphocytes	  was	   shown	  up	   to	  72	  h	  
after	   their	   injection.	   This	   should	   enable	   monitoring	   of	   NK-‐cell	   trafficking	   in	   the	   tumor,	   and	   the	  
associated	  microenvironment	  (Smirnov	  et	  al.	  2006).	  

	  

	  
Figure	   12:	  Multiparameter-‐imaging	   in	   MRI.	   Longitudinal	   investigations	   of	   vascular	   dynamics	   during	   tumor	  
growth	  and	  antiangiogenic	  therapy.	  The	  effect	  of	   treatment	  with	  vatalanib	  on	  the	  tumor	  microvessel	  density	  
index	   (MDI),	   tumor	   vessel	   size	   (VSI)	   and	   apparent	   diffusion	   coefficient	   (ADC)	   during	   tumor	   growth	   and	  
treatment	  was	  investigated.	  Figure	  adapted	  from	  (Ullrich	  et	  al.	  2011).	  	  

	  

III.2.2. 	  Magnetic	  resonance	  spectroscopy	  (MRS)	  
 

Magnetic	   resonance	  also	  offers	   the	  possibility	   to	   image	  the	  metabolism	  of	   living	  cells	  using	  
magnetic	   resonance	   spectroscopy	   (MRS).	   The	  MRS	   technique	   consists	   in	   imaging	   not	   only	   the	   1H	  
atoms	  but	  also	  other	  atoms	  that	  have	  a	  non-‐null	  spin	  and	  are	  present	  in	  the	  body	  (Figure	  13-‐A).	  	  The	  
atoms	  that	  are	  most	  often	  studied	  with	  MRS	  are	  the	  proton	  1H,	  carbon	  13C,	  fluorine	  19F,	  sodium	  23Na	  
and	  phosphorus	   31P.	  To	   image	  certain	   isotopes	  with	  a	   low	  natural	  abundance	  and	   low	  nuclear	  spin	  
polarization	  like	  the	  13C	  isotope	  (1.1%),	  it	  is	  necessary	  to	  inject	  a	  hyperpolarized,	  enriched	  compound.	  
As	   opposed	   to	   standard	   MRI	   contrast	   agents	   which	   act	   on	   the	   relaxation	   rate	   of	   water	   protons,	  
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hyperpolarized	  molecules	  are	  themselves	  sources	  of	  NMR	  signal.	  They	  thus	  increase	  signal	  intensity	  
and	  SNR	  in	  a	  manner	  that	  is	  linearly	  dependent	  on	  their	  concentration	  and	  polarization	  level.	  	  

By	   using	   13C	   MRS	   and	   assuming	   that	   pKa11	  is	   known	   Gallaher	   et	   al.	   (2008)	   applied	   the	  
chemical	   equation	   pH	   =	   pKa	   +	   log10([HCO3

–]/[CO2])	   to	   determine	   pH	   levels	   in	   vivo.	   To	  measure	   the	  
relative	   concentrations	   of	   H13CO3–	   and	   13CO2	   Gallaher	   and	   colleagues	   increased	   the	   sensitivity	   of	  
their	   detection	   by	   injecting	   hyperpolarized	   13C-‐labeled	   bicarbonate.	   Using	   this	   approach,	   they	  
mapped	  the	  intratumoral	  pH	  (Figure	  12-‐B).	  Ha	  et	  al.	  (2013)	  demonstrated	  the	  ability	  to	  quantify	  the	  
intra-‐cellular	  pH	  in	  brain	  tumors	  by	  measuring	  the	  chemical	  shift	  of	  specific	  metabolites	  of	  31P	  MRS.	  	  

 
Figure	   13:	  pH	   assessment	   by	  MRS	   imaging.	  A)	   Table	   indicates	   the	   atomic	   composition	   of	   the	   human	   body	  
(Conseil	  National	   de	  Recherches	  Canada,	  CNRC:	  http://goo.gl/V6HCpx)	   in	   terms	  of	   the	  natural	   abundance	  of	  
each	   isotope	   and	   the	   associated	   resonance	   frequency	   under	   a	   magnetic	   field	   of	   7T	   (MIT	   department	   of	  
chemistry,	   http://goo.gl/id109S).	  B)	  pH	  maps	   in	   a	  mouse	   calculated	   from	   the	   ratio	  of	   the	  H13CO3

–	   and	   13CO2	  
voxel	   intensities	   in	   13C	   chemical	   shift	   images	   acquired	   ≈10	   s	   after	   intravenous	   injection	   of	   ≈100mM	  
hyperpolarized	   H13CO3

–	   and	   assuming	   a	   pKa	   of	   6.17.	   The	   tumor	   is	   designated	   by	   a	  white	   outline	   and	  white	  
arrow.	  Figure	  B	  was	  adapted	  from	  (Gallagher	  et	  al.	  2008) 
 

Other	   studies	   have	   shown	   that	   hyperpolarized	   13C	   can	   be	   used	   with	  MRS	   to	   evaluate	   the	  
glycolytic	  status	  of	  living	  cells.	  Thus,	  the	  presence	  of	  tumor	  cells	  can	  be	  highlighted	  by	  mapping	  levels	  
of	   pyruvate,	   lactate,	   and	   alanine	   (Golman	   et	   al.	   2006).	   Cell	   metabolism	   assessment	   using	  
simultaneous	  31P	  and	  1H	  MRS	  under	  a	  magnetic	  field	  of	  7T	  was	  demonstrated	  in	  human	  breast	  cancer	  
(Klomp	  et	  al.	  2011).	  	  

	  

III.2.3. 	  Multiparametric	  imaging	  in	  MRI	  
 

MR	  imaging	  provides	  a	  very	  versatile	  tool	  to	  quantitatively	  evaluate	  many	  parameters	  in	  vivo.	  
One	   of	   the	   direct	   benefits	   for	   the	   study	   of	   tumors	   is	   the	   possibility	   to	   image	   several	   physiologic	  
parameters	  for	  the	  same	  subject	  to,	  thus,	  obtain	  a	  more	  complete	  description	  of	  its	  status.	  

                                            
11	  In	   the	   case	  of	  weak	   acid	   solutions,	   the	  equilibrium	  constant	  of	   acid	  dissociation	  of	   the	   following	   chemical	  
equation,	  AH	  +	  H2O	  ⇌	  A–	  +	  H3O

+	  is	  designated	  Ka	  and	   is	  equal	  to	  [A–][H+]/[AH].	  pKa	   is	  defined	  from	  Ka	  by	  the	  
relation	  pKa	  =	  -‐log	  Ka.	  	  
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Matsumoto	  et	  al.	   (2011)	   	  used	  DCE-‐MRI	  to	  assess	  blood	  volume	  and	  electron	  paramagnetic	  
resonance	   (EPR)	   imaging	   to	   map	   tissue	   pO2	   (imaging	   modality	   sensitive	   to	   the	   spin	   of	   unpaired	  
electrons)	   in	   a	   murine	   squamous	   cell	   carcinoma	   model	   treated	   with	   an	   anti-‐angiogenic	   therapy	  
(sunitinib).	  As	   shown	   in	  Figure	  14,	   the	  group	  of	  mice	   treated	  with	   sunitinib	  presented	  a	   significant	  
increase	  of	   the	   level	  of	  O2	   simultaneous	   to	  a	   reduction	  of	  blood	  volume	  compared	   to	   the	  placebo	  
group.	   They	   interpreted	   these	   findings	   as	   a	   normalization	   of	   tumor	   vasculature	   leading	   to	  
improvement	   of	   the	   functionality	   and	   efficiency	   of	   blood	   vessels	   (Tong	   et	   al.	   2004).	   The	  
immunostaining	   findings	   for	   hypoxia	   (pimonidazole)	   and	   oxygen	   gradient	   (CD31-‐pimonidazole)	  
corroborated	   results	   presented	   in	   Figure	   14.	   Together,	   the	   results	   of	   this	   study	   demonstrate	   the	  
capacity	  to	  noninvasively	  assess	  transient	  vascular	  normalization	  and	  the	  resultant	   improvement	  of	  
tumor	   oxygenation	   after	   antiangiogenic	   treatment.	  Moreover,	  Matsumoto	   and	   colleagues	   showed	  
that	  transient	  renormalization	  of	  tumor	  microvascular	  network	  and	  the	  associated	  increase	  of	  O2	  can	  
significantly	  enhance	  the	  efficiency	  of	  radiotherapy. 

 
Figure	   14:	  MRI	   comparison	   between	   the	   level	   of	   oxygen	   pO2	   and	   blood	   volume.	   Response	   of	   a	   murine	  
squamous	  cell	  carcinoma	  to	  antiangiogenic	  therapy	  was	  investigated	  using	  DCE-‐MRI	  and	  EPR	  imaging.	  Sunitinib	  
(an	  antiangiogenic	  drug)	   simultaneously	   induced	  an	   increase	  of	  pO2	  and	  a	  decrease	  of	  blood	  volume.	  Figure	  
adapted	  from	  (Matsumoto	  et	  al.	  2011).	  
 

Jugé	  et	  al.	   (2012)	   conducted	  a	   study	  characterizing	   the	   response	  of	  ectopic	  and	  orthotopic	  
murine	  colorectal	  carcinoma	  (CT26)	  to	  an	  antivascular	  drug	  (combretastatin	  A4	  phosphate,	  CA4P)	  by	  
characterizing	   the	   tumors’	  mechanical	  properties	  with	  MR	  elastography	  and	   their	   vasculature	  with	  
diffusion-‐weighted	  MR	   imaging	   (measurement	   of	   ADC).	   In	   the	   ectopic	   tumor	  model,	   the	   stiffness	  
decreased	  and	  the	  ADC	   increased	  simultaneously	  and	  significantly.	  Histologic	   results	   indicated	  high	  
levels	  of	  necrosis	   (43	  ±	  3	  %	  vs7	  ±	  2	  %)	  and	   low	  microvessel	  density	   (MVD)	   in	   the	   treated	  group	  as	  
compared	   to	   the	   placebo	   group.	   Jugé	   and	   colleagues	   interpreted	   the	   reduction	   in	   stiffness	   in	   the	  
group	  treated	  with	  the	  antivascular	  therapy	  as	  an	  indication	  of	  decreased	  MVD.	  
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In	  summary,	  MRI	  represents	  a	  very	  powerful	  and	  versatile	  tool	  that	  can	  provide	  many	  types	  
of	  information	  about	  the	  anatomy,	  physiology	  or	  molecular	  expression	  of	  tissues	  with	  a	  strong	  level	  
of	  precision.	  The	  use	  of	  MRI	   is	  widespread	   in	   the	  clinical	   setting	  so	  conclusive	   results	   in	  preclinical	  
research	  can	  be	  tested	  rapidly	  for	  clinical	  translation.	  This	  potential	  is	  moderated	  by	  the	  high	  cost	  of	  
MRI	  and	  the	  duration	  of	  exams	  that	  can	  easily	  exceed	  one	  hour	  per	  subject.	  	  

III.3. 	  Optical	  imaging	  	  
 

Optical	   imaging,	   mainly	   used	   in	   preclinical	   research,	   represents	   another	   very	   interesting	  
modality	  that	  provides	  a	  range	  of	  techniques	  enabling	  in	  vivo	  characterization	  of	  different	  aspects	  of	  
the	  TME	  as	  reviewed	  in	  the	  following	  paragraphs.	  	  	  	  

The	  use	  of	  visible	  light	  to	  study	  biologic	  tissues	  began	  four	  centuries	  ago	  with	  the	  invention	  
of	   the	   microscope.	   Light	   is	   an	   electromagnetic	   wave	   (photons)	   that	   can	   be	   characterized	   by	   its	  
frequency,	  amplitude,	  phase	  and	  polarization.	  Photons	  can	  diffuse	  through	  biological	  tissues	  but	  are	  
absorbed	  over	  a	  very	  short	  distance	  (≈	  100	  µm).	  It	  was	  shown	  that	  near	  infrared	  (NIR)	  photons	  (700–
900	  nm)	  penetrate	  deeper	  (≈	  1mm)	  into	  biological	  tissues	  (Chance	  et	  al.	  1998)	  and,	  thus,	  this	  	  range	  
of	   wavelengths	   are	   most	   adapted	   to	   the	   in	   vivo	   study	   of	   biologic	   processes.	   In	   some	   cases,	  
components	  of	  tissues	  can	  be	  revealed	  using	  natural	  optical	  contrast	  but	  an	  injection	  of	  fluorescent	  
molecules	   is	   generally	   needed	   in	   order	   to	   highlight	   specific	   anatomical	   structures	   or	   physiological	  
processes.	   There	   is	   a	   plethora	   of	   fluorescent	   molecules,	   each	   with	   a	   specific	   wavelength	   of	  
absorption	  and	  emission,	  such	  that	  multi-‐targeted	  imaging	  can	  be	  achieved	  by	  using	  more	  than	  one	  
fluorescent	  marker.	  A	  brief	  description	  of	  fluorescent	  probes	  will	  be	  presented	  in	  Section	  III.3.2.	  	  
The	  optical	   device	  most	   adapted	   to	   image	   a	   fluorochrome	   is	   determined	  based	  on	   the	   resolution,	  
depth	  of	  observation	  and	  duration	  of	  physiologic	  processes	  necessary	  for	  the	  observation	  (Figure	  16).	  
Most	   commonly,	   to	   record	   fluorescence	   from	  deeper	   tissues,	   a	   plane	  wave	   light	   source	   is	   used	   to	  
illuminate	   the	   tissue.	   Fluorescent	   signals	   emitted	   toward	   a	   camera	   are	   then	   collected.	   These	  
methods	   are	   generally	   referred	   to	   as	   planar	   methods	   and	   can	   be	   applied	   in	   epi-‐illumination	  
(reflectance)	  or	   transillumination	  modes.	   Fluorescence	  molecular	   tomography	   (FMT)	  provides	  a	  3D	  
reconstruction	  of	  the	  internal	  distribution	  of	  fluorochromes	  in	  tissues	  based	  on	  light	  measurements	  
collected	   at	   the	   tissue	   boundary.	   This	   technique,	   coupled	   with	   advanced	   instrumentation,	   can	  
overcome	  many	  of	  the	  limitations	  of	  planar	  imaging	  and	  yields	  a	  robust	  and	  quantitative	  modality	  for	  
fluorescent	   reporters	   in	   vivo.	   Finally,	   intravital	   microscopy	   enables	   the	   use	   of	   optical	   imaging	  
modalities	   that	   have	   been	   previously	   developed	   for	   ex	   vivo	   characterization.	   Very	   high	   spatial	  
resolution	   on	   the	   order	   of	   that	   obtained	   with	   confocal	   microscopy	   can	   be	   obtained.	   Innovative	  
methods	   such	  as	  optical	   coherence	   tomography	   (OCT)	  or	  optical	   frequency	  domain	   imaging	   (OFDI)	  
can	  be	  applied	  intravitaly.	  	  	  

III.3.1. Natural	  contrast	  	  
 

The	   optical	   frequency	   domain	   imaging	   (OFDI)	   technique	   developed	   by	   Vakoc	   et	   al.	   (2009;	  
2012)	  is	  based	  on	  OCT	  imaging.	  It	  measures	  how	  light	  propagates	  in	  tissue	  and	  how	  it	  scatters	  from	  
tissue	   structures.	   As	   described	   in	   Figure	   17-‐A,	   at	   a	   given	   depth,	   the	   amplitude	   and	   phase	   of	   the	  
reflected	   signal	   as	   a	   function	   of	   time	   are	   used	   to	   derive	   the	   optical	   scattering	   properties	   and,	  
thereby,	  the	  tissue	  structure	  and	  function.	  Vakoc	  and	  colleagues	  used	  this	  new	  imaging	  tool	  coupled	  
with	  an	  intravital	  window	  to	  quantify	  how	  the	  tumor	  vascular	  network	  was	  modified	  by	  an	  anti-‐VEGF	  
drug	   (DC101)	   (Figure	   17-‐B).	   A	   significant	   deference	   was	   identified	   in	   the	   mean	   vessel	   diameters	  
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which	  was	  lower	  (≈	  35	  µm)	  for	  mice	  treated	  with	  anti-‐VEGF	  drug	  (n	  =	  6)	  as	  compared	  to	  control	  mice	  
(≈	  55	  µm,	  n	  =	  5).	  Using	  the	  correlation	  between	  scattering	  properties	  and	  the	  microvasculature,	  they	  
mapped	   viable	   tissue	   by	   quantifying	   the	   expansion	   of	   regions	   identified	   as	   necrotic	   or	   apoptotic	  
based	  on	  light	  scattering.	  During	  tumor	  progression,	  they	  revealed	  an	  increase	  in	  these	  areas	  within	  
the	   tumor	   associated	  with	   a	   decrease	   in	   the	   number	   of	   vessels	   and	   a	   decrease	   of	   the	   portion	   of	  
viable	   tissues.	   Another	   interesting	   capacity	   provided	   by	   OFDI	   is	   the	   ability	   to	   characterize	   the	  
lymphatic	  network	  surrounding	  the	  tumor	  (Figure	  17-‐B,	  blue).	  	  

	  

 
Figure	   16:	   In	   vivo	   fluorescence	   imaging.	   (a–e) Imaging	   of	   proteolytic	   activity	   in	   pulmonary	   inflammation	  
induced	  by	  intratracheal	  lipopolysaccharides	  (LPS).	  (a,b).	  Fluorescence	  transillumination	  images	  of	  control	  and	  
LPS-‐challenged	  mice,	  respectively	  (d).	  Fluorescence	  Molecular	  Tomography	  slice	  at	  z	  =	  3mm	  (e)	   (images	  from	  
Ntziachristos	  et	  al.	  2005).	  Intravital	  microscopy	  enables	  the	  visualization	  of	  single	  cells.	  Cancer	  cells	  expressing	  
GFP	  fluoresce	  green	  and	  collagen	  fibrils,	  visualized	  by	  second	  harmonic	  generation	  imaging	  (SHG),	  are	  red	  (f).	  
SHG	  of	  collagen	  and	  GFP	  were	  excited	  simultaneously	  at	  a	  wavelength	  of	  790	  nm	  (f:	  Uchugonova	  et	  al.	  2013).	  

	  
York	   et	   al.	   (2014)	   have	   developed	   a	   sensor	   that	   is	   bioinspired	   to	   mimic	   	   the	   structure	   of	  

shrimp	  mantis	  eyes.	  The	  purpose	  of	  all	  eyes	  is	  to	  convert	  light	  for	  neural	  signaling	  interpreted	  by	  the	  
brain.	   Depending	   on	   eye	   structure	   and	   composition,	   the	   photosensitive	   cells	   within	   eyes	   can	   be	  
sensitive	   to	   the	   wavelength	   (color)	   and/or	   polarization	   of	   light.	   As	   described	   in	   Figure	   18,	   the	  
particularity	   of	   mantis	   eyes	   resides	   in	   their	   ability	   to	   filter	   photons	   through	   a	   pigment	   cell	   (color	  
sensitivity)	  and	  a	  series	  of	  photosensitive	  retinular	  cells	  (R-‐cells	  for	  sensitivity	  to	  polarization	  status).	  
York	  and	  colleagues	  have	  developed	  a	  sensor	  that	  mimics	  these	  structures	  of	  mantis	  eyes	  and	  they	  
have	  used	  the	  sensor	   in	  multiple	  applications	   including	  tumor	  characterization.	  This	  sensor	  has	  the	  
capability	  to	  simultaneously	  quantify	  several	  properties	  of	  polarized	  light	  such	  as	  the	  degree	  of	  linear	  
or	   circular	   polarization	   (DoLP	   and	   DoCP)	   and	   the	   angle	   of	   polarization	   (AoP)	   which	   gives	   the	  
orientation	   of	   the	   polarization	  wavefront.	  Using	   their	   Complementary	  Metal	  Oxide	   Semiconductor	  
(CMOS)	   sensor	   coupled	  with	   endoscopy,	   they	   assessed	   the	   presence	   of	   tumor	   cells	   based	   on	   the	  
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higher	   density	   of	   light-‐scattering	   agents	   in	   the	   cells.	   Higher	   scattering	   leads	   to	   a	   greater	   level	   of	  
depolarization	  as	  compared	  with	  neighboring,	  healthy	  tissue	  (Charanya	  et	  al.	  2014;	  York	  et	  al.	  2014).	  

 
Figure	  17:	  The	  optical	  frequency	  domain	  imaging	  (OFDI)	  technique	  and	  its	  use	  in	  TME	  characterization.	  A)	  The	  
OFDI	  modality	   relies	   on	   the	   interference	   of	   near	   infrared	   light	   between	   a	   reference	   path	   and	   the	   tissues	   of	  
interest.	   By	   measuring	   how	   light	   propagates	   and	   scatters	   in	   tissue,	   the	   OFDI	   technique	   enables	   in	   vivo	  
characterization	  of	  tissue	  structures.	  B)	  OFDI	  images	  of	  representative	  control	  and	  treated	  tumors,	  5	  days	  after	  
initiation	  of	  antiangiogenic	  (VEGFR-‐2)	  therapy.	  The	  lymphatic	  network	  is	  also	  presented	  (blue)	  for	  both	  tumors.	  
Scale	   bar	   500	  µm.	  C)	   OFDI	   reveals	   the	   association	   of	   tissue	   necrosis	  with	   high	   scattering	   regions.	   Scattering	  
properties	  were	  correlated	  with	  the	  microvasculature	  during	  tumor	  progression,	   illustrating	  the	  expansion	  of	  
necrotic	   or	   apoptotic	   regions	   in	   areas	   with	   minimal	   vascular	   supply.	   Scale	   bar	   1	   mm.	   Figure	   adapted	   from	  
(Vakoc	  et	  al.	  2009;	  Vakoc	  et	  al.	  2012). 
 

III.3.2. Fluorescence	  imaging	  
	  

Whatever	   imaging	   technique	   is	   used,	   most	   in	   vivo	   optical	   imaging	   requires	   the	   use	   of	  
fluorescent	  molecules	  to	  highlight	  the	  presence	  of	  specific	  cells,	   to	  monitor	  their	  circulation	  and	  to	  
evaluate	  the	  associated	  physiological	  processes.	  	  

As	  described	  in	  Figure	  19,	  fluorescent	  probes	  can	  be	  divided	  into	  three	  different	  categories:	  
active,	   activatable	   and	   indirect	   probes	   (Ntziachristos	   2006).	   Active	   probes	   are	   essentially	  
fluorochromes	   that	   are	  attached	   to	  an	  affinity	   ligand	   specific	   for	   a	   certain	   target.	   This	  paradigm	   is	  
similar	  to	  probe	  design	  practices	  seen	  in	  nuclear	  imaging,	  except	  that	  a	  fluorochrome	  is	  used	  instead	  
of	   the	   isotope.	   Activatable	   probes	   are	   molecules	   that	   carry	   quenched	   fluorochromes.	   The	  
fluorochromes	  are	  usually	  arranged	  in	  close	  proximity	  to	  each	  other	  so	  that	  they	  self-‐quench,	  or	  they	  
are	  placed	  next	   to	   a	  quencher	  using	  enzyme-‐specific	  peptide	   sequences.	   These	  peptide	   sequences	  
can	  be	  cleaved	   in	   the	  presence	  of	  a	  specific	  enzyme,	   thus	   freeing	  the	   fluorochromes	  that	  can	  then	  
emit	   light	   upon	   excitation.	   Finally,	   for	   the	   indirect	   probes,	   several	   strategies	   exist	   but	   the	   most	  
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common	   relies	   on	   the	   introduction	   of	   a	   transgene	   (called	   a	   reporter	   gene)	   into	   the	   cell.	   The	  
transgene	   encodes	   for	   a	   fluorescent	   protein	   (FP),	   which	   acts	   as	   an	   intrinsically	   produced	   reporter	  
probe.	   The	   modified	   protein	   maintains	   the	   functionality	   of	   the	   original	   protein,	   but	   because	   it	   is	  
fluorescent,	   it	  can	  be	  visualized	   in	  vivo.	  Several	  different	  fluorescent	  protein	  approaches	  have	  been	  
developed	   to	   allow	   interrogation	   of	   protein-‐protein	   interactions	   through	   the	   utilization	   of	  
fluorescence	  energy	  transfer	  (FRET).	  	  
 

 
Figure	  18:	  Bioinspired	  sensor	  enables	  tumor	  cell	  detection.	  A)	  The	  mantis	  shrimp	  in	  its	  natural	  environment.	  
B)	   (Left)	   the	  compound	  eye	  of	  the	  mantis	  shrimp.	  Ommatidia12	  combine	  polarization-‐filtering	  microvilli13	  with	  
light-‐sensitive	   receptors.	   (Right)	   A	   bioinspired	   Complementary	   Metal	   Oxide	   Semiconductor	   (CMOS)	   imager	  
constructed	  with	  polarization	  sensitivity,	  where	  aluminum	  nanowires	  placed	  directly	  on	  top	  of	  photodiodes	  act	  
as	  linear	  polarization	  filters.	  C)	  Image	  from	  in	  vivo	  endoscopy	  of	  the	  mouse	  colon.	  AT:	  adenomatous	  tumor;	  PP:	  
Peyer’s	   patch	   (drives	   immune	   response	   in	   the	   intestine);	   UT:	   uninvolved	   tissue.	   The	   degree	   of	   linear	  
polarization	  (DoLP)	  measures	  how	  linearly	  polarized	  the	  light	  is,	  with	  0	  being	  no	  linear	  polarization	  and	  1	  being	  
completely	  linearly	  polarized.	  Figure	  adapted	  from	  (York	  et	  al.	  2014).	  
	  

	  
Figure	   19:	  Fluorescent	   imaging	   strategies.	  Active	  probes	   consist	   of	   a	   fluorochrome	  attached	   to	   an	   antibody	  
that	  targets	  a	  specific	  receptor.	  Activatable	  probes	  are	  composed	  of	  quenched	  fluorochromes	  that	  are	  able	  to	  
emit	   photons	   after	   physiological	   degradation	   of	   their	   binding	   molecule.	   Indirect	   probes	   include	   those	   that	  
induce	  fluorescent	  proteins	  by	  genetic	  modifications	  of	  cell	  lines	  or	  within	  the	  genome	  of	  the	  mouse.	  
	  

                                            
12	  The	   compound	   eyes	   of	   arthropods	   like	   insects,	   crustaceans	   and	   millipedes	   are	   composed	   of	   units	   called	  
Omnatidia.	  
13	  Microvilli	  are	  microscopic	  cellular	  membrane	  protrusions	  that	  increase	  the	  surface	  area	  of	  cells	  and	  minimize	  
any	  increase	  in	  volume,	  and	  are	  involved	  in	  a	  wide	  variety	  of	  functions	  including	  absorption,	  secretion,	  cellular	  
adhesion	  and	  mechanotransduction.	  	  
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III.3.2.1	  Active	  probes	  
The	   association	   of	   active	   probes	   with	   epi-‐fluorescence	   enables	   the	   assessment	   of	   the	  

molecular	  expression	  of	   specific	   receptors	  within	   tumor.	  For	  example,	   the	  ability	   to	   target	   the	  EGF	  
receptor,	  overexpressed	  in	  tumor	  cells,	  was	  shown	  in	  a	  breast	  adenocarcinoma	  xenograft	  (MDA-‐MB-‐
468/435)	  using	  a	  cyanine	  5.5	  dye	  (excitation	  =	  675	  nm,	  emission	  =	  694	  nm)	  fluorochrome	  bound	  to	  
EGF	  protein	  (Ke	  et	  al.	  2003).	  Using	  the	  same	  imaging	  modality	  and	  the	  same	  fluorochrome,	  Chen	  and	  
colleagues	  (2004)	  demonstrated	  the	  ability	  to	  image	  in	  vivo	  the	  cell	  adhesion	  molecule	  αvβ3	  integrin	  
in	  a	  subcutaneous	  brain	  tumor	  xenograft	  (U87MG).	  

Using	   FMT	   imaging	   coupled	   with	   two	   blood	   pool	   fluorescent	   agents	   (Angiosense	   680	   and	  
750),	   Montet	   et	   al.	   (2007)	   quantified	   the	   vascular	   volume	   fraction	   (VVF)	   in	   murine	   colorectal	  
carcinoma	  (CT26)	  in	  order	  to	  assess	  the	  efficiency	  of	  bevacizumab	  therapy	  (anti-‐VEGF).	  They	  showed	  
a	   significant	   reduction	  of	  VVF	   in	   tumors	   treated	  with	   anti-‐VEGF	   therapy	   compared	   to	   those	   in	   the	  
control	  group	  indicating	  the	  expected	  effect	  of	  the	  anti-‐angiogenic	  drug	  on	  tumor	  vasculature.	  	  

Active	   probes	   not	   only	   allow	   the	   detection	   of	   the	   molecular	   expression	   of	   GFRs	   or	   the	  
characterization	  of	  tumor	  vasculature	  but	  they	  can	  provide	  information	  about	  the	  level	  of	  apoptosis	  
in	   tumors.	   	  By	  using	  annexin	  V–Cy5.5	  probe	  coupled	  with	  FMT	  modality,	  Ntziachristos	  et	  al.	   (2004)	  
characterized	  the	  apoptotic	  response	  of	  two	  different	  Lewis	   lung	  carcinomas	  (LLC),	  a	  drug-‐sensitive	  
one	  and	  one	  that	  was	  resistant	  to	  cyclophosphamide	  (cytotoxic	  drug).	  As	  described	  in	  Figure	  20,	  for	  
both	   FMT	  and	   immunofluorescence,	   LLC	   sensitive	   to	   the	   cytotoxic	  drug	  exhibited	   a	  higher	   level	   of	  
apoptosis	  compared	  to	  the	  resistant	  one.	  Ntziachristos	  and	  colleagues	  have	  demonstrated	  the	  ability	  
of	  the	  annexin	  V	  –	  Cy5.5	  probe	  to	  monitor	  the	  level	  of	  apoptosis	  in	  vivo.	  

	  
Figure	  20:	   In	   vivo	   imaging	   of	   apoptotic	   response.	  Mice	   implanted	  with	   a	   Lewis	   lung	   carcinoma	   (LLC)	   tumor	  
sensitive	   to	   chemotherapy	   (a)	   and	   a	   LLC	   tumor	   resistant	   to	   chemotherapy	   (b)	  were	   imaged	   for	   detection	  of	  
annexin	  V-‐Cy5.5	  marking	  apoptosis	  after	  two	  administrations	  of	  cyclophosphamide,	  24	  h	  apart.	   	   followed	  by	  
the	   injection	  of	  annexin	  V–Cy5.5	  probe.	  (b)	  Four	  consecutive	  FMT	  slices	  (in	  color)	  were	  superimposed	  on	  the	  
planar	   image	   of	   the	  mouse.	   (c,	   d)	   TUNEL	   stained	   histological	   slices	   from	   the	   sensitive	   and	   resistant	   tumors,	  
respectively.	  Figure	  adapted	  from	  (Ntziachristos	  et	  al.	  2004).	  	  

	  
The	  visualization	  of	  drug-‐induced	  cell	  death	  can	  be	  achieved	  in	  vivo	  with	  single-‐cell	  resolution	  

using	  the	  Angiosense	  680/750	  and	  Annexin-‐Vivo	  750	  fluorescent	  probes	  coupled	  with	  multi-‐photon	  
confocal	   microscopy	   (Earley	   et	   al.	   2012).	   These	   strategies	   using	   high	   resolution	   microscopy	   also	  
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enable	  the	  in	  vivo	  assessment	  of	  immunotherapy	  mechanisms	  by	  imaging	  the	  dynamic	  interplay	  of	  T	  
cells,	  cancer	  cells,	  cancer	  antigen	  loss	  variants,	  and	  stromal	  cells	  (Schietinger	  et	  al.	  2013).	  	  

III.3.2.2	  Activatable	  probes	  
	  

Activatable	   probes	   can	   monitor	   specific	   physiopathologies	   in	   tumors	   such	   as	   its	   acidic	  
environment	   and	   enzymatic	   degradation	   of	   the	   ECM	   component.	   For	   example,	   Lee	   et	   al.	   (2011)	  
designed	  a	  pH-‐sensitive	  fluorescent	  NIR	  probe	  targeting	  αvβ3	  integrin.	  This	  fluorescent	  probe	  is	  silent	  
in	  the	  NIR	  window	  at	  pH	  >	  5	  but	  becomes	  highly	  fluorescent	  in	  an	  acidic	  environment	  (pH	  <	  5).	  Lee	  
and	   colleagues	   demonstrated	   the	   efficacy	   of	   the	   probe	   design	   in	   a	   4T1	   mammary	   tumor	   model.	  
Concerning	   proteases	   monitoring,	   Bremer	   et	   al.	   (2001)	   developed	   similar	   strategies	   to	   assess	   the	  
concentration	  of	  MMP-‐2	  proteases	  in	  the	  TME	  of	  a	  human	  fibrosarcoma	  tumor	  model	  (HT1080).	  The	  
fluorochrome	  becomes	  active	  when	  the	  peptide	  substrate	   is	  degraded	  by	  the	  MMP-‐2	  protease	  and	  
thus	  becomes	  detectable	  by	  conventional	   fluorescence	   imaging	   (Figure	  21-‐B).	  They	   treated	   tumors	  
with	   prinomastat	   (AG3340),	   a	   potent	  MMP	   inhibitor,	   to	   reveal	   that	   the	   effect	   of	   this	   drug	   can	   be	  
successfully	   imaged	   within	   hours	   after	   initiation	   of	   treatment	   using	   this	   specific,	   activatable	  
fluorochrome.	  
	  

	  
Figure	  21:	  In	  vivo	  imaging	  of	  MMP-‐2	  protease.	  A)	  The	  MMP-‐2-‐sensitive	  imaging	  probe	  consists	  of	  3	  structural	  
elements:	  The	  quenched	  NIR	  fluorochrome,	  a	  MMP-‐2	  peptide	  substrate	  and	  a	  copolymer	  graft.	  B)	  In	  vivo	  NIR	  
imaging	   of	   HT1080	   tumor-‐bearing	   animals.	   Color-‐coded	   tumor	  maps	   of	  MMP-‐2	   activity	   superimposed	   onto	  
white-‐light	   images	   (untreated	  (left),	   treated	  with	  150	  mg/kg	  prinomastat,	   twice	  a	  day,	   i.p.	   for	  2	  days	   (right)).	  
Quantitative	  image	  analysis	  was	  performed	  over	  20	  tumors.	  Tumor	  NIR	  signals	  are	  summarized	  in	  the	  box	  plot	  
(bars	  indicate	  10th	  and	  90th	  percentile).	  Adapted	  from	  (Bremer	  et	  al.	  2001).	  	  

III.3.2.3	  Indirect	  probes	  
	  

Tumor	   cells	   can	   be	   genetically	  modified	   to	   express	   FP.	   Kedrin	   and	   colleagues	   (2008)	   used	  
photoactivatable	  fluorescent	  proteins	  (PAFPs)	  that	  were	  first	  reported	  by	  Gurskaya	  et	  al.	  (2006)	  that	  
can	   be	   switched	   from	  green	   to	   red	   fluorescence	  with	   high	   stability.	   By	   using	   this	   photoswitchable	  
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fluorescent	   protein,	   they	   tracked	   selected	   tumor	   cell	   subpopulations	   in	   different	   breast	   tumor	  
microenvironments	   and	   revealed	   that,	   within	   the	   same	   orthotopic	   mammary	   tumor	   model,	   the	  
invasion	  and	   intravasation	  of	   tumor	   cells	   can	  be	   very	  different	  depending	  on	   the	  TME	   (Figure	  22).	  
Similar	   studies	   investigated	   metastatic	   tumor	   cell	   extravasation	   using	   tumor	   cells	   labeled	   with	  
quantum	  dot	  nanocrystals	  that	  enabled	  their	   in	  vivo	  tracking	  with	  fluorescent	  microscopy	  (Voura	  et	  
al.	  2004).	  
	  

	  
Figure	   22:	   Photoswitching	   through	   the	   mammary	   imaging	   window	   (MIW),	   a	   tool	   for	   studying	   orthotopic	  
tumor	  microenvironments.	  Non-‐photoswitched	  cells	   (green)	  and	  photoswitched	  cells	   (red)	  are	  shown	  at	  0,	  6	  
and	  24	  h	  after	  the	  photoswitch	  in	  avascular	  and	  vascular	  microenvironments	  (visible	  vessel	  indicated	  by	  white	  
dotted	  lines).	  Scale	  bar	  60	  µm.	  	  Figure	  adapted	  from	  (Kedrin	  et	  al.	  2008)	  
	  

Ke	   et	   al.	   (2013)	   investigated	   the	   role	   of	   mesenchymal	   stromal	   cells	   (MSCs),	   multipotent14	  
adult	   stem	   cells,	   in	   tumor	   progression.	   They	   examined	   the	   effects	   of	   MSCs	   on	   the	   tumorigenic	  
capacity	   of	   4T1	   murine	   mammary	   cancer	   cells.	   They	   monitored	   the	   interaction	   between	   GFP-‐
expressing15	  MSCs	  and	  RFP-‐expressing16	  4T1	  cells	   in	  vivo	   and	   revealed	   that,	  after	  being	   recruited	   in	  
the	  TME,	  MSCs	  create	  a	  vascularized	  environment	  which	  enhances	  the	  ability	  of	  4T1	  cells	  to	  colonize	  
and	  proliferate	  (GFP	  and	  RFP	  are	  respectively	  green	  and	  red	  fluorescent	  proteins).	  

Intravital	  microscopy	  coupled	  with	  fluorescent	  probes	  can	  provide	  very	  precise	  information,	  
at	  single-‐cell	  resolution,	  about	  changes	  in	  the	  behavior	  or	  activity	  of	  tumor	  cells	  after	  administration	  
of	   therapy.	   In	   a	   pancreatic	   ductal	   adenocarcinoma	   (PDAC)	  model,	   Nobis	   et	   al.	   (2013)	   investigated	  	  
the	   in	  vivo	  activity	  of	   the	  Src	  nonreceptor	  tyrosine	  kinase17	  which	  has	  been	  shown	  to	  contribute	  to	  
various	   types	   of	   invasive	   tumor	   cell	   behavior	   (evasion	   of	   apoptosis,	   enhanced	   proliferation,	  
deregulation	   of	   cell–cell	   and	   cell–matrix	   adhesions).	   They	   transfected	   PDAC	   cells	   with	   the	   ECFP-‐
YPet/Src-‐FRET	  biosensor	   (described	   in	  Figure	  23-‐A).	  When	  the	  substrate	  was	  unphosphorylated	  the	  
biosensor	   adopted	   a	   compact	   conformation	   in	   which	   the	   fluorochromes	   are	   in	   close	   proximity,	  
resulting	  in	  high	  FRET	  efficiency.	  Upon	  Src-‐induced	  phosphorylation,	  the	  substrate	  peptide	  bound	  to	  
the	   SH2	   domain	   and	   separated	   YPet	   from	  ECFP,	   thereby	   decreasing	   FRET.	   They	   used	   fluorescence	  

                                            
14	  Multipotent	   cells	   have	   the	   ability	   to	   proliferate	   and	   differentiate	   in	   many	   cell	   types	   depending	   on	   their	  
location	  and	  received	  cues.	  	  
15	  GFP	  =	  green	  fluorescent	  protein.	  
16	  RFP	  =	  red	  fluorescent	  protein.	  
17	  Non-‐receptor	  tyrosine	  kinases	  are	  cytoplasmic	  enzymes	  that	  are	  responsible	  for	  catalyzing	  the	  transfer	  of	  a	  
phosphate	  group	  from	  a	  triphosphate	  donor,	  such	  as	  ATP,	  to	  a	  tyrosine	  residue	  in	  proteins. 



 49 

lifetime	   imaging	  microscopy	  (FLIM)	  to	  measure	  the	  duration	  of	  the	  FRET	   interaction	  which	  enabled	  
them	   to	   analyze	   and	   quantify	   Src	   activity	   at	   a	   single/subcellular	   level	   in	   vivo.	   They,	   thus,	  
demonstrated	   the	   potential	   of	   this	   imaging	   modality	   to	   monitor	   drug	   response	   at	   single	   cell	  
resolution	   in	   a	  model	   treated	  with	   a	   small-‐molecule	   Src	   kinase	   inhibitor,	   dasatinib.	   After	   the	   daily	  
administration	  of	  dasatinib	  for	  3	  days,	  they	  imaged	  Src	  activity	  in	  tumors	  1-‐2	  h,	  4-‐6	  h	  and	  24	  h	  after	  
the	   last	   administration	   of	   dasatinib.	   During	   drug	   treatment,	   Src	   was	   inactive	   (lifetime	   of	   FRET	  
<2.35ns)	   but	   1	   h	   after	   receiving	   the	   last	   dose	   of	   dasatinib	   some	   tumor	   cells	   recovered	   their	   Src	  
activity	  and	  after	  24	  h,	  most	  of	  the	  tumor	  cells	  recovered	  Src	  activity.	  The	  same	  imaging	  modality	  has	  
been	  used	  to	  assess	   the	   in	  vivo	  activity	  of	   the	  RohA	  GTPase	  protein	   that	   is	   involved	   in	  cell	  motility	  
(Timpson	  et	  al.	  2011).	  
	  

	  
Figure	   23:	   FLIM-‐FRET	   imaging	   at	   single	   cell	   resolution.	   A)	   When	   the	   substrate	   is	   unphosphorylated	   the	  
biosensor	  adopts	  a	  compact	  conformation	   in	  which	   the	   fluorophores	  are	   in	  close	  proximity,	   resulting	   in	  high	  
FRET	   efficiency.	   Upon	   Src-‐induced	   phosphorylation,	   the	   substrate	   peptide	   binds	   to	   the	   SH2	   domain	   and	  
separates	  YPet	   from	  ECFP,	   thereby	  decreasing	  FRET.	  B)	  Representative	   in	  vivo	   fluorescence	   images	  of	  PDACs	  
expressing	  the	  Src-‐reporter	  (green)	  with	  SHG	  signal	  from	  host	  ECM	  components	  (purple)	  at	  1	  to	  2	  hours	  (left),	  4	  
to	  6	  hours	  (middle),	  and	  24	  hours	  (right),	  post-‐oral	  administration	  of	  dasatinib.	  Corresponding	   in	  vivo	   lifetime	  
maps	   (bottom)	  showing	  the	  capacity	   to	  monitor	  single	  cell	   fluctuations	   in	   the	   fraction	  of	  active/inactive	  cells	  
over	   the	   time	   course	   of	   dasatinib	   treatment	   in	   live	   tumor	   tissue.	   In	   the	   lifetime	   color	   maps,	   low	   basal	   Src	  
activity	  is	  represented	  as	  blue,	  whereas	  high	  Src	  activity	  is	  represented	  as	  warm	  red/yellow	  colors.	  Red	  arrows,	  
active	  tumor	  subpopulation;	  white	  arrows,	  inactive	  cells.	  Figure	  adapted	  from	  (Nobis	  et	  al.	  2013).	  
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In	   summary,	   optical	   imaging	   represents	   a	   unique	   tool	   for	   the	   investigation	   of	   tumor	  

development	   and	   drug	   response	   with	   single-‐cell	   resolution.	   Due	   to	   the	   low	   penetration	   of	   visible	  
light	   and	  NIR	   photons	   in	   biologic	   tissues,	   optical	   imaging	  modalities	   are	  mainly	   used	   in	   preclinical	  
research	   but	   some	   clinical	   applications	   are	   being	   developed	   such	   as	   volumetric	   microscopy	   of	  
epithelial,	  mucosal	   and	   endothelial	   tissues	   in	   living	   human	  patients	   using	   endoscopy	   coupled	  with	  
OFDI	  (Yun	  et	  al.	  2006)	  or	  the	  characterization	  of	  breast	  tumor	  using	  NIR	  diffusive	  imaging	  (Leff	  et	  al.	  
2008).	  	  
	  

III.4. Ultrasound	  	  
 

Ultrasound	   imaging	   provides	   significantly	   deeper	   penetration	   for	   tissue	   exploration	   than	  
optical	   techniques	   enabling	   its	   use	   in	   both	   the	   preclinical	   and	   clinical	   environment.	   The	   ultrasonic	  
techniques	  used	  to	  characterize	  different	  aspects	  of	  the	  TME	  such	  as	  the	  microvasculature,	   level	  of	  
oxygenation,	   mechanical	   properties	   and	   tissue	   microstructure	   will	   be	   reviewed	   in	   the	   following	  
sections.	  	  
	  

Piezoelectric	   elements	   have	   the	   ability	   to	   create	   electric	   charges	   in	   response	   to	   applied	  
mechanical	   stress.	  Reciprocally,	   application	  of	   an	  electric	   field	   to	  a	  piezoelectric	   solid	  will	   induce	  a	  
variation	  of	   its	  volume.	  Such	  piezoelectric	  elements,	  which	  constitute	  ultrasonic	  probes,	  enable	  the	  
generation	   and	   observation	   of	   mechanical	   waves	   propagating	   in	   biological	   tissues.	   Part	   of	   the	  	  
mechanical	  waves	  propagating	  in	  a	  medium	  are	  reflected	  or	  scattered	  to	  produce	  echoes	  when	  they	  
encounter	   structures	   with	   different	   acoustic	   impedances.	   Bmode	   images	   are	   formed	   from	   such	  
echoes	  and	  provide	  anatomical	   information	  about	  biological	  tissue.	  The	  ultrasound	  wave	  frequency	  
is	  directly	  related	  to	  image	  resolution	  and	  to	  the	  attenuation	  of	  the	  wave	  by	  the	  medium.	  The	  higher	  
the	  frequency,	  the	  better	  the	  resolution	  but	  the	  more	  limited	  the	  imaged	  depth	  (higher	  attenuation).	  
In	  soft	  tissues,	  attenuation	  is	  logarithmically	  dependent	  of	  frequency.	  For	  emitted	  frequencies	  of	  10	  
MHz	   and	   30	  MHz,	   the	   attenuation	   in	   soft	   tissue	  will	   be	   on	   the	   order	   of	   10	   dB/cm	   and	   30	   dB/cm,	  
respectively,	   which	   means	   that	   the	   intensity	   of	   the	   initial	   signal	   will	   be	   divided	   by	   10	   and	   1000,	  
respectively,	  after	  propagating	  across	  a	  distance	  of	  1	  cm.	  	  

In	   the	   context	   of	   tumor	   characterization,	   information	   provided	   by	   B-‐mode	   images	   can	   be	  
used	  to	  detect	  tumors	  or	  to	  assess	  their	  volume.	  Many	  other	  ultrasound-‐based	  techniques	  have	  been	  
developed	  that	  enable	  investigation	  of	  the	  tumor	  vasculature,	  its	  mechanical	  properties	  and	  also	  its	  
microstructure.	  	  

	  

III.4.1. Contrast-‐enhanced	  ultrasound	  (CEUS)	  
 

As	   for	   the	  other	   imaging	  modalities	   that	  were	  presented	  previously,	  use	  of	  contrast	  agents	  
can	  highlight	  specific	  structures	  and/or	  functionalities	  of	  the	  TME.	  Ultrasound	  contrast	  agents	  (UCA)	  
are	   injected	   intravenously	   to	   characterize	   the	   tumor	  microvasculature.	   There	  are	  many	  ultrasound	  
contrast	  agents	  (UCAs).	  The	  most	  used	  in	  preclinical	  research	  and	  in	  clinical	  routine	  are	  microbubbles	  
(MBs)	  (Figure	  24-‐A).	  One	  class	  of	  MBs	  is	  composed	  of	  a	  phospholipid	  shell	  encapsulating	  a	  gas.	  Due	  
to	  their	  size	  (µm)	  they	  do	  not	  extravasate	  and	  remain	  inside	  the	  vasculature.	  Their	  detection	  enables	  
the	  characterization	  of	  the	  spatial	  distribution	  and	  the	  functionality	  of	  the	  vascularization.	   It	   is	  also	  
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possible	   to	   functionalize	  MBs	  by	  grafting	   (chemical	   link)	  antibodies	  or	  other	   ligands	  onto	   the	  shell.	  
Detection	  of	  such	  targeted-‐MBs	  can	  be	  used	  to	  assess	  the	  molecular	  expression	  of	  specific	  receptors	  
expressed	   on	   the	   vascular	   endothelium	   (paragraph	   III-‐4.2.2).	   The	   acoustic	   detection	   of	  MBs	   relies	  
upon	   the	   specific	   detection	   of	   their	   harmonic	   response.	  MBs	   present	   a	   harmonic	   response	   to	   an	  
acoustic	  pressure	  field	  and	  biologic	  tissues	  have	  a	   linear	  response.	   	   It	   is	   thus	  possible	  to	  selectively	  
detect	  and	  display	  only	  the	  signal	  of	  MBs	  and	  thus	  evaluate	  the	  tumor	  microvasculature	  (Figure	  24-‐
B).	  Other	   types	  of	  agents	  have	  been	  conceived	   for	  use	  with	  ultrasound.	  For	  example,	  nanobubbles	  
(NBs)	   are	   under	   development	   that	   can	   preferentially	   accumulate	   in	   tumors	   due	   to	   the	   enhanced	  
permeability	   and	   retention	   (EPR)	   effect	   of	   leaky	   tumor	   vessels.	   Once	   drug-‐laden	   NBs	   have	  
extravasated	   from	   the	   tumor	   vasculature	   they	   accumulate	   in	   the	   interstitial	   space	   in	   contact	  with	  
tumor	  cells	  and	  the	  release	  of	  drugs	  can	  be	  trigged	  by	  the	  application	  of	  high	  acoustic	  pressures	  or	  by	  
a	   local	   acidic	   environment	   (Acharya	   and	   Sahoo	   2011;	   Kobayashi	   et	   al.	   2014;	   Zhou	   et	   al.	   2014).	  
Ultrasonic	  imaging	  of	  the	  accumulation	  of	  such	  nanobubbles	  has	  also	  been	  investigated	  (Theek	  et	  al.	  
2014;	  Yin	  et	  al.	  2012).	  Such	  techniques	  combining	  therapy	  and	  imaging	  are	  referred	  to	  as	  theranostic	  
(Kelkar	  and	  Reineke	  2011).	  	  

	  
Figure	   24:	   Ultrasound	   contrast	   agents	   and	   harmonic	   imaging.	   A)	   Different	   types	   of	   ultrasound	   contrast	  
agents.	   In	  current	  practice,	  microbubbles	  are	  generally	  used,	  such	  as	  the	  one	  diagramed	  with	  a	  polyethylene	  
glycol	  (PEG)	  polymer	  on	  their	  surface	  to	  prevent	  aggregation.	  Perfluorocarbon	  emulsion	  nanodroplets	  in	  liquid-‐
liquid	   emulsions	   are	   being	   developed	   to	   provide	   vaporizable	   acoustic	   activation	   of	   echogenic	   gas	   bubbles.	  
Liposomes,	   such	  as	   the	  one	  diagramed	  consisting	  of	  phospholipid	  bilayers,	  can	  enclose	  air	  pockets	   to	   render	  
them	  detectable	  by	  US	  imaging.	  Nanobubbles	  have	  also	  been	  conceived	  that	  are	  gas-‐liquid	  emulsions	  that	  can	  
fuse	   into	   echogenic	   microbubbles	   at	   the	   targeted	   site.	   Finally,	   solid	   nanoparticles	   can	   be	   made	   from	   solid	  
amorphous	  substances	  with	  gas	  entrapped	  in	  their	  pores	  or	  fissures	  to	  increase	  their	  echogenicity	  (Kircher	  and	  
Willmann	   2012b).	   B)	   Depending	   on	   the	   amplitude	   of	   the	   cyclic	   acoustic	   pressure	   applied	   during	   imaging,	  
microbubbles	   (MB)	   can	   present	   different	   acoustic	   responses:	   linear,	   nonlinear	   and	   destruction	   bursts.	  
Nonlinear	   and	   burst	   responses	   can	   be	   detected	   at	   harmonic	   frequencies	   (2ν,	   for	   excitation	   at	   ν	   in	   the	  
diagrammed	  example).	  	  
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III.4.1.1	  Tumor	  vasculature	  
 

As	  presented	  in	  Figure	  25,	  the	  bolus	  injection	  of	  a	  blood	  pool	  UCA	  enables	  the	  assessment	  of	  
the	  very	  slow	  blood	  flow	  that	  is	  characteristic	  of	  tumor	  microvascular	  perfusion.	  The	  arrival	  of	  MBs	  in	  
the	   tissue	  of	   interest	   (tumor)	   induces	  an	   increase	  of	   the	  echo-‐power	   signal	  with	  a	   specific	  wash-‐in	  
rate	   (WIR).	  After	   reaching	  a	  maximum	  of	   intensity	   (PE,	  peak-‐enhancement)	  at	  a	   specific	   time	   (TTP,	  
time	  to	  peak)	  the	  MBs	  are	  eliminated	  with	  a	  specific	  washout	  rate	  (WOR)	  and	  the	  echo-‐power	  signal	  
decreases	  progressively.	  These	  CEUS	  parameters	  can	  be	  extracted	  from	  a	  lognormal	  fit	  (Barrois	  et	  al.	  
2013;	  Rognin	  et	  al.	  2010)	  performed	  on	  the	  time-‐dependent	  signal	  recorded	   in	  a	  region	  of	   interest	  
(ROI).	  Two	  others	  important	  functional	  parameters	  extracted	  form	  the	  fit	  curve	  are	  the	  mean	  transit	  
time	  (MTT)	  and	  the	  area	  under	  the	  curve	  (AUC).	  These	  perfusion	  parameters	  can	  be	  divided	  into	  two	  
different	   categories,	   those	   related	   to	   the	   blood	   volume	   are	   PE	   and	  AUC,	   and	   those	   related	   to	   the	  
dynamics	  of	  the	  perfusion	  are	  WIR,	  TTP,	  MTT	  and	  WOR.	  	  

CEUS	   imaging	   represents	   an	   interesting	   tool	   to	   investigate	  modifications	   	   occurring	   in	   the	  
tumor	  vasculature	  following	  the	  administration	  of	  antiangiogenic	  therapy	  (Lamuraglia	  et	  al.	  2010).	  In	  
a	   study	   characterizing	   the	   effect	   of	   an	   anti-‐VEGF	   therapy	   (bevacizumab)	   in	   an	   orthotopic	   renal	  
carcinoma	  model	  (SK-‐NEP-‐1),	  Guibal	  et	  al.	  (2010)	  demonstrated	  	  the	  ability	  of	  CEUS	  imaging	  to	  make	  
the	   distinction	   between	   a	   continuous	   and	   discontinued	   antiangiogenic	   treatment.	   Williams	   et	   al.	  
(2011)	   conducted	   a	   study	   in	   17	   patients	   with	   renal	   cell	   carcinoma	   and	   assessed	   the	   efficiency	   of	  
antiangiogenic	   therapy	  using	  CEUS	   imaging.	  Findings	  exhibited	  a	  significant	  decrease	  of	  73%	  of	   the	  
fractional	  blood	  volume	  in	  treated	  patients.	  	  

Anti-‐angiogenic	  drugs	  do	  not	  only	  affect	   the	   fractional	  blood	  volume	  of	   the	   tumor	  but	   can	  
also	  modify	   the	   dynamics	   of	   persisting	   blood	   flow.	   For	   example,	   a	   significant	   increase	   of	   the	   TTP	  
parameter	  compared	  to	  placebo	  group	  was	  observed	  in	  the	  perfused	  area	  of	  tumors	   in	  ectopic	  LLC	  
tumors	  treated	  with	  sunitinib	  (Dizeux	  et	  al.	  2013).	  These	  results	  suggest	  that	  due	  to	  the	  changes	  that	  
occur	  in	  tumor	  vasculature,	  UCA	  takes	  more	  time	  to	  penetrate	  vessels	  in	  the	  anti-‐angiogenic	  treated	  
group	  as	  compared	  to	  the	  placebo	  group.	  A	  more	  complete	  study	  using	  CEUS	  to	  monitor	  the	  effect	  of	  
antiangiogenic	  and	  cytotoxic	  therapy	  will	  be	  presented	  in	  Chapter	  V.	  

	  
Figure	  25:	  CEUS	  imaging.	  The	  contrast	  passage	  is	  quantified	  in	  a	  ROI	  by	  fitting	  echo-‐power	  data	  to	  a	  lognormal	  
model.	   Functional	   parameters	   are	   extracted	   from	   the	   fit	   curve.	   Peak-‐enhancement	   (PE)	   corresponds	   to	   the	  
maximum	  echo-‐power	  value	  of	  the	  curve;	  time	  to	  peak	  is	  the	  time	  to	  reach	  PE;	  wash-‐in	  and	  washout	  rate	  (WIR	  
and	  WOR)	  are	  related	  to	  the	  maximum	  slope	  at	  the	  initial	  and	  late	  phase	  of	  contrast	  uptake,	  respectively;	  the	  
mean	  transit	  time	  (MTT)	  is	  the	  mean	  value	  of	  the	  lognormal	  distribution	  of	  transit	  times	  in	  the	  imaging	  plane;	  
and	  the	  AUC	  parameter	  is	  the	  area	  under	  the	  curve.	  
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III.4.1.2	  Molecular	  imaging	  
	  

The	  assessment	  of	  the	  level	  of	  molecular	  expression	  of	  specific	  endothelial	  receptors	  requires	  
intravenous	   injection	   of	   targeted	  MBs.	   Part	   of	   the	   targeted	  MBs	   will	   attach	   to	   specific	   receptors	  
within	   the	   tumor	  and	   the	  other	  part	  will	   keep	  circulating	   freely.	  After	  a	   significant	  decrease	  of	   the	  
concentration	  of	  free	  MBs,	  all	  the	  MBs	  present	  in	  the	  imaging	  plane	  are	  burst	  using	  a	  brief	  increase	  
of	  acoustic	  pressure.	  A	  few	  seconds	  later,	  the	  tumor	  is	  perfused	  anew	  by	  freely	  circulating	  MBs.	  The	  
relative	  amount	  of	  agent	  attached	  to	  targets	  is	  assessed	  by	  subtracting	  the	  mean	  echo-‐power	  value	  
measured	  before	  the	  burst	  to	  the	  one	  after	  (Leong-‐Poi	  et	  al.	  2005).	  This	  parameter,	  sometimes	  called	  
differential	   targeted	   enhancement	   (dTE),	   reflects	   the	   specific	   marker’s	   presence	   and	   density	  
(Willmann	   et	   al.	   2008)	   (Figure	   26).	   Several	   studies	   have	   investigated	   the	   molecular	   expression	   of	  
VEGFR-‐2	   and	   αvβ3	   integrins	   in	   different	   tumor	   models	   during	   tumor	   growth	   and	   under	   anti-‐VEGF	  
therapies	  (Deshpande	  et	  al.	  2011;	  Fischer	  et	  al.	  2010;	  Payen	  et	  al.	  2015;	  Pysz	  et	  al.	  2010;	  Tardy	  et	  al.	  
2010;	  Willmann	  et	  al.	  2008;	  Willmann	  et	  al.	  2010).	  	  

	  

	  
Figure	   26:	   CEUS	   targeted	   imaging.	   After	   the	   significant	   decrease	   in	   the	   concentration	   of	   freely-‐circulating	  
microbubbles	   (MBs),	   the	  echo-‐power	   is	  measured	   in	   the	   region	  of	   interest.	   Then	  all	   the	  MBs	   in	   the	   imaging	  
plane	  are	  burst	  and	  after	  few	  seconds	  the	  echo-‐power	  of	  renewed,	  freely	  circulating	  microbubbles	  is	  assessed	  
in	  the	  region	  of	  interest.	  The	  level	  of	  molecular	  expression	  (differential	  target	  enhanced:	  dTE)	  can	  be	  assessed	  
by	  subtracting	  the	  echo-‐power	  signal	  from	  images	  of	  pre-‐	  and	  post-‐	  MB	  destruction.	  	  
	  

III.4.2. 	  Acoustic	  Angiography	  
 

Most	  nonlinear	   imaging	   techniques	  are	  most	  efficient	  near	   the	   resonant	   frequencies	  of	  UCAs.	  
This	  resonant	  frequency	  is	  typically	   less	  than	  10	  MHz	  which	  is	  highly	  suitable	  for	  clinical	  ultrasound	  
imaging	   applications.	   However,	   high	   frequency	   ultrasound	   systems	   used	   for	   high	   resolution,	   small	  
animal	   imaging	   typically	   utilize	   frequencies	   in	   the	   20	   to	   60	  MHz	   range.	   This	   range	   is	   substantially	  
above	  the	  resonant	  frequencies	  of	  most	  UCA	  microbubbles.	  To	  overcome	  this	  limitation	  in	  preclinical	  
research	   and	   to	   improve	   the	   spatial	   resolution	   of	   vascular	   images,	   Gessner	   and	   colleagues	   (2013)	  
developed	  a	  prototype	  transducer.	  The	  designed	  probe	  has	  two	  different	  elements:	  a	  low	  frequency	  
element	  (4	  MHz)	  to	  excite	  the	  UCA	  MBs	  near	  their	  resonant	  frequency	  and	  a	  high	  frequency	  element	  
(30	  MHz)	   that	   is	   able	   to	   receive	   the	   high	   frequency	   acoustic	   response	   (super-‐harmonic)	   from	   the	  
excited	  MBs.	   Figure	   27	   presents	   a	   three-‐dimensional	   rendering	   of	   the	   tumor	   vasculature	   assessed	  
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with	   acoustic	   angiography,	   the	   axial	   and	   lateral	   resolutions	   are	   approximately	   150	   and	   200	   µm,	  
respectively.	   The	   current	   limitation	   of	   this	   technic	   remains	   its	   penetration	   depth	   which	   is	   on	   the	  
order	  of	   several	  centimeters.	  Furthermore,	   it	   requires	  a	  specialized	   transducer	  with	  well-‐separated	  
frequencies	  for	  transmission	  and	  reception.	  

	  
Figure	   27:	   Acoustic	   angiography.	   An	   overlay	   of	   the	   microvasculature	   within	   a	   tumor	   provided	   by	   acoustic	  
angiography	   (red)	   onto	   a	   tissue-‐only	   image	   provided	   by	   high	   frequency	   B-‐mode	   (grayscale)	   (Gessner	   et	   al.	  
2013).	  	  	  
	  

III.4.3. 	  Ultrafast	  Doppler	  Tomography	  (UFD-‐T)	  
	  

Doppler	  imaging	  is	  a	  technique	  that	  enables	  the	  in	  vivo	  measurement	  of	  blood	  flow	  based	  on	  
the	   measurement	   of	   shifts	   in	   the	   frequency	   of	   echoes	   from	   red	   blood	   cells	   due	   to	   their	   relative	  
movement	  with	   respect	   to	   the	  ultrasonic	  probe.	  Conventional	  Doppler	  ultrasound	  using	   a	   10	  MHz	  
central	  frequency	  does	  not	  have	  the	  sensitivity	  necessary	  to	  image	  slow	  tumor	  microvascular	  blood	  
flow	  (limited	  to	  detection	  of	  approximately	  2	  cm/s	  flow	  in	  vessels	  with	  sizes	  on	  the	  order	  of	  400	  µm).	  
To	   overcome	   this	   limitation,	   a	   technic	   referred	   to	   as	   ultrafast	   Doppler	   (or	   µDoppler)	   has	   been	  
developed.	   It	  was	   initially	   applied	   to	   perform	   contrast-‐agent-‐free,	   functional	   ultrasonic	   imaging	   of	  
the	  vascular	  flow	  in	  the	  rat	  brain	  (Macé	  et	  al.	  2011;	  Osmanski	  et	  al.	  2014).	  This	  technique	  provides	  
increased	  sensitivity	  as	  compared	  to	  conventional	  Doppler	  by	  associating	  ultrafast	  imaging	  (1000	  fps)	  
with	  compounded	  plane	  wave	  emissions	  (Macé	  et	  al.	  2013).	  As	  shown	   in	  Figure	  28,	   this	   innovative	  
imaging	   technique	   coupled	   with	   tomographic	   scanning	   has	   demonstrated	   its	   potential	   to	   assess	  
three-‐dimensional	  tumor	  microvascular	  network	  (flow	  rates	  from	  2	  to	  20	  mm/s)	  without	  any	  use	  of	  
UCA	  and	  with	  an	  isotropic	  spatial	  resolution	  of	  100	  µm	  (Demene	  et	  al.	  2014).	  	  

	  
Figure	   28:	   Ultrafast	   Doppler	   tomography	   (UFD-‐T)	   used	   for	   monitoring	   tumor	   angiogenesis.	   Top	   row:	  
Maximum	   Intensity	   Projection	   (MIP)	   rendering	   of	   the	   3D	   vascular	   volume	   acquired	   via	   UFD-‐T.	   Bottom	   row:	  
volume	  rendering	  of	   the	  segmented	  tumor	  and	  of	   the	  skeletonization	  of	   the	  UFD-‐T	  volume.	  Scale	  bar	  2	  mm.	  
Figure	  from	  (Demene	  et	  al.	  2014).	  
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The	   current	   limitations	   of	   this	   technic	   reside	   in	   the	   duration	   of	   tomographic	   acquisition	  

which	   is	   too	   slow	   for	   routine	   use	   but	   hardware	   improvements	   are	   anticipated	   to	   provide	   faster	  
acquisition	  in	  the	  near	  future.	  

III.4.4. Photoacoustic	  imaging	  (PA)	  
 

PA	   imaging	   consists	   in	   exposing	   the	   tissue	   of	   interest	   to	   nanosecond	   laser	   pulses.	   Optical	  
energy	  is	  absorbed	  by	  tissue	  chromophores18	  such	  as	  hemoglobin.	  This	  absorption	  of	  energy	  causes	  
rapid	   heating	   followed	   by	   the	   emission	   of	   broadband	   acoustic	   waves,	   which	   are	   detected	   using	  
ultrasound	  receivers. The	  absorption-‐based	  contrast	  of	  PA	  imaging	  makes	  it	  particularly	  well	  suited	  
to	   visualizing	   vascular	   anatomy	   without	   the	   need	   for	   contrast	   agents	   due	   to	   the	   strong	   optical	  
absorption	   of	   hemoglobin	   at	   visible	   and	   near	   infrared	   wavelengths.	   PA	   can	   provide	   images	   of	  
vascular	   architecture	   with	   a	   spatial	   resolution	   along	   the	   z-‐axis	   ranging	   from	   tens	   to	   hundreds	   of	  
microns	  (depending	  on	  depth)	  and	  a	  lateral	  resolution	  ranging	  from	  70	  to	  100	  µm.	  	  

It	   can	   also	  provide	   functional	   or	   physiological	   information.	  By	  acquiring	   images	   at	  multiple	  
wavelengths,	  quantitative	  spectroscopic	  measurements	  of	  blood	  oxygen	  saturation	  and	  hemoglobin	  
concentration	  can	  be	  assessed	  (Laufer	  et	  al.	  2007).	  Figure	  29-‐A	  presents	  part	  of	  the	  results	  reported	  
by	   Laufer	   and	   colleagues	   (2012)	   using	   PA	   imaging	   to	   characterize	   the	   evolution	   of	   vascular	  
architecture	  during	  the	  growth	  of	  a	  human	  colorectal	  tumor	  model	  (LS174T).	  Figure	  29-‐B	  presents	  PA	  
images	   acquired	   in	   the	   tumor	   before	   and	   after	   anti-‐angiogenic	   therapy	   in	   a	   breast	   cancer	   tumor	  
model	  (MDA	  MB-‐231).	  	  

	  
Figure	  29:	  Photoacoustic	  (PA)	   imaging	  of	  tumor	  vessels	  to	  characterize	  architecture	  and	  the	  level	  of	  sO2.	  A)	  
Tomographic	  PA	   images	   showing	   the	  development	  of	  human	  colorectal	   tumor	   (LS174T)	  and	   the	   surrounding	  
vasculature	  between	  days	   7	   and	  12	  post-‐inoculation.	   The	  dashed	   lines	   indicate	   the	   tumor	  margins.	  Adapted	  
from	  (Laufer	  et	  al.	  2012).	  B)	  Images	  of	  a	  breast	  cancer	  tumor	  model	  (MDA	  MB-‐231)	  before	  and	  3	  days	  after	  of	  
treatment	  with	   sunitinib	   (120	  mg/kg	   daily	   by	   gavage).	   PA	   images	   show	   high	   abundance	   of	   well-‐oxygenated	  
blood	   before	   treatment.	   After	   treatment,	   PA	  maps	   of	   sO2	  within	   the	   tumor	   show	   that	   blood	   oxygenation	   is	  
reduced.	  Adapted	  from	  (Needles	  et	  al.	  2013)	  

                                            
18	  A	  chromophore	  is	  the	  part	  of	  a	  molecule	  responsible	  for	  its	  color.	  
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A	   significant	   reduction	   in	   the	   level	   of	   sO2	   was	   observed	   after	   administration	   of	   the	   drug	  
(Needles	  et	  al.	  2013).	  Similar	  studies	  have	  been	  performed	  in	  different	  tumor	  models	  to	  assess	  the	  
evolution	  of	   tumor	  oxygenation	  during	   tumor	  growth	  and/or	   in	   response	   to	   therapy	   (Gerling	  et	  al.	  
2014;	  Yin	  et	  al.	  2013).	  

Photoacoustic	   imaging	   also	   enables	   the	   visualization	   of	   physiology	   and	   pathology	   at	   the	  
molecular	   level	  with	   deep	   tissue	   penetration	   and	   fine	   spatial	   resolution.	   A	  wide	   range	   of	   imaging	  
probes	   such	   as,	   small-‐molecule	   dyes,	   metallic	   nanoparticles,	   carbon	   nanotubes,	   semiconducting	  
polymer	  nanoparticles	  (SPNs)	  and	  porphysomes	  have	  been	  developed	  to	  monitor	  different	  molecular	  
aspect	  of	   the	  TME	  (Akers	  et	  al.	  2011;	  De	  La	  Zerda	  et	  al.	  2008;	  Homan	  et	  al.	  2012;	  Kim	  et	  al.	  2009;	  
Lovell	   et	   al.	   2011).	   For	   example,	   Pu	   and	   colleagues	   (2014)	   have	   shown	   that	   carbon	   nanotubes	  
coupled	  with	  a	  cyanine	  dye	  derivative	  (IR775S)	  sensitive	  to	  ROS-‐mediated	  oxidation	  can	  be	  used	  for	  
real-‐time,	   in	   vivo	   evaluation	   of	   the	   level	   of	   the	   ROS	   present	   in	   the	   tumor.	  Moreover,	   based	   on	   a	  
design	   comparable	   to	   the	   activatable	   probes	   described	   in	   the	   section	   3.1	   (Figure	   19),	   Levi	   et	   al.	  
(2013)	  demonstrated	  the	  ability	  of	  specific	  probe	  used	  in	  photoacoustic	   imaging	  to	  determined	  the	  
presence	  and	  activity	  of	  two	  members	  of	  the	  matrix	  metalloproteinase	  family	  (MMP-‐2	  and	  MMP-‐9)	  
in	  tumor	  bearing	  mice.	  	  

III.4.5. Shear	  Wave	  Elastography	  (SWE)	  
 

Ultrasound	   imaging	   can	   also	   provide	   quantitative	   information	   about	   tissue	   mechanical	  
properties.	  To	  assess	  stiffness	  of	  biologic	  tissues	  in	  vivo,	  the	  SWE	  technique	  applies	  acoustic	  radiation	  
force	  at	  different	  depths	  in	  the	  tissue	  by	  focusing	  ultrasound	  waves.	  By	  thus	  oscillating	  tissues	  (Figure	  
30-‐A,	   1),	   shear	   waves	   are	   generated	   that	   propagate	   cylindrically	   outward	   from	   the	   axis	   of	  
longitudinal	   wave	   propagation.	   (Figure	   30-‐A,	   2).	   The	   shear	   wave	   propagation	   is	   monitored	   using	  
ultrafast	  (longitudinal-‐wave)	  imaging	  (Tanter	  and	  Fink	  2014)	  that	  is	  able	  to	  measure	  local	  shear	  wave	  
velocity	  and	  thus	  assess	  tissue	  stiffness	  (Figure	  30-‐B)	  based	  on	  the	  following	  equation	  :	  

𝐸 =   𝜌𝑣!	  
where	  E	  is	  the	  Young’s	  modulus	  (Pa),	  ρ	  the	  density	  of	  medium	  (kg/m3)	  and	  v	  is	  velocity	  of	  the	  

shear	  wave	  (m/s).	  
	  

In	   human	   breast	   cancer,	   SWE	   has	   demonstrated	   its	   ability	   to	   differentiate	   malignant	   and	  
benign	  lesions	  based	  on	  their	  stiffness;	  malignant	  lesions	  are	  3	  to	  4	  times	  stiffer	  than	  benign	  ones	  (Al-‐
boukai	   et	   al.	   2011;	   Athanasiou	   et	   al.	   2010;	   Sebag	   et	   al.	   2010).The	   sensitivity	   of	   SWE	   to	   tumor	  
composition	  has	  been	  investigated	  by	  Chamming’s	  and	  colleagues	  (2013)	   in	  a	  breast	  cancer	  model.	  
They	  showed	  that	  high	  stiffness	  was	  correlated	  with	  a	  high	  amount	  of	  fibrosis	  and,	  conversely,	  that	  
soft	   tissue	   was	   correlated	   with	   a	   high	   amount	   of	   necrosis.	   These	   findings	   suggest	   that	   SWE	  
represents	   an	   interesting	   imaging	   modality	   for	   the	   longitudinal	   monitoring	   of	   the	   mechanical	  
properties	  of	  tumors	  during	  therapy.	  	  
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Figure	   30:	   Shear	   wave	   propagation.	   A)	   A	   shear	   wave	   is	   generated	   by	   applying	   radiation	   force	   at	   different	  
depths	  with	  focused	  ultrasound.	  The	  propagation	  of	  shear	  waves	  is	  monitored	  with	  longitudinal-‐wave	  imaging	  
and	  shear-‐wave	  velocity	  is	  assessed	  at	  each	  point	  in	  the	  image	  to	  measure	  tissue	  stiffness.	  The	  red	  dashed	  line	  
designates	  the	  shear	  wave	  front.	  B)	  The	  elastography	  color	  map	  of	  Lewis	  lung	  carcinoma	  (LLC)	  after	  14	  days	  of	  
tumor	   growth,	   dashed	   line	   designates	   the	   tumor.	   Statistics	   of	   tumor	   stiffness	   (mean,	  max,	  min,	   SD	   and	  ROI	  
area)	  are	  presented	  on	  the	  right	  of	  the	  imaging	  window.	  

	  

III.4.6. 	  Quantitative	  Ultrasound	  (QUS)	  
 

B-‐mode	   images	   display	   anatomical	   structure	   using	   only	   the	   information	   related	   to	   the	  
envelope	   of	   the	   radio	   frequency	   (RF)	   signals	   backscattered	   from	   tissues.	   A	   technique	   known	   as	  
quantitative	   ultrasound	   (QUS)	   uses	   the	   frequency-‐dependent	   information	   contained	   in	   the	  
backscattered	   RF	   signals	   and	   provides	   information	   about	   tissue	   microstructure	   at	   spatial	   scales	  
smaller	  than	  can	  be	  resolved	  by	  conventional	  B-‐mode	  imaging.	  By	  normalizing	  backscattered	  signals	  
from	   tumor	   tissues	  with	   respect	   to	   echoes	   from	   a	   calibrated	   reference	   phantom	   (medium	   that	   is	  
characterized	   in	   term	   of	   its	   acoustic	   attenuation	   and	   backscatter	   coefficient)	   two	   particularly	  
interesting	   tissue	   properties	   can	   be	   extracted:	   the	   estimated	   acoustic	   concentration	   (EAC)	   and	  
estimated	  scatterer	  diameter	  (ESD).	  	  

QUS	   imaging	   has	   been	   used	   to	   quantify	   EAC	   and	   ESD	   in	   two	   different	   mammary	   tumor	  
models:	  	  spontaneous	  fibroadenoma	  in	  rat	  and	  transplanted	  4T1	  mammary	  carcinoma	  in	  mice	  (Oelze	  
et	   al.	   2004).	   Compared	   to	   the	   4T1	  mammary	   carcinoma,	   the	   fibroadenoma	   presented	   higher	   ESD	  
(105	   ±	   25µm	   vs.	   28	   ±	   4.6µm)	   and	   lower	   EAC	   (–15.6	   ±	   5	   dB*mm–3	   vs.	   10.6	   ±	   6.9	   dB*mm–3).	   These	  
differences	   in	  tissue	  microstructure	  were	  confirmed	  to	  be	  consistent	  with	  the	  analysis	  of	  histologic	  
slides.	   	   Carcinoma	   specimens	   presented	   relatively	   uniform	   morphology	   and	   minimal	   extracellular	  
matrix.	  Fibroadenoma	  was	  associated	  with	  epithelial	  cells	  arranged	  in	  acini19	  surrounded	  by	  bands	  of	  
fibrous	  connective	  tissue	  (Figure	  31).	  A	  subsequent	  study	  using	  QUS	  showed	  conclusive	  results	  in	  the	  
differentiation	  of	  carcinoma	  and	  sarcoma	  tumor	  models	  (Oelze	  and	  Zachary	  2006).	  
 

                                            
19	  An	  acinus	  refers	  to	  any	  cluster	  of	  cells	  that	  resembles	  a	  many-‐lobbed	  berry,	  such	  as	  a	  raspberry.	  	  
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Figure	  31:	  Quantitative	   ultrasound	   in	   tumors.	  QUS	   images	  of	  mouse	   carcinomas	   (left	   panel)	   acquired	   at	   20	  
MHz	   and	   rat	   fibroadenomas	   (right	   panel)	   using	   the	   estimated	   scatterer	   diameter	   (ESD,	   upper	   row)	   and	   the	  
estimated	  average	  acoustic	  concentration	  (EAC,	  middle	  row).	  Photomicrographs	  (lower	  row)	  show	  the	  tumors	  
consisted	   of	   the	   carcinoma	   cells	   with	   relatively	   uniform	  morphology	   and	  minimal	   extracellular	   matrix	   (left)	  
while	  fibroadenomas	  consisted	  of	  well-‐differentiated	  epithelial	  cells	  arranged	  in	  acini	  surrounded	  by	  bands	  of	  
fibrous	  connective	  tissue	  (right).	  White	  scale	  bar	  5	  mm.	  black	  scale	  bar	  100	  µm.	  Figure	  adapted	  from	  (Oelze	  et	  
al.	  2004).	  
 

Ultrasound	   imaging	   provides	   a	   large	   range	   of	   complementary	   techniques	   that	   enable	   the	  
characterization	  of	  many	  aspects	  of	  the	  tumor	  and	  its	  surrounding	  microenvironment.	  In	  comparison	  
with	   the	   other	   techniques	   reviewed	   in	   this	   chapter,	   advantages	   of	   ultrasound	   imaging	   include	   the	  
rapid	  data	  acquisition,	  the	  potential	  to	  simultaneously	  acquire	  multiple	  ultrasound-‐based	  parameters	  
and	  the	  suitability	  of	  ultrasound	  for	  screening	  and	  serial	  follow-‐up	  studies.	  	  	  	  

III.5.	  Conclusions	  

In	   conclusion,	   Table	   1	   summarizes	   imaging	   modalities	   used	   in	   the	   context	   of	   tumor	  
characterization.	  Values	  of	  parameters	   indicated	   in	  the	  table	  (resolution,	  depth…)	  are	  given	  for	  the	  
purpose	  of	  preclinical	   research	  and	  may	  vary	   for	  clinical	  use	  because	  systems	  may	  differ.	   It	   can	  be	  
appreciated	   from	   this	   summary,	   that	   a	   large	   range	   of	   imaging	   techniques	   can	   be	   called	   upon	   to	  
evaluate	   features	   of	   the	   TME	   from	   the	   microscopic	   to	   the	   macroscopic	   scale.	   Development	   of	  
validated	   imaging	   approaches	   should	   lead	   to	   a	   better	   understanding	   of	   mechanisms	   underlying	  
tumor	  development	  and	  tumor	  response	  to	  specific	  treatments.	  Although	  PET/CT,	  SPECT/CT	  and	  PA	  
imaging	   were	   only	   briefly	   touched	   upon	   in	   this	   chapter,	   multimodal-‐imaging	   represents	   a	   new	  
paradigm	   for	   in	   vivo	   imaging	   providing	   significantly	   enhanced	   information	   for	   the	  more	   complete	  
characterization	  of	  tumors.	  The	  interested	  reader	  can	  refer	  to	  the	  following	  references	  for	  additional	  
details	  on	  multimodal	  imaging	  (Cai	  and	  Chen	  2008;	  Martí-‐Bonmatí	  et	  al.	  2010).	  	  
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As	  described,	  ultrasound	  imaging	  offers	  unique	  capacities	  for	  multi-‐parameter	  assessment	  of	  
tumors	  with	  rapid	  and	  repeatable	  data	  acquisition.	  The	  sensitivity	  of	  CEUS,	  SWE	  and	  QUS	  imaging	  to	  
tumor	  changes	  induced	  by	  cytotoxic	  and	  antiangiogenic	  drug	  will	  be	  specifically	  addressed	  in	  Chapter	  
V	  of	  this	  thesis.	  Prior	  to	  that,	  however,	  work	  led	  to	  determine	  the	  reproducibility	  of	  UCA	  injections	  in	  
CEUS	  imaging	  in	  small	  animal	  studies	  will	  be	  presented	  in	  the	  following	  chapter.	  

Table	   1:	  Biomedical	   imaging	   for	   the	   characterization	   of	   tumors	   and	   their	   microenvironment.	   Information	  
given	  in	  the	  table	  refers	  to	  the	  context	  of	  preclinical	  cancer	  research.	  References	  used	  to	  compile	  this	  table	  are	  
cited	  throughout	  this	  chapter.	  	  
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IV.1. 	  Introduction	  
 

Evaluation	  of	  microvascular	  flow	  and	  perfusion	  is	   important	  for	  the	  diagnosis	  and	  treatment	  
of	   diseases	   such	   as	   cancer	   (Chung	   et	   al.	   2010;	   Folkman	   1995;	   Helminger	   et	   al.	   1997)	   and	  
cardiovascular	  disease	  (Blankstein	  et	  al.	  2009).	  Non-‐invasive	  imaging	  techniques	  can	  provide	  clinical	  
assessment	   and	   repeated	   follow-‐up	   of	   microvascular	   changes	   in	   tumors	   or	   organs.	   Among	   the	  
available	   imaging	  modalities,	   ultrasound	   (US)	   is	   of	   particular	   interest	   because	   it	   is	   a	   safe,	   bed-‐side	  
and	   well-‐accepted	   technique	   that	   can	   be	   repeated	   often.	   Contrast-‐Enhanced	   Ultrasound	   (CEUS)	  
offers	  the	  possibility	   to	  obtain	  both	  qualitative	  and	  quantitative	   information	  on	   local	  microvascular	  
flow	   through	   the	   assessment	   of	   contrast-‐agent	   enhancement	   (Dietrich	   et	   al.	   2012;	   Gauthier	   et	   al.	  
2012b;	  Guibal	  et	  al.	  2010;	  Lamuraglia	  et	  al.	  2010;	  Leen	  et	  al.	  2012;	  Quaia	  2007)	  	  

The	  most	  widely-‐established	  method	  for	  CEUS	  relies	  on	  injection	  of	  a	  bolus	  of	  contrast	  agent	  
microbubbles.	   Linearized,	   echo-‐power	   vs.	   time	   curves	   (Payen	   et	   al.	   2013)	   are	   obtained	   within	   a	  
region	  of	   interest	  and	  used	  to	  evaluate	  the	  contrast	  agent’s	  first	  passage	  (wash-‐in)	  followed	  by	  the	  
progressive	  echo-‐power	  decrease	  during	  the	  washout	  phase.	  Several	  models	  can	  be	  fit	  to	  this	  data	  to	  
estimate	  parameters	  related	  to	  microvascular	   flow	  (Strouthos	  et	  al.	  2010).	  For	  the	   lognormal	  bolus	  
model	  (Rognin	  et	  al.	  2010),	  parameters	  obtained	  from	  the	  model	  provide	  information	  related	  to	  the	  
density	  of	   the	  microvascular	  network:	  Peak	  enhancement	   (PE,	  maximal	  echo-‐power	  value)	  and	   the	  
area	   under	   the	   curve	   (AUC).	  Others	   provide	   an	   assessment	   of	   the	  microvascular	   function:	   time	   to	  
peak	   (TTP,	   interval	   between	   the	   peak	   and	   the	   origin),	   mean	   transit	   time	   (MTT,	   the	   mean	   of	   the	  
lognormal	  distribution),	  wash-‐in	  and	  washout	  rate	  (WIR	  and	  WOR,	  maximal	  value	  of	  the	  slope	  during	  
wash-‐in	   and	   wash-‐out	   phase).	   As	   bolus	   injection	   of	   contrast	   agent	   often	   produces	   an	   initial	  
“blooming”	   effect	   (proportional	   to	   the	   concentration	   of	   UCA	   used)	   current	   clinical	   guidelines	  
recommend	  to	  use	  smaller	  amount	  of	  UCA	  or	  a	  continuous	  infusion,	  at	  a	  rate	  of	  1-‐2mL/min	  for	  CEUS	  
examinations	  (Piscaglia	  et	  al.	  2012).	  

Because	   of	   the	   small	   blood	   volume,	   contrast	   agent	   injection	   can	   be	   a	   strong	   source	   of	  
variability	   for	   the	  evaluation	  of	  microvascular	   flow	  using	  CEUS	   in	  mice.	  Stapleton	  et	  al.	   studied	  the	  
inter-‐injection	   variability	   (manual	   injections)	   by	   imaging	   five	  Definity	   bolus	   passages	   in	   the	   jugular	  
vein	   of	   mice	   at	   30	   MHz	   (Stapleton	   et	   al.	   2009).	   The	   coefficient	   of	   variation	  

( 𝐶𝑉 = 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑  𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛
𝑀𝑒𝑎𝑛×100 )	   of	   PE	   and	   AUC	   were	   found	   to	   be	   10	   and	   34	   %,	  

respectively.	  Palmowski	  et	  al.	   (2010),	   studied	   the	   impact	  of	   injection	   rate	   (at	   constant	  volume	  and	  
quantity	  of	   contrast	  agent)	  on	  perfusion	  parameters	   in	  epidermoid	   carcinoma	  xenografts.	   TTP	  was	  
significantly	   increased	  (+243	  ±	  145	  %	  p<0.05),	  whereas,	  PE	  and	  WIR	  decreased	  (-‐55	  ±	  28	  %,	  p<0.05,	  
and	   -‐28	   ±	   16	   %,	   p<0.01,	   respectively)	   when	   manual	   injection-‐time	   increased	   from	   2	   to	   10	   s.	  
Furthermore,	  the	  importance	  of	  controlling	  hydrostatic	  pressure	  and	  shear	  stress	  during	  injection	  has	  
been	   underlined	   by	   work	   demonstrating	   the	   dependence	   of	   the	   bubble	   diameter	   on	   the	   needle	  
gauge	  and	  the	  rate	  used	  during	  injection	  (Barrack	  and	  Stride	  2009;	  Talu	  et	  al.	  2008).	  	  

Our	   study	   describes	   the	   implementation	   of	   a	   controlled	   bolus-‐injection	   system	   based	   on	   a	  
system	  developed	  by	  Bracco	  Suisse	  SA	  (Hyvelin	  et	  al.	  2013).	  Hyvelin	  et	  al.	  demonstrated	  that	  the	  PE	  
parameter	   evaluated	   in	   the	   kidney	   for	   3	   consecutive	   UCA	   injections	   with	   the	   controlled	   injection	  
system	   in	   mice	   (N=5)	   and	   rats	   (N=6)	   was	   just	   above	   10%	   which	   indicates	   a	   good	   level	   of	  
reproducibility	   for	   in	   vivo	   CEUS	   measurements.	   The	   injection	   system	   and	   the	   level	   of	   control	  
provided	   for	   dose,	   rate	   and	   volume	   of	   the	   injection	   are	   described	   in	   our	   study.	   Its	   impact	   on	   the	  
injected	  microbubble	  population	  is	  assessed.	  Using	  an	  in	  vitro	  flow	  phantom,	  the	  variability	  of	  echo-‐
power	   curve	   profiles	   and	   perfusion	   parameters	   estimated	   from	   the	   curves	   are	   compared	   for	  
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injections	  made	  with	   the	  controlled	   system	  and	  manually.	   In	   vivo,	   the	   inter-‐injection	  variability	   for	  
manual	   and	   controlled	   injections	   is	   compared	   based	   on	   estimations	   of	   perfusion	   parameters	  
assessed	  in	  the	  renal	  cortex	  and	  an	  ectopic	  colorectal	  tumor	  model.	  	  
	  

IV.2. 	  Materials	  and	  methods	  

IV.2.1. Experimental	  configuration	  
 

This	   study	   describes	   the	   validation	   in	   our	   lab	   of	   a	   controlled	   bolus-‐injection	   system	  
developed	  by	  Bracco	  Suisse	  SA	  (Hyvelin	  et	  al.,	  2013)	  for	  the	   injection	  of	  Ultrasound	  Contrast	  Agent	  
(UCA)	  (Figure	  1.A-‐1).	  The	  injection	  system	  consists	  of	  a	  mixing	  valve	  with	  three	  tubes:	  the	  first	  tube	  is	  
linked	  to	  a	  syringe	  pump	  (Pump11,	  Harvard	  Apparatus,	  Holliston,	  MA,	  USA)	  used	  for	  the	  flush	  of	  0.9%	  
NaCl	   saline	  at	  a	   rate	  of	  4.5	  mL/min,	   the	  second	   is	   fixed	   to	  a	  100-‐μL	  Hamilton	  precision	  syringe	   (20	  
needle	  gauge)	  containing	  UCA	  and	  the	  last	  tube	  is	  linked	  to	  a	  27	  G	  catheter	  which	  is	  inserted	  either	  in	  
the	  input	  tube	  of	  the	  in	  vitro	  flow	  phantom	  (red	  cross	  in	  Figure	  1	  B)	  or	  the	  tail-‐vein	  of	  the	  mouse	  (red	  
cross	  in	  Figure	  1	  C).	  	  

	  
Figure	  1:	  Diagram	  of	   the	  experimental	   configurations.	  As	  shown	  in	  A,	  the	   injections	  were	  made	  using	  either	  
the	   controlled	   injection	   system	   (A-‐1)	   or	   by	   manual	   injection	   (A-‐2).	   For	   in	   vitro	   experiments	   (B),	   flow	   was	  
produced	   with	   a	   separate	   syringe	   pump	   to	   attain	   a	   constant	   flow	   rate	   (5	   mL/min)	   in	   the	   tubing	   and	   the	  
contrast-‐injection	  catheter	  (A)	  was	  inserted	  at	  the	  position	  marked	  by	  a	  red	  cross.	  For	  in	  vivo	  injections	  (C),	  the	  
catheter	   (A)	   was	   inserted	   within	   the	   tail	   vein	   as	   marked	   with	   the	   red	   cross.	   Linearized	   echo-‐power	   data	  
acquired	   were	   processed	   using	   a	   fitting	   approach	   based	   on	   the	   multiplicative	   nature	   of	   the	   noise	   in	   CEUS	  
sequences	  (D).	  	  
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The	  injection	  was	  performed	  rapidly	  in	  2	  steps.	  First,	  following	  the	  passage	  (i)	  in	  Figure	  1	  A,	  50	  µL	  of	  
UCA	  solution	  at	  a	  concentration	  of	  0.5	  mL/kg	  were	  injected	  manually	  from	  the	  Hamilton	  syringe	  into	  
the	  catheter	  through	  a	  3-‐way	  valve	  (10-‐µL	  dead	  volume).	  The	  valve	  position	  was	  then	  switched	  and	  
saline	  was	  injected	  following	  the	  route	  denoted	  by	  (ii)	  in	  Figure	  1A	  to	  flush	  the	  UCA	  solution	  into	  the	  
flow	  channel	  or	  the	  mouse’s	  tail	  vein.	  This	  flush	  was	  performed	  either	  with	  the	  1-‐mL	  syringe	  (manual	  
injection)	   or	   with	   the	   syringe	   pump	   (controlled	   injection).	   The	   internal	   volume	   of	   the	   tubing	  
connecting	   the	   three-‐way	  valve	   to	   the	  catheter	   in	   the	   tail	   vein	  was	  such	   that	  no	  UCA	  was	   injected	  
prior	  to	  the	  flush	  and	  the	  total	  40-‐µl	  dose	  was	  administered	  by	  the	  80-‐µL	  saline	  flush.	  	  The	  entire	  UCA	  
injection	  procedure	  required	  approximately	  4	  seconds.	  	  
	  

IV.2.2. Contrast	  agent	  
 

The	   UCA,	   SonoVue®,	   (Bracco	   Suisse	   SA,	   Geneva,	   Switzerland)	   was	   used	   in	   this	   study.	   The	  
microbubbles	   are	   coated	   with	   a	   very	   thin	   lipid	   monolayer	   membrane	   shell	   encapsulating	   sulfur	  
hexafluoride	   gas	   (SF6).	   The	   mean	   diameter	   and	   concentration	   of	   SonoVue	   microbubbles	  
reconstituted	  with	  5	  mL	  of	  sterile	  saline	  (0.9%	  NaCL)	  have	  been	  reported	  to	  be	  2.5	  µm	  and	  1	  to	  5×108	  
MBs/mL,	  respectively	  (Schneider	  1999a)	  
	  

IV.2.3. US	  system	  and	  settings	  
 

Contrast	   imaging	   was	   performed	   with	   a	   Sequoia	   512	   clinical	   ultrasound	   system	   (Acuson,	  
Siemens	  Healthcare,	  Moutain	  View,	  CA,	  USA)	  with	  a	  15L8w	  transducer	  (7	  -‐	  14	  MHz)	  in	  Contrast	  Pulse	  
Sequence	   (CPS)	  mode.	  The	   frequency	  was	   set	  at	  7.0	  MHz.	  DICOM	  JPEG	  data	  were	  acquired	  with	  a	  
dynamic	  range	  setting	  of	  DR80	  and	  a	  gain	  of	  0.	  The	  frame	  rate	  was	  fixed	  at	  1	  Hz	  and	  the	  MI	  was	  equal	  
to	  0.1.	  The	  focal	  zone	  was	  set	  at	  the	  center	  of	  the	  tube	  for	  the	  in	  vitro	  evaluations	  and	  at	  the	  center	  
of	   the	  renal	  cortex	  or	   the	  tumor	   for	   in	  vivo	  measurements.	  For	  each	   injection,	   the	  contrast	  uptake	  
sequence	  was	  recorded	  and	  echo-‐power	  curves	  were	  assessed	  in	  a	  region	  of	  interest	  (ROI).	  	  

	  

IV.2.4. Estimation	  of	  perfusion	  parameters	  
 

CEUS	   data	   curves	   presenting	   echo-‐power	   as	   a	   function	   of	   time	   (100	   s)	   were	   fit	   to	   the	  
lognormal	   distribution	   (Rognin	   et	   al.	   2010)	   using	   a	   fitting	   algorithm	   based	   on	   the	   multiplicative	  
nature	  of	  the	  noise	  that	  corrupt	  CEUS	  images	  (Barrois	  et	  al.	  2013).	  This	  fitting	  approach	  has	  recently	  
been	  shown	  to	  provide	  more	  accurate	  fitting	  of	  the	  initial	  rise	  of	  echo-‐power	  curves	  than	  the	  more	  
conventionally	   applied	   least-‐squares	   fitting.	   The	   resulting	   fit	   curves	   were	   used	   to	   estimate	   the	  
functional	  parameters	  of	  peak	  enhancement	  (PE),	  mean	  transit	  time	  (MTT),	  time	  to	  peak	  (TTP),	  wash	  
in	  rate	  (WIR),	  wash-‐out	  rate	  (WOR)	  and	  area	  under	  the	  curve	  (AUC)	  (Rognin	  et	  al.	  2010).	  
	  

IV.2.5. Assessment	  of	  the	  injection-‐system	  impact	  on	  the	  microbubble	  population	  
 

SonoVue	   was	   recuperated	   after	   passage	   through	   the	   manual	   and	   controlled	   injection	  
systems.	   Scanning	   ion	   occlusion	   spectroscopy	   (SIOS)	   was	   then	   used	   to	   precisely	   compare	   the	  
microbubble	  populations	  of	  SonoVue	  after	  their	  passage	  through	  the	  manual	  and	  controlled	  injection	  
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circuits.	   SIOS	   utilizes	   the	   well-‐established	   Coulter	   principle	   (Henriquez	   et	   al.	   2004)	   for	   particle	  
analysis.	  Particles	  are	  individually	  analyzed	  as	  they	  traverse	  an	  elastomeric	  and	  resizable	  pore	  under	  
the	  combined	  action	  of	  voltage	  and	  pressure.	  The	  qNano	  system	  (Izon	  Science	  Ltd,	  Christchurch,	  New	  
Zealand)	   used	   for	   measurements	   was	   equipped	   with	   the	   NP2000	   pore	   (1-‐4	   µm	   size	   range	  
measurement)	  and	  with	  a	  variable	  pressure	  module	   (VPM),	  a	  manometer	  that	  applies	  pressures	  to	  
the	  sample	  cell.	  Solutions	  of	  SonoVue	  recuperated	  after	  passage	  through	  each	  injection	  were	  diluted	  
by	  a	   factor	  of	  10	   in	  saline	  solution	  (0.9%	  NaCl)	  before	  evaluation	  with	  the	  SIOS	  system.	  Calibration	  
particles	   of	   2	   µm	   mean	   diameter	   diluted	   at	   a	   concentration	   of	   5.8×106/ml	   in	   saline	   solution	  
(CPC2000C,	  Izon	  Science	  Ltd)	  were	  used	  as	  a	  reference	  under	  the	  same	  conditions	  used	  for	  SonoVue	  
measurements	  (46	  mm	  pore	  stretch,	  0.28	  V	  applied	  voltage,	  successive	  measurements	  at	  pressures	  
9,	   11	   and	   14	   cm	   of	   H2O	   (1	   cm	  ≈	   100	   Pa).	   The	   population	   size	   distribution	   and	   the	   concentration	  
(number	  of	  MBs/mL)	  were	  extracted	  from	  these	  measurements	  for	  each	  injection	  circuit	  using	  Izon	  
control	  suite	  software	  2.1	  (Astafyeva	  et	  al.	  2015).	  	  

Finally	  the	  effects	  of	  the	  two	  modes	  of	  injection	  were	  assessed	  in	  a	  dose-‐ranging	  experiment.	  
First,	  SonoVue	  solutions	  under	  constant	  stirring	  with	  dilution	  factor	  of	  the	  native	  agent	  ranging	  from	  
103	  to	  5×105	  were	  imaged.	  For	  each	  dilution,	  fifty	  images	  were	  obtained	  in	  CPS	  mode	  at	  7	  MHz.	  After	  
noise	  subtraction,	  the	  parameters	  were	  calculated	  to	  describe	  the	  linear	  fit	  of	  echo-‐power	  vs.	  agent	  
concentration.	   Dose-‐ranging	   data	  were	   then	   acquired	   for	  matched	   dilutions	   of	   agent	   recuperated	  
after	  passage	  through	  the	  manual	  and	  controlled	  injection	  systems,	  respectively.	  	  
	  

IV.2.6. In	  vitro	  reproducibility	  experiments	  
 

For	  the	  in	  vitro	  experiments,	  the	  catheter	  was	  linked	  to	  a	  flow	  channel	  (inner	  diameter	  of	  0.8	  
mm)	  maintained	  under	  a	  constant	  flow	  of	  5	  mL/min	  using	  a	  second	  syringe	  pump	  (Pump11,	  Harvard	  
Apparatus,	  Holliston,	  MA,	  USA,	   Figure	   1.B).	   This	   flow	   rate	   is	   on	   the	  order	   that	   reported	   in	  murine	  
kidney	  (Milia	  et	  al.	  2001).	  A	  40-‐μL	  volume	  of	  SonoVueTM	  (Schneider	  1999b)	  was	  injected	  into	  the	  flow	  
phantom	  channel	  which	  was	  suspended	  in	  a	  tank	  of	  water	  containing	  a	  sound	  absorbing	  medium	  at	  
the	  bottom.	   Injections	  were	  performed	  at	   the	   same	   site	  using	  a	  27-‐gauge	  needle	   for	  both	  manual	  
and	   controlled	   (syringe-‐pump	   driven)	   injections.	   Manual	   and	   controlled	   injections	   were	   each	  
performed	  10	  times	  and	  were	  alternated	  in	  order	  to	  avoid	  any	  systematic	  difference	  between	  groups	  
due	   to	  eventual	  modifications	   in	   the	  UCA	  concentration	  over	   time.	  After	  each	   injection,	   tubes	  and	  
syringes	   were	   rinsed	   with	   saline	   so	   that	   no	   UCA	   remained	   in	   the	   tubes	   that	   could	   influence	  
subsequent	  injections.	  For	  both,	  manual	  and	  controlled	  injections,	  the	  bolus	  passage	  was	  monitored	  
in	   the	   longitudinal	   axis	   of	   the	   tube	   (Figure	   2-‐A)	   with	   ultrasonic	   imaging	   for	   15	   seconds.	   Then	  
perfusion	   parameters	   were	   extracted	   to	   characterize	   echo-‐power	   vs.	   time	   curves	   for	   each	   bolus	  
injection	   of	   UCA.	   Injection	   reproducibility	   was	   assessed	   by	   calculating	   the	   CV	   for	   each	   perfusion	  
parameter.	  	  
	  

IV.2.7. In	  vivo	  reproducibility	  experiments	  
 
The	   animals	   were	   housed	   at	   the	   CEF	   (Centre	   d’Explorations	   Fonctionnelles,	   Cordeliers’	   Research	  
Center,	   facility	  agreement	  no.	  A75-‐06-‐12).	  All	  experiments	  were	  conducted	   in	  accordance	  with	   the	  
institutional	   guidelines	   and	   the	   recommendations	   for	   the	   care	   and	   use	   of	   laboratory	   animals	  
established	  by	  the	  French	  Ministry	  of	  Agriculture.	  Mice	  were	  anaesthetized	  with	  2%	  (v/v)	  isoflurane	  
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in	  medical	  air	  at	  1	  L/min.	  The	  temperature	  of	  the	  animal	  was	  maintained	  at	  37°C.	  The	  catheter	  was	  
inserted	   in	  the	  tail-‐vein	   (Figure	  1.C)	  and	   injections	  were	  performed	  on	  twenty	  two	  male	  mice	  from	  
the	   Balb/C	   line	   (8	   months	   old,	   weight	   =	   51	   ±	   5	   g).	   Ten	   of	   these	   mice	   had	   a	   subcutaneous	   CT26	  
colorectal	  tumor	  on	  the	  flank	  (24	  days	  of	  growth,	  volume	  =	  1640	  ±	  470	  mm3)	  and	  the	  other	  twelve	  
were	  healthy.	  Mice	  were	  divided	  into	  groups	  with	  two	  different	  types	  of	  UCA	  injection:	  manual	  (M)	  
and	   controlled	   (C).	   There	   were,	   thus,	   for	   each	   type	   of	   injection,	   6	  mice	   with	   no	   pathology	   and	   5	  
tumor-‐bearing	  mice.	  The	  probe	  was	  placed	  to	  image	  the	  long	  axis	  of	  the	  studied	  structure	  (kidney	  or	  
tumor).	   Each	  mouse	   received	   four,	   40-‐µL	   injections	  with	  a	  15-‐minute	  delay	  between	   injections	   for	  
elimination	   of	   circulating	  microbubbles.	  Microbubbles	  were	   eliminated	   by	   physiological	   processes,	  
without	  application	  of	  acoustic	  bursts.	  Typical	  ROIs	  are	  shown	   in	  Figure	  2.	  For	   in	  vivo	  experiments,	  
variability	   was	   assessed	   by	   calculating	   CV	   of	   perfusion	   parameters	   over	   the	   four	   consecutive	  
injections.	  	  

	  
Figure	   2:	   CEUS	   images	   for	   each	   group:	   in	   vitro	   (A),	   renal	   cortex	   (B)	   and	   tumor	   (C)	  with	   corresponding	   ROIs,	  
mean	  of	  signal	  intensity	  maps	  and	  echo-‐power	  curves.	  	  
	  

IV.3. 	  Results	  

IV.3.1. Injection	  circuit	  impact	  on	  the	  microbubble	  population	  
 
The	   results	   from	   the	   SIOS	   measurements	   characterizing	   the	   effect	   of	   the	   injection	   mode	   on	   the	  
number	  and	  size	  of	  microbubbles	  in	  the	  injected	  population	  are	  summarized	  in	  Table	  1.	  	  
No	  significant	  difference	  was	  observed	  in	  terms	  of	  mean	  diameters	  and	  mode	  diameter	  (peak	  of	  the	  
diameter	  distribution)	  after	  passage	   through	   the	   two	  different	   injection	  circuits.	  The	  polydispersity	  
index	  (PDI),	  is	  equal	  to	  the	  ratio	  between	  d90	  and	  d10	  (d90	  and	  d10	  are	  the	  diameters	  superior	  to	  90	  
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and	   10%	   of	   the	   distribution,	   respectively.	   The	   PDI	   was	   also	   similar	   for	   samples	   evaluated	   after	  
passage	   through	   the	   two	  circuits.	   In	  addition,	  no	  modification	  of	  diameters	  and	  polydispersity	  was	  
observed	   in	   comparison	   with	   the	   native	   solution	   measured	   under	   the	   same	   conditions	   (data	   not	  
shown).	   It	   should	   be	   noted	   that	   the	   smaller	  mean	   diameter	   value	   (1.6	   ±	   0.1	   µm)	   found	  with	   the	  
qNano	   system	   for	   all	   measured	   microbubble	   suspensions	   in	   comparison	   with	   the	   reported	   by	  
Schneider	  et	  al.	  (2.5	  µm)	  may	  be	  attributed	  to	  measurement	  conditions.	  	  
	  

SonoVue	   Manual	   Controlled	  
Mode	  diameter	  (µm)	   1.30	  ±	  0.05	   1.31	  ±	  0.07	  
Mean	  ±	  SD	  (µm)	   1.55	  ±	  0.08	   1.54	  ±	  0.06	  
Polydispersity	  index	  	   1.6	   1.6	  
Concentration	  (MB/mL)	   3.6	  x108	   3.0	  x	  108	  

	  
Table	  1:	  Characteristics	  of	  the	  SonoVue	  microbubble	  distribution	  for	  1:10	  solutions	  recuperated	  after	  passage	  
through	  the	  manual	  and	  controlled	  injection	  systems.	  Measurements	  were	  made	  with	  the	  qNano	  device.	  The	  
polydispersity	  index	  (PDI)	  is:	  PDI = d90/d10  	  where	  d90	  and	  d10	  are	  diameter	  values	  for	  which	  90	  and	  10%	  of	  
the	  distribution,	  respectively,	  has	  a	  diameter	  below	  these	  values.	  
	  
The	  echo-‐power	  with	  noise	   subtraction	  measured	  as	   a	   function	  of	   dilution	   factor	   (dose-‐ranging)	   is	  
plotted	  in	  Figure	  3.	  	  

	  
Figure	  3:	  Echo-‐power	  estimates	  after	  noise	  subtraction	  as	  a	  function	  of	  the	  dilution	  factor	  for	  SonoVue.	  The	  line	  
represents	  the	  linear	  relationship	  for	  suspensions	  of	  SonoVue	  directly	  removed	  from	  the	  vial	  (Native).	  	  
	  
The	  linear	  relationship	  between	  echo-‐power	  and	  dilution	  found	  for	  native	  SonoVue	  is	  designated	  by	  
the	   solid	   line	   (coefficient	   of	   determination	   R2	   >	   0.995).	   The	   measured	   values	   of	   echo-‐power	   are	  
shown	   for	   solutions	   recuperated	  after	  passage	   through	   the	  manual	  or	   controlled	   injection	   circuits.	  
The	  echo-‐power	  decreased	  by	  3.4	  ±	  2.1	  %	  and	  5.6	  ±	  2.7	  %	  on	  average	  after	  manual	  and	  controlled	  
injections,	  respectively,	  but	  this	  decrease	  was	  not	  significant.	  	  
	  

IV.3.2. In	  vitro	  reproducibility	  	  
 

To	  evaluate	  the	  variability	  between	  injections,	  CV	  values	  were	  calculated	  for	  flow	  parameters	  
estimated	   from	   echo-‐power	   curves	   according	   to	   the	   lognormal	   model.	   Results	   for	   10	   repeated	  
manual	  and	  controlled	  injections	  are	  presented	  in	  Figure	  4.	  Controlled	  injection	  significantly	  reduced	  
the	   inter-‐injection	   variability	   of	   TTP	   (Fisher’s	   test,	   p<0.05),	   WIR	   (p<0.0005)	   and	   WOR	   (p<0.0005)	  
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parameters	   as	   compared	   to	  manual	   injections.	   The	   CV	  was	   lower	   than	   15%	   for	  measurements	   of	  
MTT,	  TTP	  and	  AUC	  with	  controlled	  injection	  and,	  for	  the	  same	  parameters,	  was	  greater	  than	  15%	  for	  
manual	   injections.	   	  Estimations	  of	  the	  PE	  demonstrated	  very	  similar	  CV	  regardless	  of	  which	  type	  of	  
the	  2	  injection	  circuits	  was	  used.	  

	  
Figure	   4:	   In	   vitro	   data	   comparing	   inter-‐injection	   variability,	  %	   CV	   of	   the	   perfusion	   parameters	   calculated	   for	  
controlled	   (N	   =	   10)	   and	  manual	   injections	   (N	   =	   10).	   Fisher	   test,	   threshold	   of	   significance:	   *	   =	   p<0.05,	   **	   =	  
p<0.005,	  	  ***	  =	  p<0.0005.	  
	  

IV.3.3. Reproducibility	  in	  the	  renal	  cortex	  and	  ectopic	  tumor,	  in	  vivo	  
 

For	  each	  set	  of	  4	  consecutive	   injections	   in	  the	  same	  mouse,	  the	  CV	  was	  estimated	  for	  each	  
perfusion	  parameter.	  Results	  are	  summarized	  in	  Figure	  5	  (N=6	  for	  kidney,	  N=5	  for	  tumor).	  Two-‐tailed	  
Student’s	   t-‐test	   and	   Fisher’s	   test	   were	   performed	   respectively	   to	   reveal	   significant	   differences	  
between	  mean	  values	  and	  variances.	  	  

Results	   for	  measurements	   in	   the	   renal	   cortex	   reveal	   that	   controlled	   injections	   significantly	  
improved	  reproducibility	  of	  perfusion	  parameter	  assessment	  for	  the	  same	  group	  of	  parameters	  as	  for	  
the	  in	  vitro	  flow	  phantom.	  For	  these	  parameters	  (TTP,	  WIR,	  WOR),	  reproducibility	  was	  improved	  by	  a	  
factor	  of	  2	  to	  3	  with	  the	  highest	  improvement	  for	  the	  WIR	  parameter	  (C	  =	  18.6	  ±	  8.0	  %	  vs.	  M	  =	  46.7	  ±	  
19.2	   %,	   PS	   =	   0.02).	   For	   the	   PE	   and	   AUC	   parameters,	   the	   mean	   CV	   was	   not	   significantly	   different	  
between	  manual	   and	   controlled	   injections	   but	   the	   variance	   of	   the	   inter-‐subject	   distribution	   of	   CV	  
values	  was	   significantly	   reduced	   for	   controlled	   injections	   (PE:	   PF	  =	   0.0095,	   AUC:	   PF	   =	   0.0013).	   Low	  
variance	  for	  a	  set	  of	  CV	  values	  indicates	  that	  the	  parameter	  is	  estimated	  with	  the	  same	  accuracy	  for	  
each	  subject.	  

Except	   for	   a	   slight	   significant	  decrease	   in	   the	  CV	  of	   the	  MTT	  estimations	   in	  ectopic	   tumors,	  
functional	   parameter	   assessment	   in	   the	   tumors	   did	   not	   benefit	   significantly	   from	   controlled	  
injections	  as	  compared	  to	  manual	  ones.	  For	  both	   tumor	  and	  renal	  cortex	  assessments,	   the	  CV	  was	  
lowest	  for	  MTT	  and	  TTP	  parameters	  with	  mean	  CV	  values	  ranging	  from	  4.1	  ±	  1.1	  %	  to	  18.3	  ±	  6.7%.	  	  
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Figure	  5:	  Inter-‐injection	  variability	  assessment	  based	  on	  the	  distribution	  of	  CV	  values	  for	  perfusion	  parameters	  
estimated	   in	   the	   renal	   cortex	   and	   ectopic	   CT26	   tumors.	   	   M	   (white	   circles)	   and	   C	   (grey	   circles)	   correspond,	  
respectively,	  to	  manual	  and	  controlled	  injections.	  PS	  is	  the	  p-‐value	  of	  the	  two-‐tailed	  student’s	  test	  (comparison	  
of	  mean	   values	   designated	   by	   horizontal	   lines)	   and	   PF	  is	   the	   p-‐value	   of	   the	   Fisher’s	   test	   (comparison	   of	   the	  
variance	  between	   the	   two	  distribution’s	  of	  CV	  values).	   The	  P-‐values,	  PS	  and	  PF,	   indicated	  on	   the	   top	  of	  each	  
panel	  allow	  identification	  of	  differences	  that	  are	  significant	  between	  controlled	  and	  manual	  injections	  (marked	  
with	  an	  asterisk).	  Student	  and	  Fisher’s	  test	  threshold	  of	  significance:	  *	  =	  p<0.05,	  **	  =	  p<0.005,	  	  ***	  =	  p<0.0005.	  
	  

IV.4. Discussion	  &	  conclusion	  
 

An	  UCA’s	  concentration	  and	  size-‐distribution	   influence	   its	  acoustic	  properties	   (de	  Jong	  et	  al.	  
2002),	  its	  susceptibility	  to	  radiation	  force	  (Dayton	  et	  al.	  2002)	  and	  its	  echogenicity	  (Groce	  et	  al.	  2000).	  
Arrival	  rate	  of	  the	  microbubbles	  in	  the	  zone	  to	  evaluate	  also	  significantly	  influences	  apparent	  PE	  and	  
WIR	  (Palmowski	  et	  al.	  2010).	  Because	  contrast	  agent	   injection	  procedures	  can	  potentially	   influence	  
size,	   concentration	   and	   arrival	   rate	   of	   microbubbles	   leading	   to	   variability	   in	   ultrasound	   contrast	  
measurements,	  a	  system	  for	  controlled	  injection	  of	  UCA	  in	  mice	  was	  implemented	  and	  tested	  both	  in	  
vitro	   and	   in	   vivo.	   The	   system	   allows	   control	   over	   the	   most	   relevant	   parameters	   of	   the	   injection	  
protocol	  (agent	  dose,	  volume	  of	  injection,	  speed	  of	  injection).	  	  

Bubble	  filtration	  is	  the	  main	  potential	  limitation	  of	  the	  controlled	  injection	  system.	  Talu	  et	  al.	  
(2008)	  showed	  that	   injections	  through	  a	  27G-‐needle	  may	  cause	  loss	  of	   lipid-‐shell	  PFC	  microbubbles	  
(0.95	  µm	  of	  mean	  diameter)	  at	  a	  concentration	  of	  5×108	  MB/mL.	  They	  demonstrated	  that,	  for	  rates	  
higher	   than	   6	   mL/min,	   microbubble	   destruction	   occurred	   and	   the	   size	   distribution	   was	   shifted	  
towards	   the	   smaller	   diameters.	   However,	   at	   1.8	  mL/min,	   they	   did	   not	   see	   any	   agent	   loss	   and	   the	  
population	  distribution	  was	  only	  slightly	  shifted	  (~	  2	  %	  change	  in	  mean	  diameter).	  

Scanning	   Ion	  Occlusion	   spectroscopy	   (SIOS)	  was	  used	   to	  estimate	   the	  overall	   impact	  on	   the	  
microbubble	  population	  due	  to	  the	  injection	  through	  the	  three-‐way	  valve	  and	  catheters	  used	  in	  the	  
controlled	   injection	  system	  relative	   to	   injection	  with	   the	  more	  direct	   syringe-‐to-‐tail	   catheter	   route.	  
Dose-‐ranging	   experiments	   were	   performed	   to	   assess	   the	   relative	   impact	   of	   these	   two	   types	   of	  
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injections	  on	  echo-‐power	  relative	  to	  the	  echo-‐power	  assessed	  for	  solutions	  of	  native	  agent	  that	  had	  
not	  passed	  through	  either	  injection	  system.	  Dose	  ranging	  and	  SIOS	  experiments	  (Table	  1	  and	  Figure	  
3)	  showed	  that	  controlled	  injection	  through	  the	  system	  used	  in	  this	  study	  at	  a	  constant	  flow	  rate	  of	  
4.5	   mL/min	   did	   not	   significantly	   modify	   the	   SonoVue	   MBs’	   size	   or	   acoustic	   response	   relative	   to	  
manual	  injection.	  	  

Injected	   dose	  must	   be	   selected	   to	   avoid	   signal	   saturation	   or	   significant	   acoustic	   shadowing	  
effects	  within	  the	  evaluated	  tissue.	  	  In	  the	  work	  by	  Gauthier	  et	  al.	  (Gauthier	  et	  al.	  2012c),	  the	  impact	  
of	   the	   dose	   of	   SonoVueTM	   on	   perfusion	   parameter	   estimation	   was	   studied	   in	   vitro	   using	   images	  
acquired	  at	  3.4	  MHz	  from	  a	  perfused	  dialyzer	  cartridge.	  An	  increase	  from	  10	  to	  50	  µL	  of	  the	  native	  
solution	  resulted	  in	  an	  increase	  of	  64%	  for	  the	  PE	  and	  95%	  for	  the	  AUC	  calculated	  on	  a	  1-‐minute	  clip	  
acquired	  during	  injection.	  Stapleton	  et	  al.	  (Stapleton	  et	  al.	  2009)	  studied	  the	  dose-‐dependency	  of	  PE,	  
MTT	  and	  AUC	  in	  the	  jugular	  vein	  of	  mice	  after	  injection	  of	  Definity	  via	  the	  tail	  vein.	  PE	  and	  AUC	  were	  
shown	  to	  vary	   linearly	  with	  the	  dose	  within	  a	  range	  from	  10	  to	  60	  µL/kg	  of	  Definity	  (4	  and	  9	  times	  
approximate	   increase	  across	   this	   range,	   respectively).	  The	  dose-‐dependent	   trend	  was	   less	  clear	   for	  
MTT	  (slight	  increases	  were	  observed	  within	  the	  10-‐30	  µL/kg	  range).	  	  

A	  typical	  1-‐mL	  syringe	  only	  has	  a	  precision	  of	  10	  µL	  (one	  graduation)	  which	  can	  lead	  to	  very	  
significant	   variability	   in	   the	   injected	   dose	   of	   UCA	  when	   performing	   preclinical	   studies	   in	   the	   small	  
animal.	   Indeed,	  while	   the	   blood	   volume	   in	   an	   adult	  male	   human	   is	   approximately	   5	   L	   for	   injected	  
volumes	  of	  contrast	  agent	  ranging	  from	  0.5	  to	  4.8	  mL	  which	  is	  on	  the	  order	  of	  0.9	  %	  v/v	  (for	  the	  four	  
approved	  contrast	  agents:	  SonoVueTM,	  Optison,	  Sonazoid	  and	  Definity),	   the	  blood	  volume	  of	  a	  50	  g	  
mouse	  is	  approximately	  3	  mL	  for	  injected	  contrast	  volumes	  on	  the	  order	  of	  10	  to	  50	  µL	  (≈	  1	  %	  v/v).	  
Small	  errors	  in	  the	  dose	  can	  thus	  dramatically	  modify	  the	  relative	  microbubble	  concentration	  in	  the	  
blood,	   and	   if	   injected	   dose	   is	   not	   precisely	   controlled,	   it	   is	   very	   difficult	   to	   sensitively	   monitor	  
therapeutic	  effect	  and	  validate	  CEUS	   techniques	   for	   clinical	   transfer.	   In	   this	  work,	   for	  both	  manual	  
and	  controlled	  injections,	  the	  contrast	  agent	  dose	  was	  precisely	  controlled	  using	  a	  100	  µL	  Hamilton	  
syringe	  (precision	  of	  ±	  2	  µL).	  The	  40	  µL	  dose	  was	  selected	  because	  it	  provided	  a	  strong	  signal	  in	  the	  
tube	  without	  reaching	  saturation	  or	  significant	  acoustic	  shadowing	  effects.	  The	  dose	  of	  500	  µL/kg	  of	  
SonoVue	   in	  mice	  was	   found	   to	  give	  optimal	   signal	  enhancement	   for	   renal	   cortex	   imaging	  with	  our	  
settings.	  This	  dose	  also	  allowed	  control	  of	  the	  total	  injected	  volume	  to	  remain	  within	  the	  range	  that	  
can	   be	   safely	   injected	   intravenously	   in	   an	   adult	   mouse	   according	   to	   veterinary	   recommendations	  
(Vinjected	  <	  10	  mL/kg).	  	  	  

Only	   controlled	   injections,	   however,	   allowed	   injection	  at	   a	   constant	   rate	   (4.5	  mL/min).	   This	  
rate	  was	  selected	  such	  that	  the	  80	  µL	  contrast	  bolus	  was	  injected	  in	  1	  s	  which	  was	  on	  the	  order	  of	  the	  
time	   taken	   for	  manual	   injection	  of	   the	  bolus.	   	  Care	  was	  also	   taken	   to	  use	   the	  same	   type	  of	   tubing	  
(Tygon	   S54HL,	   ThermoFischer,	   internal	   diameter	   0.8	   mm)	   throughout	   the	   system	   to	   limit	   flow	  
turbulence	   that	   could	  be	   caused	  by	  abrupt	  variations	   in	   the	  diameter	  of	   the	   flow	  channel.	   For	   the	  
0.8-‐mm	  diameter	  tube	  used	  in	  this	  work	  and	  the	  4.5	  mL/min	  flow	  speed,	  the	  Reynolds	  number	  can	  
be	  calculated	  according	  to:	  
	  
	  

𝑅𝑒 =
𝐿𝑣
𝜐
=
𝐷×𝑣!"#$!
𝜐!"

~
0.8×10!!  ×  1.5×10!!

0.884 ∙ 10!!
~140  	  

(IV.1)	  

	  
where	  L	  is	  the	  characteristic	  length	  which	  is	  the	  diameter	  D	  (in	  m)	  in	  the	  case	  of	  a	  circular	  tube,	  vflush	  
(in	   m/s)	   is	   the	   speed	   of	   the	   flow,	   and	   υRT	   (in	   m²/s)	   is	   the	   fluid’s	   kinematic	   viscosity	   at	   room	  
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temperature	   (υ!" = 𝜇 𝜌,	  where	   µ	   is	   the	   dynamic	   viscosity	   and	   ρ	   the	   density	   of	   0.9%	  NaCl	   ).	   This	  
Reynolds	  number	  is	  well	  beneath	  the	  value	  2300	  associated	  with	  transition	  toward	  turbulent	  flow.	  	  
Significant	   improvement	   of	   the	   reproducibility	   was	   observed	   for	   TTP,	   WIR	   and	   WOR	   parameters	  
estimation	   in	   the	   in	  vitro	   flow	  phantom	  and	  the	  renal	  cortex.	  The	  CV	  values	  were	  also	  significantly	  
less	  variable	  between	  mice	  for	  PE	  and	  AUC	  parameters.	  The	  CVs	  were	  less	  than	  19	  and	  34	  %	  for	  all	  
parameters	  assessed	  in	  renal	  cortex	  and	  in	  tumor,	  respectively.	  	  

Results	   for	   estimation	   of	   the	   CV	   in	   vivo	   in	   the	   renal	   cortex	   are	   summarized	   in	   Table	   2.	  
Controlled	   injections	  strongly	  reduce	  variability	  for	  all	  perfusion	  parameters	  with	  CV	  values	  ranging	  
from	  4.1%	  to	  18.6%.	  	  
	   Injection	   PE	   MTT	   TTP	   WIR	   WOR	   AUC	  

CV	  %	  	  
Manual	   23.2	  ±	  12.7	   4.9	  ±	  1.7	   18.3	  ±	  6.7	   43.1	  ±	  16.9	   32.0	  ±	  12.4	   25.0	  ±	  17.0	  
Controlled	   11.8	  ±	  3.3*	   4.1	  ±	  1.1	   9.2*	  ±	  4.1	   18.6*	  ±	  8.0	   11.2*	  ±	  4.5*	   12.8	  ±	  2.8*	  

Table	  2:	  CV	  values	  for	  functional	  parameters	  assessed	  in	  the	  renal	  cortex	  after	  4	  consecutive	  tail-‐vein	  injections	  
in	  mice	   (N=6).	   Results	   are	   indicated	   as	  mean	   ±	   SD;	   a	   sign	   on	  mean	   value	   and	   standard	   deviation	   indicates	  
respectively	  significant	  differences	  between	  mean	  value	  (Student’s	  t-‐test)	  and	  variance	  (Fisher’s	  test).	  
	  

Although	  the	  CV	  value	  for	  MTT	  and	  TTP	  remained	  less	  than	  12	  %	  when	  measurements	  were	  
made	   in	   ectopic	   tumor,	   only	   the	   MTT	   demonstrated	   a	   significantly	   reduced	   CV	   for	   controlled	  
injections	  relative	  to	  manual	  ones.	  	  To	  better	  understand	  this	  result,	  the	  average	  parameters	  found	  
after	   each	   consecutive	   controlled	   injection	   in	   tumor	   and	   adjacent	   renal	   cortex	   are	   presented	   in	  
Figure	  6.	  To	  enable	  comparison	  between	  the	  different	  contrast	  enhancement	  parameters,	   for	  each	  
mouse	   and	   each	   parameter,	   data	   were	   normalized	   with	   respect	   to	   the	   maximum	   value	   for	   each	  
mouse.	  Then,	  the	  normalized	  values	  were	  averaged	  over	  the	  ten	  mice	  from	  each	  group	  of	  injections	  
(controlled	  and	  manual).	  	  

	  
Figure	  6:	  Effect	  of	  four	  consecutive,	  controlled	  injections	  (40	  µL	  of	  SonoVue)	  evaluated	  simultaneously	  in	  tumor	  
and	  renal	  cortex	  (same	  imaging	  plan).	  For	  this	  set	  of	  measurements	  only,	  measurements	  were	  obtained	  in	  both	  
the	   tumor	   and	   the	   adjacent	   kidney	   cortex.	   A	   Wilcoxon	   signed	   rank	   test	   was	   performed	   between	   the	   first	  
injection	   and	   the	   3	   others	   (threshold	   of	   significance:	   *	   =	   p<0.05,	   **	   =	   p<0.005,	   	   ***	   =	   p<0.0005).	   P-‐values	  
indicated	   at	   the	   bottom	   of	   each	   graph	   are	   related	   to	   the	   comparison	   between	   the	   first	   and	   the	   last	   UCA	  
injection.	  	  
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Our	  work	  has	  focused	  on	  improved	  reproducibility	  using	  controlled	  injections.	  Gauthier	  et	  al.	  
(2012a)	   described	   the	   possibility	   to	   improve	   reproducibility	   in	   the	   assessment	   of	   perfusion	  
parameters	   using	   deconvolution	   based	   on	   the	   characterization	   of	   the	   arterial	   input	   function	   (AIF).	  
Results	  were	  compared	  for	  three,	  consecutive	  manual	  bolus	  injections	  of	  100	  µL	  of	  SonoVueTM	  in	  five	  
mice	  bearing	  B16F10	  melanoma	  xenografts,	  CVs	  of	  PE,	  TTP,	  WIR	  and	  AUC180sec	  without	  correction	  for	  
the	  AIF	   ranged	   from	  4-‐28%,	  6-‐23%,	  10-‐29%	  and	  6-‐28%,	   respectively.	  By	   correcting	   for	   the	  AIF,	   the	  
CVs	   of	   PE	   and	   AUC180sec	   were	   reduced	   to	   7-‐12%	   and	   6-‐12%	   respectively.	   A	   limitation	   of	   such	   AIF	  
deconvolution	  is	  described	  by	  Gauthier	  and	  co-‐workers	  (2012b).	  They	  showed	  that	  when	  the	  size	  of	  
the	  ROI	  used	  to	  evaluate	  the	  AIF	  was	  varied	  by	  a	  factor	  3	  (1.17	  mm2	  versus	  3.65	  mm2)	  the	  estimated	  
flow	  parameters	  were	  modified	  significantly:	  	  PE	  (p-‐ANOVA	  <	  0.027),	  TTP	  (p-‐ANOVA	  <	  0.01)	  and	  MTT	  
(p-‐ANOVA	  <	  0.001).	  	  

A	  significant	  source	  of	  variability	  in	  our	  measurements	  in	  the	  tumor	  was	  observed	  as	  a	  result	  
of	   consecutive	   injections.	   All	   parameters	   assessed	   in	   the	   tumor	   underwent	   significant,	   systematic	  
variation	   between	   the	   first	   and	   the	   fourth	   UCA	   injection	   whereas	   no	   significant	   variation	   was	  
observed	  in	  the	  kidney	  for	  the	  same	  injection	  series.	  The	  highest	  variations	  between	  the	  first	  and	  last	  
injection	  were	  observed	  for	  the	  WIR	  (p<0.0005)	  and	  WOR	  (p<0.0005)	  parameters	  with	  an	  increase	  of	  
the	  mean	  value	  by	  a	  factor	  of	  2	  (0.48±0.23	  a.u	  to	  0.98±0.07	  a.u)	  and	  2.5	  (0.43±0.14	  a.u	  to	  0.99±0.01	  
a.u),	   respectively.	   Values	   of	   PE	   and	   AUC	   parameters	   increased	   respectively	   by	   67%	   and	   35%,	  
whereas,	  values	  of	  TTP	  and	  MTT	  parameters	  decreased	  slightly	  by	  14%	  and	  10%.	  	  

The	   15-‐minute	   delay	   between	   injections	   is	   sufficient	   for	   elimination	   of	   freely	   circulating	  
SonoVue	   microbubbles	   (Schneider	   1999a).	   It	   is	   well	   established	   that	   tumor	   vasculature	   is	   poorly	  
efficient	   because	   of	   its	   tortuosity,	   leakiness	   and	   high	   interstitial	   fluid	   pressure	   (Heldin	   et	   al.	   2004;	  
Weis	   and	   Cheresh	   2011).	   Such	   poor	   efficiency	   was	   shown	   by	   the	   significantly	   higher	   average	   TTP	  
(comparison	   for	   the	   1st	   injection,	   student	   test,	   p<0.00001,	  N=10)	   in	   tumor	   (25.7	   ±	   5.7	   seconds)	   as	  
compared	  to	  the	  renal	  cortex	  	  (13.0	  ±	  4.3	  seconds).	  	  

Furthermore,	   after	   four	   consecutive	   UCA	   injections	   WIR	   and	   WOR	   parameters	   increased	  
significantly	   (Wilcoxon	   test,	   p<0.0005)	   which	   implies	   that	   UCA	   entered	   and	   emptied	   the	   tumors	  
microvascularization	   faster	   for	   the	   fourth	   injection	   than	   for	   the	   first.	   Between	   the	   first	   and	   fourth	  
injections,	   PE	   and	   AUC	   parameters	   also	   increased	   significantly,	   indicating	   that	   the	   tumor’s	  
microvascularization	  presents	  greater	  filling	  for	  subsequent	   injections.	  Reduced	  TTP	  and	  MTT	  imply	  
that	   microbubbles	   reside	   for	   a	   shorter	   time	   in	   the	   tumor	   vasculature	   which	   is	   consistent	   with	  
observed	   increases	  of	  WIR	  and	  WOR	  parameters.	  These	  flow	  parameter	  modifications	  suggest	  that	  
CEUS	  in	  the	  tumor	  microvascularization	  may	  have	  modified	  the	  microvascular	  hemodynamics	  over	  a	  
significant	  period	  (15	  minutes	  between	  injections).	  Similar	  effects	  have	  been	  reported	  by	  Skrok	  et	  al.	  
(2007).	  After	  performing	  two	  consecutive	  injections	  of	  UCA	  in	  healthy	  human	  liver	  with	  a	  delay	  of	  12	  
min,	   they	  observed	  a	  5	  ±	  1.5	  dB	   increase	   in	  peak	   intensity.	  They	  hypothesized	   that	   the	   increase	   in	  
intensity	   was	   caused	   by	   saturation	   of	   pulmonary	   macrophages	   by	   the	   first	   injection,	   leading	   to	  
increased	  signal	  from	  the	  second.	  William	  et	  al.	  (2011)	  performed	  two	  consecutive	  bolus	  injections	  of	  
UCA	   in	  32	  patients	  with	   renal	  cell	   carcinoma	  and	  observed	  a	  decreased	  PE	   in	  72%	  of	  cases	  and	  an	  
increase	  in	  the	  28%	  others.	  No	  order	  of	  variation	  was	  indicated	  in	  their	  study.	  For	  the	  current	  work,	  
the	   practical	   consequence	   of	   these	   systematic	  modifications	   is	   that	   any	   potential	   improvement	   in	  
CEUS	   parameter	   assessment	   obtained	   by	   controlled	   injection	   remained	   undetectable	   due	   to	   the	  
other,	  possibly	  physiological,	  modifications	  occurring	  between	  injections.	  This	  effect	  may	  be	  tumor-‐
model	   dependent.	   For	   example,	   following	   multiple	   UCA	   injections	   (SonovueTM)	   in	   tumor-‐bearing	  
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mice	   (melanoma	   B16F10)	   Gauthier	   et	   al.	   (2012a)	   did	   not	   observe	   significant	   variations	   in	   the	  
perfusion	  parameters	  estimated	  from	  consecutive	  injections.	  	  

Reported	   work	   considering	   the	   variability	   of	   CEUS	   parameter	   estimation	   using	   the	   Lognormal	  
flow	   model	   in	   vivo	   has	   largely	   relied	   on	   least-‐squares	   (LS)	   fitting	   to	   adjust	   the	   model	   to	   the	  
experimental	  data	  (T.	  P.	  Gauthier	  et	  al.	  2011;	  Hudson	  et	  al.	  2009;	  Rognin	  et	  al.	  2010;	  Strouthos	  et	  al.	  
2010;	  Wei	  et	  al.	  1998).	  Previous	  work	  (Barrois	  et	  al.	  2013)	  demonstrated	  that	  the	  LS	  fitting	  method	  
presents	   a	   lack	   of	   accuracy	   during	   the	   initial	   filling	   phase	   and	   developed	   a	   maximum	   likelihood	  
method	  accounting	  for	  the	  multiplicative	  nature	  of	  the	  noise	  to	  better	  fit	  the	  flow	  model	  to	  the	  data.	  
To	   investigate	   the	   level	   of	   improvement	   in	   the	   CV	   obtained	   in	   our	   work	   through	   the	   use	   of	   this	  
improved	   fitting	  method,	  we	   compared	  CEUS	  parameters	   assessed	   in	  matched	  ROIs	  with	   the	   least	  
squares	  (LS)	  and	  multiplicative	  model	  (MM)	  fitting	  methods.	  Figure	  7-‐A	  shows	  example	  data	  sets	  and	  
curve	   regression	  with	   the	   two	  different	   techniques.	  As	  underlined	  previously,	   (Barrois	  et	  al.	  2013),	  
the	   LS	   fitting	  method	   presents	   a	   lack	   of	   accuracy	   during	   the	   initial	   filling	   phase.	   This	   implies	   that	  
compared	   to	   the	  MM,	   the	   LS	   fitting	   procedure	   is	   less	   sensitive	   to	   variations	   occurring	   during	   the	  
initial	   phase	   of	   contrast	   enhancement.	   Comparison	   of	   parameter	   estimates	  made	   in	   normal	   renal	  
cortex	  of	   12	  mice	   revealed	   a	   significant	   improvement	  of	   both	   reproducibility	   and	   accuracy	   for	   the	  
assessment	  of	  MTT	  (CV	  =	  4.1	  ±	  1.1	  %,	  PS	  =	  0.036	  and	  PF	  <	  0.005)	  and	  WOR	  parameters	  (CV	  =	  11.2	  ±	  
4.5	  %,	  PS	  =	  0.006	  and	  PF	  <	  0.05)	  compared	  to	  LS	  procedure	  (CV	  =	  17.9	  ±	  10.9%	  and	  CV	  =	  34,7	  ±	  12.2	  %,	  
respectively)	  (Figure	  7-‐B).	  

Enhanced	   reproducibility	   of	   CEUS	   is	   required	   for	   its	   widespread	   clinical	   and	   pre-‐clinical	   use	  
(Hyvelin	   et	   al.	   2013).	   In	   1993,	   Mudra	   et	   al.	   (Mudra	   et	   al.	   1993)	   performed	   107	   intracoronary	  
injections	   of	  Ultravist®	   (iopromid)	   contrast	   agent	   in	   18	   patients.	   The	   inter-‐injection	   variability	  was	  
estimated	  based	  on	  three	  parameters	  extracted	  from	  time-‐intensity	  curves:	  PE,	  contrast	  decay	  half	  
time,	  and	  AUC.	  	  

	  
Figure	   7:	   A)	   Fitting	   comparison	   demonstrating	   agreement	   during	   the	   initial	   rise	   for	   least	   squares	   (LS)	   and	  
multiplicative	   fitting	  models	   (MM).	  B)	  Assessment	  of	  model	   fitting	  variability	  based	  on	   the	  distribution	  of	  CV	  
values	   (white	   circle)	   for	   perfusion	   parameters	   estimated	   in	   the	   renal	   cortex	   with	   least	   squares	   (LS,	   grey	  
triangle)	   and	  multiplicative	   (MM,	   grey	   circles)	   fitting	  models.	   Asterisks	   indicate	   significance	   of	   difference.	   PS	  
and	   PF	   are	   p-‐value	   related	   to	   Student’s	   t-‐test	   and	   Fisher’s	   test,	   respectively.	   Threshold	   of	   significance:	   *	   =	  
p<0.05,	  **	  =	  p<0.005,	  	  ***	  =	  p<0.0005.	  

	  
They	   showed	   that	   the	  mean	   percent	   error	   between	   injections	   ranged	   from	   24	   to	   34	  %.	  More	  

recently,	  measurements	  were	  compared	   from	  four	  bolus	   injections	   (0.2	  mL	  of	  Definity)	  per	  patient	  
on	  5	  patients	  (Williams	  et	  al.	  2011).	  The	  PE	  in	  the	  brachial	  artery	  demonstrated	  an	  average	  CV	  of	  27	  
%.	  For	  the	  AUC,	  the	  mean	  CV	  was	  29	  %,	  and	  MTT	  showed	  an	  average	  CV	  of	  40	  %.	  In	  mice,	  Stapleton	  
et	  al.	   (2009)	  studied	  the	   inter-‐injection	  variability	  (manual	   injections)	  by	   imaging	  five	  Definity	  bolus	  
passages	   in	   the	   jugular	   vein	   at	   30	  MHz.	   The	   CVs	   of	   PE	   and	   AUC	  were	   found	   to	   be	   10	   and	   34	   %,	  
respectively.	  Differences	  in	  the	  studied	  organ,	  the	  frequency	  of	  the	  ultrasonic	  probe	  or	  the	  contrast	  
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agent	  used	  confound	  precise	  comparison	  of	  our	  results	  with	  such	  previous	  reports.	  Nevertheless,	  CVs	  
obtained	  in	  the	  current	  work	   in	  renal	  cortex	  using	  the	   implemented	  controlled	   injection	  and	  a	  MM	  
fitting	   procedure	   (11.8	   ±	   3.3	   %	   and	   12.8	   ±	   2.8	   %	   for	   PE	   and	   AUC,	   respectively)	   demonstrate	   the	  
potential	  to	  obtain	  more	  robust	  estimation	  of	  perfusion	  parameters.	  
	  

The	   results	   of	   the	   current	   study	   demonstrate	   that	   the	   use	   of	   controlled	   injections	   greatly	  
enhances	  the	  reproducibility	  of	  perfusion	  parameters	  compared	  to	  manual	   injection.	   Integration	  of	  
these	   improvements	   should	   provide	   better	   precision	   and	   sensitivity	   to	   effects	   of	   therapy	   in	  
preclinical	  studies	  using	  CEUS	  imaging.	  
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V. Tumor	  tissue	  characterization	  using	  ultrasound	  based-‐imaging	  

V.1. 	  Introduction	  
	  

Several	   imaging	  modalities	   allow	   in	   vivo,	   longitudinal	   follow-‐up	   of	   physiopathology	   arising	  
from	  TME	  modifications.	  For	  example,	  leakiness	  and	  tortuosity	  of	  tumor	  blood	  vessels	  have	  a	  direct	  
impact	  on	  the	  increase	  of	  interstitial	  fluid	  pressure	  (IFP)	  which	  can	  be	  monitored	  by	  DCE-‐MRI	  with	  a	  
Gd-‐DTPA	   blood-‐pool	   agent	   (Hompland	   et	   al.	   2012).	   IFP	   is	   an	   interesting	   parameter	   to	   monitor	  
because	   high	   pressure	   can	   lower	   the	   effective	   concentration	   of	   therapeutic	   agents	   arriving	   inside	  
tumors	  (Heldin	  et	  al.	  2004).	  High	  IFP	  has	  also	  been	  shown	  to	  increase	  the	  potential	  dissemination	  of	  
metastasis	   (Dadiani	   et	   al.	   2006).	   Another	   consequence	   of	   the	   defective	   vascular	   and	   lymphatic	  
network	   accompanied	  by	   the	  high	  metabolism	  of	   tumor	   cells	   is	   the	   increase	  of	   acidity	   in	   the	   TME	  
because	  of	  the	  accumulation	  of	  carbonic	  acid	  that	  dissociates	  into	  bicarbonate	  and	  free	  protons	  (H+).	  
The	   in	   vivo	   follow-‐up	   of	   acidity	   variation	   can	   be	   performed	   using	   an	   imaging	   modality	   such	   as	  
magnetic	  resonance	  spectroscopy	  detection	  of	  hyperpolarized	  bicarbonate	  (Gallagher	  et	  al.	  2008)	  or	  
fluorescent	  imaging	  to	  track	  	  probes	  releasing	  fluorochromes	  when	  exposed	  to	  variations	  of	  the	  pH	  
(Zhao	  et	  al.	  2014).	  	  

Among	   the	   many	   imaging	   techniques	   available	   to	   monitor	   modifications	   of	   the	   TME,	  
ultrasound	  is	  of	  particular	  interest	  because	  it	  is	  a	  safe,	  bedside,	  and	  repeatable	  technique	  that	  offers	  
a	  wide	  range	  of	  modalities.	  The	  functionality	  of	  blood	  vessels	   that	   feed	  the	  tumor	  can	  be	  assessed	  
with	   contrast	   enhanced	   ultrasound	   (CEUS)	   by	   injecting	   and	   detecting	   intravascular	   microbubbles	  
(MBs)	  made	  of	  a	  gas	  encapsulated	  by	  a	  layer	  of	  lipids	  or	  phospholipids	  (Dietrich	  et	  al.	  2012;	  Guibal	  et	  
al.	  2010;	  Hyvelin	  et	  al.	  2013;	  Leen	  et	  al.	  2012).	  Targeted	  contrast-‐agent	  MBs	  can	  be	  used	  to	  perform	  
molecular	  imaging	  and	  thus	  to	  assess	  in	  vivo	  the	  level	  of	  expression	  of	  endothelial	  cell	  receptors	  such	  
as	  VEGFR-‐2	  (Pysz	  et	  al.	  2010).	  Structural	  modifications	  of	  the	  TME	  can	  affect	  the	  elastic	  properties	  of	  
tumor	   tissues	   which	   can	   be	   monitored	   in	   vivo	   by	   generating	   shear	   waves	   and	   monitoring	   their	  
propagation	  with	  ultrafast	   imaging	  (Tanter	  and	  Fink	  2014).	  Finally,	  the	  underlying	  microstructure	  of	  
tumor	   tissues	   can	   be	   evaluated	   using	   quantitative	   ultrasound	   (QUS)	   through	   calibrated	   spectral	  
analysis	  of	  raw,	  radio-‐frequency	  ultrasonic	  echoes	  scattered	  from	  the	  tissue	  (Vlad	  et	  al.	  2009).	  

The	   goal	   of	   this	   study	   was	   to	   evaluate	   the	   sensitivity	   and	   complementarity	   of	   contrast-‐
enhanced	  ultrasound	   (CEUS)	   shear	  wave	   elastography	   (SWE)	   and	  quantitative	   ultrasound	   (QUS)	   to	  
characterize	  modifications	  of	  the	  TME	  during	  therapy	  with	  a	  cytotoxic	  agent	  (cyclophosphamide)	  and	  
an	  angiogenesis	  inhibitor	  (sunitinib,	  Sutent:	  SU11248)	  in	  ectopic,	  murine	  Lewis	  Lung	  Carcinoma	  (LLC)	  
tumors.	  In	  vivo	  and	  ex	  vivo	  follow-‐up	  of	  TME	  modifications	  should	  provide	  a	  better	  understanding	  of	  
how	   ultrasound	   imaging	   modalities	   reflect	   changes	   in	   the	   tumor	   produced	   by	   a	   cytotoxic	   drug	  
(cyclophosphamide)	  vs.	  changes	  produced	  by	  an	  antiangiogenic	  drug	  (sunitinib).	  	  

	  

V.2. 	  Materials	  and	  methods	  

V.2.1. Tumor	  cell	  implantation	  and	  treatment	  
 

Animal	  studies	  were	  approved	  by	  the	  Charles	  Darwin	  ethical	  committee	  (ref:	  Ce5/2012/081).	  
Lewis	  Lung	  Carcinoma	  (LLC)	  fragments	  (20-‐40	  mm3)	  were	  implanted	  in	  the	  right	  flank	  of	  7-‐week-‐old	  
female	  C57Bl/6J	  mice	  (Janvier	  Labs,	  St	  Berthevin,	  France).	  Surgery	  was	  performed	  under	  anesthesia	  
with	  2	  %	  isoflurane	  and	  subcutaneous	  injection	  (pre	  and	  post	  operative)	  of	  buprenorphine	  analgesic	  
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at	  a	  concentration	  of	  0.05	  mg/kg.	  The	  temperature	  of	  the	  animal	  was	  maintained	  during	  anesthesia	  
using	  a	  thermostatic,	  heated	  support	  (Minerve,	  Esternay,	  France).	  	  

Six	   days	   after	   fragment	   implantation,	   the	   animals	   were	   randomized	   into	   three	   treatment	  
groups	   receiving:	   	   sunitinib	   (SU11248,	   Sutent®,	   Pfizer,	   USA),	   an	   angiogenesis	   inhibitor	   that	   targets	  
VEGF	   and	   PDGF	   receptor	   signaling	   (40mg/kg/day	   per	   os,	   n	   =	   21);	   cyclophosphamide	   (C7397-‐1G,	  
Sigma-‐Aldrich,	  France),	  an	  alkylating	  cytotoxic	  agent	  (150mg/kg	   injected	   i.p.	   for	  3	  days,	  n	  =	  24)	  and	  
placebo	   (100µL	  of	  PBS	   injected	   i.p.	   for	  3	  days,	  n	  =	  24).	   	  All	   three	   types	  of	   imaging	   (SWE,	  QUS	  and	  
CEUS)	  were	  repeated	  to	  follow	  tumor	  development	  for	  13	  days	  from	  the	  initiation	  of	  cytotoxic	  (N	  =	  
15),	  antiangiogenic	  (N	  =	  16),	  and	  placebo	  (N	  	  =	  18)	  therapy.	  	  

	  

V.2.2. Shear	  Wave	  Elastography	  (SWE)	  
 

Stiffness	   measurements	   were	   carried	   out	   with	   a	   clinical	   ultrasound	   system	   (Aixplorer,	  
SuperSonic	   Imagine)	   using	   an	   SL15-‐4	   probe	   with	   256	   elements,	   a	   bandwidth	   of	   4-‐15	   MHz	   and	   a	  
central	   frequency	   ~8	  MHz.	   For	   each	   tumor,	   SWE	   data	   were	   acquired	   from	   3	   independent	   planes	  
along	  both	  the	  longitudinal	  and	  transverse	  directions	  (6	  SWE	  measurements	  per	  tumor).	  Data	  were	  
acquired	   using	   penetration	   mode	   with	   a	   color	   scale	   ranging	   from	   0	   to	   50	   kPa,	   mean	   value	   and	  
standard	   deviation	   of	   stiffness	  were	   assessed	  within	   a	   ROI	   from	  each	   imaging	   plane	   and	   then	   the	  
average	  value	  of	  each	  parameter	  from	  the	  six	  independent	  planes	  was	  calculated	  (Figure	  2.A).	  	  

Before	  the	  SWE	  acquisition,	  the	  tumor	  dimensions	  were	  assessed	  on	  B-‐mode	  images.	  Tumor	  
volume	   was	   approximated	   using	   the	   ellipsoid	   formula	  𝑉 = !

!
𝑎𝑏𝑐,	   where	   a	   is	   the	   length,	   b	   is	   the	  

width	  and	  c	  is	  the	  thickness.	  	  
	  

V.2.3. Quantitative	  Ultrasound	  (QUS)	  
 

Radio	   Frequency	   (RF)	   signals	   were	   acquired	   in	   two	   perpendicular	   planes	   (planes	   1	   and	   4,	  
Figure	   2.D)	   with	   the	   same	   clinical	   ultrasound	   system	   and	   SL15-‐4	   probe	   as	   used	   for	   SWE	  
measurement.	   Probe	   settings	   were	   set	   on	   “research	  mode”	   with	   the	   emitted	   frequency	   at	   11.25	  
MHz.	  Before	  performing	  RF	  data	  processing	  with	  the	  QUS	  estimator	  developed	  by	  the	  Bioacoustics	  
Research	  Laboratory	   (BRL,	  University	  of	   Illinois,	  USA),	   it	  was	  necessary	  to	  acquire	  RF	  signals	   from	  a	  
phantom	   whose	   physical	   properties,	   backscatter	   coefficient	   and	   attenuation,	   were	   calibrated.	   A	  
phantom	  was	  purchased	   from	  the	  medical	  physics	  department	  of	  Madison	  University	  of	  Wisconsin	  
and	  the	  attenuation	  coefficient	  was	  characterized	  by	  Ernest	  Madsen	  and	  his	  team.	  The	  backscatter	  
coefficient,	   was	   characterized	   by	   Michael	   Oelze	   in	   the	   BRL.	   The	   calibrated	   characteristics	   of	   the	  
phantom	  are	  summarized	  in	  Figure	  1.	  

QUS	  parameters	  were	  mapped	  throughout	  each	  tumor	  by	  analyzing	  1	  x	  1	  mm	  blocks	  of	  data	  
with	  a	  75%	  overlap	  in	  the	  axial	  and	  lateral	  directions	  (Figure	  2.C).	  The	  average	  backscattered	  power	  
spectrum	  was	  calculated	  based	  on	  the	  Fourier	  transform	  (512	  points)	  of	  the	  Hanning	  gated	  segments	  
of	  RF	  data.	  This	  data	  was	  normalized	  with	  respect	  to	  the	  data	  from	  the	  corresponding	  region	  of	  the	  
reference	   phantom	   and	   correction	   for	   attenuation	   in	   the	   propagation	   path	  was	   applied	   assuming	  
that	  the	  attenuation	  and	  sound	  speed	  in	  the	  tumor	  were	  0.4	  dB/cm/MHz	  and	  1540m/s	  respectively.	  
Two	   QUS	   parameters	   were	   estimated	   based	   on	   the	   backscatter	   coefficient	   versus	   frequency:	   the	  
effective	  scatterer	  diameter	  (ESD,	  µm)	  and	  effective	  acoustic	  concentration	  (EAC,	  dB/cm).	  	  
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Figure	  1:	  Backscatter	  coefficient	  and	  attenuation	  of	  the	  phantom	  used	  as	  a	  reference	  medium	  in	  this	  study	  to	  
normalize	  backscattered	  signals	  acquired	  from	  tumors.	  	  

	  
	  

V.2.4. Contrast	  enhanced	  ultrasound	  (CEUS)	  	  
 

Contrast	   imaging	   was	   performed	   with	   a	   second	   clinical	   ultrasound	   system	   (Sequoia	   512,	  
Acuson;	  Siemens,	  Mountain	  view,	  USA)	  with	  a	  broadband	  7-‐14	  MHz	  transducer	  in	  cadence	  contrast	  
pulse	  sequencing	  mode.	  Data	  were	  acquired	  with	  a	  dynamic	  range	  of	  80	  dB	  at	  a	  frame	  rate	  fixed	  at	  1	  
Hz	  and	  MI	  equal	  to	  0.1	  to	  minimize	  destruction	  of	  microbubbles.	  Caudal	  vein	  injections	  (0.5	  mL/kg	  in	  
40	   µL)	   of	   the	   ultrasound	   contrast	   agent,	   SonoVueTM	   (Bracco	   Suisse	   SA,	  Geneva,	   Switzerland)	  were	  
made	   using	   a	   controlled	   injection	   system.	   The	   image	   plane	   was	   positioned	   along	   the	   maximum	  
longitudinal	   plane	  of	   the	   tumor	   (plane	   4,	   Figure	   2.D).	  Data	  were	   acquired	   from	   the	   instant	   before	  
bolus	  injection	  up	  to	  180	  s	  after	  the	  injection.	  Average	  echo-‐power	  was	  initially	  measured	  in	  a	  region	  
of	   interest	   including	   the	   total	   tumor	   cross-‐section.	   Regions	  with	  no	   contrast-‐enhancement	   ()	  were	  
then	  excluded	  and	   the	  echo-‐power	   from	  the	  perfused	   region	  was	  measured	   (Payen	  et	  al.	  2013).	  A	  
lognormal	  bolus	  model	  was	  fit	  to	  the	  resulting	  echo-‐power	  curve.	  Fits	  were	  made	  using	  a	  maximum	  
likelihood	  estimator	   including	  the	  multiplicative	  nature	  of	  the	  noise	  that	  corrupts	  CEUS	  and	  Bmode	  
images	   (Barrois	   et	   al.	   2013).	   Several	   flow	   parameters	   were	   estimated	   (Figure	   2.B):	   peak-‐
enhancement	   (PE),	  mean	   transit	   time	   (MTT),	   time	   to	  peak	   (TTP),	  wash-‐in	  and	  washout	   rates	   (WIR,	  
WOR)	  and	  area	  under	  the	  curve	  (AUC).	  	  

V.2.5. Immunohistochemistry	  
 

Two	  tumors	  per	  group	  were	  prepared	  for	  HES	  and	  Red	  Sirius	  staining	  to	  reveal	  necrosis	  and	  
fibrosis,	  respectively,	  at	  Day	  9	  after	  the	  beginning	  of	  therapy.	  Remaining	  tumors	  that	  were	  not	  used	  
for	   other	   analysis	   were	   prepared	   for	   histology	   at	   the	   end	   of	   therapeutic	   follow-‐up,	   on	   Day	   13:	  	  
angiogenesis	   inhibitor	   (n	   =	   14),	   cytotoxic	   agent	   (n	   =	   8)	   and	   placebo	   (n	   =	   19).	   Blind	   evaluation	   of	  
histological	  slides	  was	  made	  by	  a	  pathologist	  with	  12	  years	  of	  experience.	  
	  

V.2.6. Statistics	  	  
 

All	  statistical	  tests	  and	  analysis	  were	  performed	  using	  R	  software	  (3.1.1).	  A	  Wilcoxon	  signed-‐
rank	   non-‐parametric	   test	   (Mann-‐Witney	   U	   test)	   was	   used	   to	   compare	   the	   results	   between	   the	  
different	  groups	  at	  each	  measurement	  date	  (unpaired	  test)	  and	  within	  each	  group	  between	  baseline	  
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and	  the	  last	  day	  of	  follow-‐up	  (paired	  test).	  Differences	  between	  groups	  were	  considered	  significant	  
at	  p-‐values	  of	  p	  <	  0.005	  (***),	  0.005	  <	  p	  <	  0.01	  (**)	  and	  0.01	  <	  p	  <	  0.05	  (*).	  Results	  for	  CEUS,	  SWE	  and	  
QUS	  parameters	  are	  given	  as	  mean	  value	  ±	  standard	  deviation.	  The	  Spearman	  correlation	  test	  was	  
carried	   out	   to	   assess	   the	   correlation	   between	   tumor	   volume	   and	   stiffness	   and	   to	   assess	   the	  
correlation	   between	   percentage	   of	   unperfused	   area	   and	   the	   amount	   of	   necrosis	   and	   fibrosis.	   The	  
data	  were	  visualized	  as	  boxplots	  showing	  the	  minimum,	  lower	  quartile,	  median,	  mean	  value	  (square),	  
upper	  quartile	  and	  maximum	  values.	  

	  

	  
Figure	  2:	  Summary	  of	  the	  ultrasound	  imaging	  modalities.	  A)	  By	  focusing	  ultrasound	  at	  different	  depths	  (push,	  
red	  arrow)	  tissues	  oscillate	  and	  generate	  a	  shear	  wave	  (dash-‐line)	  that	  propagates	  transversally	  (white	  arrow)	  
with	  respect	  to	  propagation	  direction	  of	  the	   imaging	  beam.	  The	  propagation	  speed	  of	  this	  wave,	  as	  assessed	  
using	   ultrafast	   imaging,	   is	   directly	   related	   to	   stiffness	   of	   the	  medium	   in	  which	   it	   propagates.	   The	  mean	   and	  
standard	  deviation	  of	  the	  shear	  wave	  elasticity	  (SWE)	  were	  quantified	  within	  ROIs	  selected	  on	  B-‐mode	  images	  
to	   delineate	   the	   full	   cross	   section	   of	   the	   tumor.	   B)	   The	   echo-‐power	   from	   the	   non-‐linear	   response	   of	   the	  
ultrasound	   contrast	   agent,	   SonoVueTM,	   was	   analyzed	   as	   a	   function	   of	   time	   to	   map	   the	   functionality	   of	   the	  
tumor	   microvasculature.	   C)	   The	   size	   of	   effective	   scatters	   in	   the	   tumor	   were	   estimated	   using	   quantitative	  
ultrasound	  (QUS)	  by	  comparing	  the	  backscattered	  signal	  from	  the	  tumor	  with	  that	  from	  a	  reference	  phantom	  
using	  estimation	  voxels	  of	  1	  by	  1	  mm.	  D)	  Average	  SWE	  was	  evaluated	  from	  the	  six	  planes,	  QUS	  was	  assessed	  
and	  averaged	  from	  planes	  #1	  and	  #4	  and	  CEUS	  sequence	  was	  calculated	  from	  plane	  #4.	  White	  arrows	  indicate	  
the	  position	  of	  the	  bladder	  in	  each	  image.	  	  
	  

V.3. 	  Results	  
 

Tumor	   volumes	   are	   summarized	   in	   Figure	   3.	   From	   Day	   3	   after	   the	   beginning	   of	   therapy,	  
tumor	  volume	  (20	  ±	  10mm3)	  was	  significantly	  lower	  for	  the	  group	  treated	  with	  the	  cytotoxic	  agent	  as	  
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compared	  to	  that	  receiving	  the	  angiogenesis	  inhibitor	  (42	  ±	  24mm3,	  p=0.02)	  and	  the	  placebo	  (37	  ±	  16	  
mm3,	  p=0.003).	  This	  difference	  was	  maintained	  throughout	  the	  follow-‐up	  to	  Day	  13	  (192	  ±	  253	  mm3)	  
vs.	   the	   antiangiogenic	   group	   (635	   ±	   330	  mm3,	   p=0.0004)	   and	   the	   placebo	   group	   (882	   ±	   280	  mm3,	  
p<0.005).	   The	   tumor	   volume	   for	   the	   group	   receiving	   placebo	  was	   not	   significantly	   higher	   than	   for	  
that	  treated	  with	  the	  angiogenesis	  inhibitor	  (p=0.046)	  until	  Day	  13.	  	  

SWE	  measurements	   are	  presented	   in	   Figure	  4.	   From	  Day	  7	   after	   the	  beginning	  of	   therapy,	  
tumor	   stiffness	   for	   the	  group	   receiving	   the	  angiogenesis	   inhibitor	   (14.1	  ±	  3.6	  kPa)	  was	   significantly	  
higher	   than	   for	   that	   receiving	   the	  cytotoxic	  agent	   (9.8	  ±	  2.8	  kPa,	  p<0.005)	  and	  placebo	   (12.0	  ±	  2.4	  
kPa,	   p=0.002).	   Differences	   remained	   significant	   from	   Days	   7	   to	   13	   (antiangiogenic	   vs.	   cytotoxic,	  
p=0.003;	  vs.	  placebo,	  p=0.002).	  From	  day	  7	  to	  day	  13,	  tumors	  treated	  with	  the	  angiogenesis	  inhibitor	  
exhibit	  a	  higher	  level	  of	  heterogeneity	  (day	  13:	  10.8	  ±	  2.4	  kPa)	  compared	  to	  those	  receiving	  cytotoxic	  
agent	  (3.6	  ±	  2.5	  kPa,	  p	  <	  0.0001)	  	  and	  placebo	  (3.6	  ±	  2.5	  kPa,	  p	  =	  0.00073).	  	  

	  
Figure	   3:	   Longitudinal	   follow-‐up	   of	   tumor	   volume	   estimated	   for	   an	   ellipsoid	   with	   axes	   lengths	   equal	   to	  
measurements	   made	   along	   the	   longitudinal,	   transversal	   and	   thickness	   of	   the	   tumor.	   Cytotoxic:	   N	   =	   24;	  
antiangiogenic:	  N	  =	  21;	  Placebo:	  N=24.	  

	  

	  
Figure	   4:	  Tumor	   stiffness	   assessed	  with	   SWE.	   Six	  measurements	  were	  performed	   in	   six	   different	   planes	   for	  
each	  tumor	  and	  averaged.	  Heterogeneity	  of	  the	  stiffness	  for	  each	  tumor	  was	  estimated	  based	  on	  the	  average	  
standard	  deviation	  of	  the	  stiffness	  within	  the	  6	  ROIs.	  Cytotoxic:	  N	  =	  24;	  antiangiogenic:	  N	  =	  21;	  Placebo:	  N=24.	  
	  

By	  plotting	  histograms	  for	  the	  ESD	  parameter	  (data	  not	  shown),	  it	  was	  apparent	  that	  a	  sub-‐
set	  of	  the	  analysis	  blocks	  are	  thresholded	  at	  the	  lower	  limit	  set	  for	  the	  BSC	  estimator	  as	  selected	  in	  
the	   calculation	   algorithm	   (0.5	   µm).	   Parameter	   values	   corresponding	   to	   this	   estimator	   limit	   are	  
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designated	   by	   white	   arrows	   in	   Figure	   5.	   Because	   this	   sub-‐set	   of	   the	   pixels	   did	   not	   reflect	   tissue	  
scattering	  properties,	  data	  blocks	  exhibiting	  an	  ESD	  parameter	  of	  0.5	  µm	  were	  excluded	  on	  the	  ESD	  
and	   the	   corresponding	   EAC	  maps.	   	   After	   exclusion	  of	   these	  pixels,	   the	   average	   ESD	   and	   EAC	  were	  
calculated	  within	  the	  ROI	  delineating	  the	  whole	  tumor.	  	  

	  
Figure	   5:	   Diagram	   showing	   pixel	   clusters	   with	   a	   value	   of	   0.5	   µm	   (estimation	   threshold).	   These	   pixels	   were	  
excluded	  from	  effective	  size	  diameter	  (ESD)	  and	  effective	  acoustic	  concentration	  (EAC)	  maps	  for	  the	  evaluation	  
of	  the	  average	  parameter	  values.	  Individual	  data	  blocks:	  1x1	  mm.	  	  
	  

Average	  QUS	  measurements	  at	  Day	  13	  are	  presented	   in	  Figure	  6.	  The	  antiangiogenic	  group	  
exhibited	  higher	  mean	  ESD	  (59	  ±	  6	  µm)	  compared	  to	  the	  mean	  ESD	  of	  cytotoxic	  (52	  ±	  6	  µm,	  p=0.015)	  
and	   placebo	   groups	   (54	   ±	   6	   µm,	   p=0.09).	   Similar	   mean	   EAC	   was	   found	   in	   all	   three	   groups.	   The	  
percentage	  of	  excluded	  (estimation	  threshold)	  pixels	  for	  cytotoxic,	  antiangiogenic	  and	  placebo	  was,	  
respectively,	  40.5	  ±	  19.6	  %,	  29.2	  ±12.4	  %	  and	  44.6	  ±	  12.9	  %	  (mean	  ±	  SD).	  

	  

	  
Figure	  6:	  ESD	  and	  EAC	  parameters	  measured	  by	  QUS	  at	  Day	  13.	  The	  antiangiogenic	  group	  has	  a	  higher	  mean	  
ESD	   value	   as	   compared	   to	   the	   other	   groups	   but	   the	   threshold	   of	   significance	   was	   only	   reached	   for	   the	  
comparison	  with	  cytotoxic	  group.	  The	  EAC	  was	  not	  significantly	  different	  between	  groups.	  The	  values	  indicated	  
on	  the	  ESD	  graph	  correspond	  to	  the	  p-‐value	  for	  the	  Wilcoxon	  test.	  
	  

Figure	  7	   summarizes	   the	   results	   from	  CEUS	  analysis	  of	   the	   tumor’s	  microvascular	   function.	  
The	   evolution	   of	   the	   percentage	   of	   unperfused	   area	   (ROI!"#$%&!'$( ROI!"#$% )	   in	   tumor	   was	  
significantly	   higher	   for	   the	   group	   treated	  with	   the	   angiogenesis	   inhibitor	   (3.1	   ±	   3.9	  %)	   from	  Day	  7	  
compared	  to	  those	  receiving	  the	  cytotoxic	  agent	  (0%,	  p=0.004)	  and	  the	  placebo	  (0%,	  p=0.004).	  The	  
unperfused	  area	  in	  tumors	  treated	  with	  the	  angiogenesis	  inhibitor	  strongly	  increased	  at	  Day	  13	  (29	  ±	  
21	  %)	  and	  remained	  significantly	  higher	  compared	  to	  the	  cytotoxic	  agent	  (7.3	  ±	  15	  %,	  p=0.004)	  and	  
placebo	  (7.5	  ±	  13	  %,	  p=0.002)	  groups.	  	  

Within	   the	   perfused	   area	   of	   the	   tumors,	   several	   functional	   parameters	   were	   significantly	  
different	   between	   groups.	   The	   peak-‐enhancement,	   related	   to	   the	   blood	   volume,	   was	   significantly	  
lower	   at	   day	   13	   for	   the	   angiogenesis	   inhibitor	   group	   (0.21	   ±	   0.12	   a.u)	   compared	   to	   the	   cytotoxic	  
agent	  (0.41	  ±	  0.22	  a.u,	  p=0.00023)	  and	  placebo	  groups	  (0.28	  ±	  0.14	  a.u,	  p=0.037).	  	  
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From	  Days	  7	   to	  9,	   the	  MTT	  parameter	  of	   the	  antiangiogenic	  group	   (MTTday7	  =	  32.3	  ±	  3.4	   s;	  
MTTday9	  =	  35.3	  ±	  5.8	  s)	  was	  significantly	  higher	  than	  for	  the	  cytotoxic	  (MTTday7	  =	  29.1	  ±	  2.2	  s,	  p=0.008;	  
MTTday9	  =	  29.2	  ±	  3.1	  s,	  p=0.002)	  and	  placebo	  (MTTday7	  =	  29.5	  ±	  3.3	  s,	  p=0.03;	  MTTday9	  =	  31.6	  ±	  3.8	  s,	  
p=0.02)	   groups.	   For	   the	   last	   day	   of	  measurements	   the	  MTT	   in	   the	   cytotoxic	   group	   remained	   at	   a	  
similar	   level	   (MTTday13	   =	   29.7	   ±	   3.9	   s)	   compared	   to	   previous	   days	   and	   was	   significantly	   lower	  
compared	   to	   that	   of	   both	   the	   antiangiogenic	   group	   (MTTday13	   =	   36.2	   ±	   4.9	   s,	   p=0.0016)	   and	   the	  
placebo	  groups	  (MTTday13	  =	  34.7	  ±	  5.3	  s,	  p=0.0004).	  	  

	  
Figure	   7:	   Results	   of	   the	   follow-‐up	   performed	   in	   CEUS	   imaging.	   Evolution	   of	   the	   unperfused	   area,	   peak-‐
enhancement	   (PE),	   mean	   transit	   time	   (MTT)	   and	   wash	   out	   rate	   (WOR)	   are	   presented	   for	   cytotoxic	   (N=15),	  
antiangiogenic	  (N=16)	  and	  placebo	  group	  (N=18).	  
	  

	  
Figure	   8:	   Fibrosis	   and	   necrosis	   as	   assessed	   from	   histology	   at	   Day	   13	   (cytotoxic:	   n=8,	   antiangiogenic:	   n=14,	  
placebo:	   n=19)	   using,	   respectively,	   red	   Sirius	   and	   hematoxylin	   erythrosine	   saffron	   (HES)	   staining.	  White	   and	  
black	  arrows	  designate	  necrotic	  and	  fibrotic	  areas	  respectively.	  Magnification	  x20.	  
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Finally,	   the	   washout	   rate	   in	   tumors	   treated	   with	   the	   angiogenesis	   inhibitor	   decreased	  
significantly	   at	   day	   13	   (0.0024	   ±	   0.0015	   a.u)	   compared	   to	   cytotoxic	   agent	   (0.0052	   ±	   0.0023	   a.u,	  
p<0.001)	  and	  placebo	  (0.0042	  ±	  0.0025	  a.u,	  p=0.0093).	  

The	  percentage	  of	  necrosis	  and	  fibrosis	  as	  assessed	  by	  a	  blinded	  pathologist	  on	  histological	  
sectsions	  are	  presented	  in	  Figure	  8.	  At	  Day	  13,	  the	  level	  of	  necrosis	  and	  fibrosis,	  respectively,	  in	  the	  
group	  treated	  with	  the	  angiogenesis	  inhibitor	  (n=14,	  HES	  =	  20.5	  ±	  11.3	  %;	  Sirius	  red	  =	  14.5	  ±	  9.9	  %)	  
were	  significantly	  higher	  than	  for	  the	  cytotoxic	  agent	  (n=8,	  HES	  =	  7.8	  ±	  5.3	  %,	  p=0.01;	  Sirius	  red	  =	  5.6	  
±	  5.0	  %,	  p=0.04)	  and	   the	  placebo	   (n=19,	  HES	  =	  7.6	  ±	  5.5	  %,	  p=0.0004;	  Sirius	   red	  =	  6.4	  ±	  6.9	  %,	  p	  =	  
0.01)	  groups.	  	  
	  

V.4. 	  Discussion	  &	  Conclusion	  
	  
Longitudinal	  follow-‐up	  of	  tumor	  modifications	  was	  performed	  in	  vivo	  using	  CEUS,	  SWE,	  QUS	  

and	   ex	   vivo	   with	   immunohistochemistry	   to	   better	   understand	   how	   ultrasound	   imaging	  modalities	  
reflect	  changes	   in	   the	   tumors	  produced	  by	  a	  cytotoxic	  drug	   (cyclophosphamide)	  vs.	   changes	   in	   the	  
TME	  produced	  by	  an	  antiangiogenic	  drug	  (sunitinib).	  	  

V.4.1. Histology	  
 

Histological	   results	   were	   consistent	   with	   work	   of	   Bozkurt	   et	   al.	   (Bozkurt	   et	   al.	   2011)	   who	  
found	   a	   high	   level	   of	   fibrosis	   using	   sunitinib	   in	   an	   encapsulating	   peritoneal	   sclerosis	  model	   in	   rat.	  
Findings	  are	  also	  supported	  by	  the	  study	  of	  Broutin	  et	  al.	  which	  used	  sunitinib	  on	  a	  xenograft	  tumor	  
model	  of	  a	  medullary	  thyroid	  carcinoma	  and	  showed	  an	  increase	  of	  the	  level	  of	  necrosis	  and	  fibrosis	  
by	   factors	   of	   1.3	   and	   2.2,	   respectively,	   compared	   to	   untreated	   mice	   (Broutin	   et	   al.	   2011).	   The	  
development	   of	   necrotic	   tissues	   in	   tumor	   is	   principally	   due	   to	   ischemic	   processes	   that	   prevent	  
oxygen	   from	   reaching	   tumor	   cells.	   The	   main	   macromolecules	   making	   up	   the	   ECM’s	   three-‐
dimensional	   meshwork	   are	   the	   fibrous	   proteins	   (collagen,	   elastin:	   structural	   role;	   fibronectin,	  
laminin:	   adherence	   role)	   and	   polysaccharides	   (glycosaminoglycan,	   proteoglycans:	   retention	   of	  
cytokine	   and	   growth	   factors).	   The	   ECM	   controls	   the	   physiological	   equilibrium	   of	   the	   medium	   by	  
synthesizing	  and	  degrading	  the	  molecules	  that	  compose	  it.	  The	  development	  of	  fibrosis	  is	  linked	  to	  a	  
rupture	  of	  this	  equilibrium	  by	  which	  the	  ECM	  increases	  synthesis	  of	  its	  constituents	  and	  at	  the	  same	  
time	  decreases	  their	  degradation.	  The	  fact	   that	  sunitinib	  significantly	   increased	  the	   level	  of	   fibrosis	  
and	   necrosis	   without	   strongly	   modifying	   the	   tumor	   volume	   is	   consistent	   with	   the	   antiangiogenic	  
effect,	  not	  only	  on	  tumor	  cells	  but	  also	  on	  their	  microenvironment.	  This	  effect	  is	  expected	  to	  be	  due	  
to	  the	  potent	  inhibition	  of	  angiogenesis	  by	  the	  tyrosine	  kinase	  inhibiting	  receptors	  such	  as	  VEGFR2,	  
PDGFRa	  and	  PDGFRb.	  These	  results	  are	  corroborated	  by	  a	  study	  of	  Huang	  et	  al.	  in	  which	  they	  show	  
that	   sunitinib	   inhibited	   renal	   cell	   carcinoma	   (RCC)	   xenograft	   growth	  mainly	   though	   antiangiogenic	  
mechanisms	  and	  not	   through	  direct	   targeting	  of	  RCC	   tumor	  cells	  as	  no	   significant	   reduction	  of	   the	  
tumor	  volume	  was	  observed	  (Huang	  et	  al.	  2010).	  	  
	  

V.4.2. Shear	  wave	  elastography	  and	  quantitative	  ultrasound	  
The	  high	  mean	  stiffness	  of	  tumors	  in	  the	  antiangiogenic	  group	  compared	  to	  the	  others	  found	  

in	  our	   study	   (Figure	  4,	  Days	  9	  and	  13),	   seems	   to	  be	  associated	  with	  a	  higher	  proportion	  of	   fibrosis	  
(Figure	  8).	  These	  results	  can	  be	  compared	  with	  those	   in	  the	  study	  performed	  by	  Chamming’s	  et	  al.	  
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(2013)	   in	   which	   they	   used	   human	   invasive	   ductal	   carcinoma	   (HBCx-‐3)	   without	   any	   therapy	   to	  
determine	   the	   relationship	   between	   SWE	  measurement	   in	   tumor	   and	   histological	   outcomes.	   They	  
showed	  that	  there	  was	  a	  significant	  negative	  correlation	  between	  tumor	  stiffness	  and	  the	  percentage	  
of	   necrosis	   (r=−0.76,	   p=0.0004)	   and	   a	   very	   significant	   positive	   correlation	  between	   tumor	   stiffness	  
and	   the	   percentage	   of	   fibrosis	   (r=0.83,	   p<0.0001).	   These	   results	   suggest	   that	   necrotic	   and	   fibrotic	  
tissues	  are	  related,	  respectively,	  to	  soft	  and	  stiff	  medium.	  We	  found	  the	  trend	  linking	  stiff	  tumor	  and	  
fibrosis	   in	   our	   study	   with	   stiffest	   tumor	   for	   the	   group	   with	   the	   highest	   amount	   of	   fibrosis	  
(antiangiogenic).	   The	   antiangiogenic	   group	   also	   exhibited	   the	   most	   heterogeneous	   mixture	   of	  
necrosis	  and	  fibrosis.	  This	  heterogeneity	  was	  reflected	   in	  vivo	  by	  higher	  values	  in	  the	  SWE	  standard	  
deviation	  (SD)	  across	  the	  tumor	  treated	  with	  sunitinib	  compared	  to	  others	  treatments	  (Figure	  4.B	  at	  
day	  13).	  	  

Chamming’s	   et	   al.	   also	   showed	  a	   strong	   correlation	  between	   the	   size	  of	   the	   tumor	   and	   its	  
stiffness	  (𝑟 = 0.94,	  p<0.0001)	  which	  was	  explained,	   for	  their	  model,	  by	  higher	  fibrosis	   in	  the	   larger	  
tumors.	  A	  similar	  relationship	  between	  size	  and	  stiffness	  was	  highlighted	  in	  our	  study	  in	  ectopic	  LLC	  
tumors.	   SWE	  measurements	   from	  280	   tumors	   in	  mice	   (six	  measurements	   per	   tumor)	   receiving	   no	  
therapy	   showed	   a	   significant	   correlation	   between	   SWE	   and	   tumor	   volume,	   𝑟 = 0.80 	  with	   p-‐
value<0.005	  (Figure	  9).	  

	  
Figure	  9:	  Correlation	  for	  placebo	  mice	  between	  stiffness	  and	  tumor	  volume	  (r	  =	  0.80,	  p<	  0.005,	  measurements	  
from	  280	  tumors)	  
	   	  

A	   similar	   study	  was	   performed	  by	   Jugé	   et	   al.	   (2012)	   to	   	   characterize	   the	   effect	   of	   an	   anti-‐
vascular	  drug	  (combretastatin,	  CA4P	  at	  100	  mg/kg)	  on	  a	  colorectal	  carcinoma	  (CT26)	  using	  diffusion-‐
weight	   (ADC)	   and	   elastography	  MRI.	   They	   showed	   a	   significant	   drop	   in	   tumor	   stiffness	   24	   h	   after	  
treatment	  (6.6	  ±	  0.8	  kPa	  to	  4.8	  ±	  0.7	  kPa,	  p	  =	  0.0001).	  This	  drop	  in	  tumor	  stiffness	  was	  explained	  by	  
authors	  to	  be	  the	  consequence	  of	  a	  significant	  reduction	  of	  the	  mean	  vessel	  density	  evaluated	  using	  
CD31	   staining	   to	   compare	   the	  vessel	  density	   in	   the	  viable	  area	  of	   the	   treated	  group	   to	   that	   in	   the	  
control	  group	  (299	  ±	  37	  [1/mm2]	  vs	  208	  ±	  66	  [1/mm2];	  p	  =	  0.03).	  A	  significant	  increase	  in	  cellularity	  
was	  also	  observed	  in	  the	  treated	  group.	  Considering	  the	  work	  of	  Chamming’s	  et	  al.	  (2013)	  in	  which	  
they	   showed	   an	   inverse	   correlation	   between	   tissue	   stiffness	   and	   the	   level	   of	   necrosis,	   it	   could	   be	  
argued	  that	  the	  drop	  in	  tumor	  stiffness	  observed	  in	  the	  work	  of	  Jugé	  et	  al.	  could	  also	  be	  attributed	  to	  
the	  significant	  increase	  of	  necrosis	  from	  7	  ±	  2	  %	  to	  43	  ±	  3	  %	  observed	  24	  h	  after	  CA4P	  administration.	  	  	  

QUS	  imaging	  indicated	  that	  ESD	  could	  differentiate	  modifications	  in	  the	  antiangiogenic	  group	  
as	   compared	   to	   changes	   in	   the	   two	   other	   therapy	   groups.	   The	   fact	   that	   the	   antiangiogenic	   group	  
exhibited	  higher	  mean	  values	  for	  ESD	  seems	  consistent	  with	  histology	  presented	  in	  Figure	  8.	  Indeed,	  



 92 

fibrosis	  was	  observed	  to	  form	  thicker	  fibrotic	  structures	  in	  the	  group	  treated	  with	  the	  antiangiogenic	  
agent	  than	  in	  the	  other	  treatment	  groups.	  
	  

V.4.3. Contrast	  enhanced	  ultrasound	  	  
 

CEUS	  imaging	  allowed	  assessment	  of	  the	  state	  of	  the	  vascular	  and	  microvascular	  network	  by	  
measuring	  flow	  parameters	  after	  a	  bolus	  injection	  of	  contrast	  agent.	  Parameters	  such	  as	  PE	  and	  AUC	  
are	  related	  to	  the	  blood	  volume	  whereas	  MTT,	  TTP,	  WOR	  and	  WIR	  parameters	  are	  directly	  related	  to	  
the	  functionality	  of	  the	  vascular	  network.	  For	  each	  CEUS	  sequence,	  the	  ROI	  was	  limited	  to	  the	  part	  of	  
the	   tumor	   cross	   section	   presenting	   contrast	   enhancement	   and	   functional	   parameters	   were	  
estimated	  in	  this	  perfused	  ROI.	  	  

The	  blood	  volume	   (PE	  parameter)	  was	   significantly	   lower	   for	   tumors	   treated	  with	   sunitinib	  
compared	   to	   cytotoxic	   and	   drug	   vehicle	   at	   Day	   13	   (Figure	   7,	   PE).	   Several	   studies	   using	   different	  
contrast	   imaging	   modalities	   exhibit	   the	   same	   trend	   for	   the	   decrease	   of	   blood	   volume	   in	   murine	  
carcinoma	  treated	  with	  sunitinib	  (Battle	  et	  al.	  2011;	  Matsumoto	  et	  al.	  2011;	  Matsumoto	  et	  al.	  2014;	  
Needles	  et	  al.	  2013).	  	  	  

Histological	  results	  at	  Day	  13,	  revealed	  a	  high	  level	  of	  necrosis	  and	  fibrosis	  for	  tumors	  treated	  
with	  the	  antiangiogenic	  drug	  compared	  to	  those	  treated	  with	  cytotoxic	  and	  drug	  vehicle	  (Figure	  8).	  At	  
the	   same	   time,	   during	   therapeutic	   follow-‐up,	   the	   percentage	   of	   unperfused	   area	  was	   significantly	  
higher	   in	   the	   antiangiogenic	   group	   compared	   to	   the	   cytotoxic	   and	   placebo	   groups	   (Figure	   7).	   The	  
evolution	  of	  the	  unperfused	  area	  vs.	  the	  %	  necrosis	  was	  thus	  further	  evaluated	  based	  on	  correlations	  
for	   45	  mice	  with	   in	   vivo	   and	  ex	   vivo	  measurements	  made	   on	   the	   same	   day.	   The	   unperfused	   area	  
correlated	  much	  more	  strongly	  with	   the	  %	  necrosis	   (r	  =	  0.74,	  p	  <	  0.005)	   than	  with	   the	   fibrosis	   (r	  =	  
0.25,	  p	  =	  0.13).	  	  

The	   functionality	   of	   the	   microvascular	   network	   that	   remained	   perfused	   at	   Day	   13,	   was	  
strongly	  affected	  by	  the	  antiangiogenic	  therapy	  (Figure	  7).	  Values	  of	  MTT	  and	  WOR	  parameters	  were	  
respectively	  the	  highest	  and	  the	  lowest	  for	  tumor	  treated	  with	  sunitinib	  indicating	  that	  the	  contrast	  
agent	  stayed	  longer	  in	  the	  vasculature	  (high	  MTT)	  partly	  because	  vessels	  had	  difficulties	  to	  drain	  off	  
(low	  WOR)	  the	  microbubbles.	  These	  results	  indicate	  that	  the	  microvascular	  network	  of	  tumor	  treated	  
with	  sunitinib	  became	  significantly	  less	  efficient	  than	  those	  of	  tumor	  treated	  with	  cytotoxic	  and	  drug	  
vehicle	   (placebo).	   Faivre	   et	   al.	   proposed	   a	   mechanism	   to	   explain	   the	   modification	   of	   tumor	  
vasculature	   and	   the	   development	   of	   necrosis	   induced	   by	   sunitinib.	   In	   an	   established	   tumor,	  
angiogenesis	  supplies	  cancer	  cells	  with	  oxygen,	  growth	  factors	  and	  nutrients.	  Exposure	  of	  the	  tumor	  
to	   sunitinib	  alters	  endothelial	   cell	   shape	  and	   induces	  detachment	  of	   the	  endothelial	   cells	   from	   the	  
substratum.	  Endothelial	  cell	  loss	  leads	  to	  blood-‐vessel	  congestion	  and	  reduced	  blood	  flow.	  As	  a	  result	  
of	  the	  lack	  of	  oxygen,	  growth	  factors	  and	  nutrients,	  tumor	  necrosis	  ensues	  (Faivre	  et	  al.	  2007).	  This	  
mechanism	  of	  action	  is	  consistent	  with	  observations	  based	  on	  our	  histological	  results	  that	  show	  high	  
levels	   of	   necrosis	   and	   fibrosis	   in	   the	   sunitinib	   group.	   	   It	   is	   also	   consistent	   with	   CEUS	   results	  
demonstrating	  a	  strong	  reduction	  of	  vascularization	  in	  term	  of	  vascular	  distribution	  (unperfused	  area	  
and	  PE,	  Figure	  7)	  and	  functionality	  (MTT,	  WOR,	  WIR:	  Table	  1,	  Figure	  7).	  	  
	  

V.4.4. Summary	  of	  changes	  in	  all	  the	  parameters	  considered	  
Table	  1	  summarizes	  the	  %	  variation	  of	  each	  measured	  parameter	  from	  the	  start	  to	  the	  end	  of	  

therapy.	  During	  cytotoxic	   therapy,	  only	   the	  SWE	  was	  significantly	  modified.	   	  The	   increase	  of	   tumor	  
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stiffness	  for	  the	  cytotoxic	  group	  was	  3	  to	  4	  times	  lower	  than	  that	  for	  other	  groups.	  Tumors	  treated	  
with	  the	  antiangiogenic	  drug	  underwent	  the	  highest	  variations	  in	  parameters	  measured	  by	  SWE	  and	  
CEUS	   between	   baseline	   and	   the	   end	   of	   the	   study.	   However,	   a	   similar	   level	   of	   SWE	   and	   CEUS	  
modification	   was	   observed	   in	   the	   placebo	   group	   (Figure	   3).	   The	   action	   of	   sunitinib	   which	   targets	  
essentially	  the	  TME	  of	  tumor	  cells	  created	  a	  very	  heterogeneous	  pattern	  revealed	  by	  in	  vivo	  imaging	  
in	  term	  of	  increased	  SD	  for	  the	  stiffness	  and	  vascular	  distribution	  parameters.	  This	  heterogeneity	  in	  
the	  tumor	  composition	  was	  confirmed	  by	  histology	  outcomes.	  	  

	  
	   Cytotoxic	   Antiangiogenic	   Placebo	  
	   Var(%)	   P-‐value	  	   Var(%)	   P-‐value	   Var(%)	   P-‐value	  

SWE	   Mean	  (kPa)	   20*	   0.036	   80*	   2	  ×	  10-‐5	   69*	   6	  ×	  10-‐6	  
SD	  (kPa)	   130*	  	   0.004	   470*	   6	  ×	  10-‐4	   330*	   5	  ×	  10-‐4	  

CEUS	  

PE	  (a.u)	   -‐8.7	   0.892	   -‐68*	   7	  ×	  10-‐6	   -‐48*	   2	  ×	  10-‐3	  
WIR	  (a.u)	   -‐39	   0.162	   -‐83*	   8	  ×	  10-‐7	   -‐78*	   1	  ×	  10-‐6	  
WOR	  (a.u)	   -‐0.2	   0.545	   -‐76*	   3	  ×	  10-‐6	   -‐46*	   7	  ×	  10-‐4	  
MTT	  (s)	   1.1	   0.650	   15*	   4	  ×	  10-‐3	   17*	   3	  ×	  10-‐3	  

Table	  1:	  Variation	  between	  baseline	   and	  Day	  13	  of	  mean	  values	  of	   each	  parameter	   for	   each	   group.	  Var =
MV!"# MV!" − 1 ×100	  where	  MVD13	  is	  the	  mean	  value	  of	  the	  parameter	  at	  Day	  13	  and	  MVD1	  the	  mean	  value	  
of	  the	  parameter	  at	  Day	  1.	  *	  Indicates	  significant	  differences	  from	  Days	  1	  to	  13,	  p-‐values	  were	  calculated	  using	  
a	  Wilcoxon	  signed-‐rank	  paired	  test.	  
	  

V.5. Conclusion	  
 

In	   summary,	   individual	   parameters	   are	   influenced	   by	   a	   relatively	   complex	   combination	   of	  
underlying	  modifications	  in	  the	  tumor.	  Observing	  parameter	  modifications	  in	  specific	  tumor	  models	  
allows	   the	   identification	   of	   changes	   in	   response	   to	   a	   relatively	   fixed	   set	   of	   changes	   in	   the	   tumor	  
composition.	   Within	   the	   3LL	   model,	   modifications	   of	   parameters	   observed	   with	   CEUS	   presented	  
changes	   in	  the	  flow	  and	  distribution	  of	  the	  functional	  microvessels	  that	  are	  consistent	  with	  what	   is	  
anticipated	  during	  anti-‐angiogenic	  therapy.	  Both	  tumor	  stiffness	  and	  QUS	  microstructure	  parameters	  
appeared	  to	  be	  modified	  systematically	  as	  the	   level	  of	  fibrosis	   in	  the	  tumors	   increased.	   	   Identifying	  
such	   parameter/TME	   relationships	   in	   specific	   types	   of	   tumor	   should	   ultimately	   enable	   a	   more	  
physiologic,	  multi-‐parametric	   assessment	  when	  SWE,	  QUS	  and	  CEUS	  are	  applied	   to	  monitor	   tumor	  
modifications	  during	  therapy.	  
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VI.	  Sonosensitization	  

VI.1	  Introduction	  
	  

In	   the	  previous	  chapters,	   techniques	  using	  UCAs	   for	   functional	   imaging	  have	  been	  refined	  and	  
applied	  to	  characterize	  the	  tumor	  microenvironment.	  Another	  very	  active	  field	  of	  research	  concerns	  
the	  development	  of	  techniques	  to	  enhance	  drug	  delivery	  in	  tumors	  using	  UCA	  microbubbles.	  	  It	  has	  
been	  demonstrated	  that	  sonoporation	  with	  UCA	  microbubbles	  can	  be	  used	  to	  transiently	  open	  the	  
cell	  membrane	  (Karshafian	  et	  al.	  2009).	  Sonoporation	  can	  be	  produced	  by	  inertial	  cavitation	  of	  MBs	  
associated	  with	  their	  violent	  collapse.	  This	  phenomenon	  releases	  energy	  that	  can	  generate	  pores	  in	  
the	  cell	  membrane	  (Prentice	  et	  al.,	  2005).	  Sonoporation	  has	  been	  used	  to	  transfect	  genes	  into	  tumor	  
cells	   in	   vitro	   and	   in	   vivo	   in	   order	   to	  modify	   their	   growth	   rate	   (Negishi	   et	   al.	   2011;	   Sakakima	   et	   al.	  
2005;	  Suzuki	  et	  al.	  2010).	  A	  similar	  strategy	  has	  also	  been	  used	  in	  immunotherapy	  to	  deliver	  antigens	  
to	   immune	   cells	   and,	   thus,	   to	   enhance	   the	   immune	   response	  within	   the	   TME	   (Unga	   and	   Hashida	  
2014).	  Because	  sonoporation	  can	  transiently	  open	  the	  cell	  membrane,	  it	  can	  be	  applied	  to	  enhance	  
the	   uptake	   of	   anticancer	   drugs	  within	   tumors.	   Iwanaga	   et	   al.	   (2007)	   applied	   sonoporation	   using	   a	  
sonitron	   device	   (Sonitron	   2000,	   Rich	   Mar	   Inc,	   Inola,	   OK)	   to	   enhance	   the	   effect	   of	   bleomycin	   (a	  
cytotoxic	   agent)	   by	   exposing	   a	   subcutaneous	   squamous	   carcinoma	   (Ca9-‐22)	   to	   1-‐MHz,	   2	   W/cm2	  
ultrasound	   twice	   for	   1	   minute	   (50%	   duty	   cycle20)	   after	   the	   injection	   of	   Optison	   (GE	   Healthcare,	  
connecticut,	   USA)	   MBs.	   Findings	   exhibited	   a	   significant	   reduction	   of	   tumor	   volume	   for	   mice	   that	  
underwent	  ultrasound	  exposure	  associated	  with	  therapy	  compared	  to	  those	  that	  only	  received	  the	  
drug.	  Goertz	  et	  al.	  (2013)	  performed	  a	  similar	  study,	  but	  they	  used	  a	  sonoporation	  system	  that	  was	  
able	  to	  deliver	  high	  acoustic	  peak	  negative	  pressure	  (PNP	  =	  1.65	  MPa)	  with	  short	  burst	  duration	  (50	  
ms,	   0.024%	   duty	   cycle).	   Stimulation	   of	   MBs	   was	   associated	   with	   the	   administration	   of	   docetaxel	  
(DTX),	  a	   taxane21	  drug.	  Ultrasound	  stimulation	   treatments,	  both	  alone	  or	   in	   combination	  with	  DTX,	  
induced	   an	   acute	   reduction	   in	   tumor	   perfusion	   which	   was	   accompanied,	   24	   hours	   later,	   with	  
significantly	   enhanced	   necrosis	   and	   apoptosis.	   Moreover,	   tumors	   treated	   with	   DTX	   and	   MB	  
stimulation	  presented	   significantly	   reduced	   tumor	  volume	  as	   compared	   to	   those	   treated	  only	  with	  
DTX.	  	  

Several	   studies	  have	   investigated	   the	   impact	  of	  a	   technique	   referred	   to	  as	   “sonosensitization”	  
using	  MB	  stimulation	  at	  relatively	   low	  acoustic	  PNP	  (≈500	  kPa)	  to	  enhance	  the	  anti-‐tumor	  effect	  of	  
radiotherapy(Al-‐Mahrouki	  et	  al.	  2014;	  Briggs	  et	  al.	  2013;	  Czarnota	  et	  al.	  2012).	  Czarnota	  et	  al.	  (2012)	  
studied	   the	   effect	   of	   sonosensitization	   produced	   by	   oscillating	   Definity	   MBs	   (Definity,	   Lantheus	  
Medical	  Imaging,	  North	  Billerica,	  USA)	  in	  human	  PC3	  prostate	  cancer	  xenografts	  at	  a	  pressure	  of	  570	  
kPa	   (500	   kHz,	   0.25%	   duty	   cycle,	   16	   cycles	   per	   burst)	   during	   	   radiotherapy.	   Results	   revealed	   a	  
significant	  increase	  in	  the	  percentage	  of	  cell	  death	  in	  tumors	  and	  an	  associated,	  significant	  reduction	  
in	  tumor	  blood	  flow	  for	  the	  sonosensitized	  group	  as	  compared	  to	  the	  group	  receiving	  radiotherapy	  
alone.	  Similar	  experiments	  were	  performed	  by	  Tran	  et	  al.	   (2012)	   in	  human	  bladder	  cancer	  HT-‐1376	  
xenografts	   using	   the	   same	   setup	   and	   parameters	   while	   combining	   radiotherapy	   and	  
sonosensitization.	   Results	   exhibited	   significant	   tumor	   growth	   delay	   for	   the	   group	   of	   mice	   treated	  

                                            
20	  A	  duty	  cycle	  is	  the	  percentage	  of	  one	  period	  in	  which	  signal	   is	  active	  and	  a	  period	  is	  the	  time	  it	  takes	  for	  a	  
signal	  to	  complete	  an	  on	  and	  off	  cycle.	  𝐷 = !

!
×100%	  where	  D	  is	  duty	  cycle,	  T	   is	  the	  time	  within	  the	  signal	   is	  

active,	  and	  P	  is	  the	  total	  period	  of	  the	  signal.	  
21	  Taxane	  is	  a	  chemotherapeutic	  agent.	  It	   inhibits	  the	  function	  of	  cytoskeletal	  microtubules	  and	  thus	  prevents	  
cell	  duplication.	  	  
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with	   both	   radiotherapy	   and	   sonosensitization	   (2Gy	   +	   high	   concentration	   of	  MBs)	  with	   an	   average	  
tumor	  volume	  of	  200	  mm3,	  21	  days	  after	  the	  therapy	  administration,	  whereas	  tumor	  volume	  of	  the	  
group	  treated	  with	  radiotherapy	  alone	  (2Gy)	  reached	  a	  volume	  of	  700	  mm3	  at	  the	  same	  date.	  Based	  
on	  data	  acquired	  with	  power	  Doppler,	  they	  showed	  a	  drop	  in	  tumor	  vascularization	  for	  the	  combined	  
therapy.	  These	  results	  were	  corroborated	  by	  immunohistochemistry.	  	  

Based	   on	   specific	   immunohistochemical	   staining,	   Al-‐Mahrouki	   and	   colleagues	   (2014)	   have	  
highlighted	  the	  implication	  of	  the	  ceramide	  molecule	  in	  the	  enhancement	  of	  radiotherapy.	  Ceramide,	  
a	   central	   molecule	   in	   the	   sphingolipid22	  metabolism,	   is	   intimately	   involved	   in	   the	   regulation	   of	  
cancer-‐cell	   growth,	   differentiation,	   senescence	   and	   apoptosis	   (Ogretmen	   and	   Hannun	   2004).	   The	  
ceramide	  pathway	  is	  well-‐recognized	  to	  be	  activated	  as	  a	  stress	  response	  (Chalfant	  and	  Poeta	  2010)	  
and	  can	  accumulate	  in	  tumor	  tissues	  due	  to	  mechanical	  stresses	  (Al-‐Mahrouki	  et	  al.	  (2014)).	  Czarnota	  
et	  al.	  suggested	  that	  MBs	  and	  ultrasound	  might	  cause	  biochemical	  reactions	  when	  depositing	  energy	  
near	  cell	  membranes,	  leading	  to	  lipid	  reactions.	  	  	  

Ideally,	   ultrasonic	   techniques	   to	   monitor	   and	   to	   enhance	   therapy	   can	   be	   combined.	   The	  
following	   chapter	   applies	   ultrasonic	   monitoring	   to	   longitudinally	   evaluate	   the	   effects	   of	  
sonosensitization	   during	   cytotoxic	   therapy	   in	   an	   ectopic	   model	   for	   murine	   Lewis	   lung	   carcinoma	  
(LLC).	   The	   material	   and	   methods	   section	   first	   describes	   the	   sonosensitization	   apparatus	   and	   the	  
preliminary	  experiments	  that	  were	  performed	  to	  select	  experimental	  parameters:	  acoustic	  exposure	  
conditions	  and	  drug	  dose.	  The	  protocol	  applied	  to	  investigate	  the	  effectiveness	  of	  sonosensitization	  
during	  therapy	  with	  the	  selected	  cytotoxic	  drug	  (cyclophosphamide)	  is	  then	  described.	  The	  effects	  of	  
therapy	  were	  monitored	  using	  B-‐mode	  images,	  contrast-‐enhanced	  ultrasound	  (CEUS)	  and	  shear	  wave	  
elastography	  (SWE)	  to	  assess,	   respectively,	   tumor	  volume,	  vasculature	  and	  stiffness.	  This	  work	  was	  
developed	   in	   collaboration	   with	   the	   Professor	   Michael	   Oelze,	   Bioacoustics	   Research	   Laboratory,	  
University	   Urbana	   Champaign	   Illinois.	   The	   tumor	   model	   was	   developed	   in	   our	   laboratory	   in	  
collaboration	  with	  Nathalie	  Mignet	  (“Unité	  de	  Technologies	  Chimiques	  et	  Biologiques	  pour	  la	  Santé”,	  
pharmaceutical	   and	   biology	   sciences).	   The	   preclinical	   experiments	   described	   in	   this	   chapter	   were	  
performed	  under	  a	  protocol	  approved	  by	  the	  Charles	  Darwin	  ethical	  committee	  (ref:	  Ce5/2012/081).	  

VI.2	  Material	  and	  methods	  

VI.2.1.	  Sonosensitization	  experimental	  set-‐up	  	  
A	  weakly	  focused	  transducer	  (CTS	  Valpey	  corp.,	  Hopkinton,	  USA)	  with	  a	  central	  frequency	  of	  500	  

kHz	  and	  a	  focal	  length	  of	  9.5	  cm	  was	  selected	  to	  acoustically	  stimulate	  MBs	  (SonoVueTM)	  throughout	  
the	   tumor	  volume	   (Figure	  1).	  A	  16-‐cycle	   sinusoidal	   tone	  burst	  emitted	   from	  a	  waveform	  generator	  
(Tektronix	  AFG	  3022B,	  Oregon,	  USA)	  with	  peak-‐to-‐peak	  amplitude	   ranging	   from	  70	   to	  280	  mV	  was	  
amplified	   by	   a	   ENI	   A150	   power	   amplifier	   (Electronic	  Navigation	   Industry,	   Texas,	   USA)	   and	   used	   to	  
excite	   the	   piezoelectric	   transducer.	   Tumors	   were	   positioned	   at	   the	   focal	   length	   of	   the	   500	   kHz	  
transducer.	  As	  described	  in	  Figure	  1,	  alignment	  was	  performed	  based	  on	  the	  specular	  echo	  from	  the	  
tumor	   surface	   and	   backscattered	   signals	   observed	   within	   the	   tissue	   as	   observed	   on	   the	  
radiofrequency	   A-‐line	   acquired	   with	   an	   oscilloscope	   (DSO3102A,	   Agilent	   technologies,	   California,	  
USA)	  using	  a	  pulser-‐receiver	  system	  (Sofranel	  5052PR,	  Sartrouville,	  France).	  	  

                                            
22	  The	  sphingolipids	  are	  a	  family	  of	  cell	  membrane	  lipids	  with	  important	  structural	  roles	  in	  the	  regulation	  of	  the	  
fluidity	  and	  subdomain	  structure	  of	  the	  lipid	  bilayer.	  	  
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Figure	  1:	  Diagram	  of	  the	  sonosensitization	  experimental	  setup.	  A	  16-‐cycle	  tone	  burst	  with	  a	  frequency	  of	  500	  
kHz	  is	  sent	  from	  a	  waveform	  generator	  to	  a	  power	  amplifier	  connected	  to	  the	  transducer.	  A	  water	  tank	  with	  a	  
thin	  plastic	  membrane	  in	  contact	  with	  the	  tumor	  enables	  the	  stimulation	  of	  MBs	  injected	  in	  the	  tail	  vein	  of	  the	  
mouse.	  	  

VI.2.1.1	  Ultrasonic	  beam	  characterization	  
The	  acoustic	  PNP	  delivered	  by	  the	  transducer	  in	  a	  2-‐cm3	  volume	  centered	  at	  the	  focal	  zone	  was	  

characterized	   for	   each	   excitation	   level.	   This	   characterization	   was	   performed	   in	   a	   degassed	   water	  
tank,	   at	   room	   temperature,	   by	   exposing	   a	   thin	   membrane	   to	   acoustic	   PNP	   and	   by	   measuring	   its	  
displacement	  using	  laser	  (interferometry)23.	  	  

By	  displacing	  the	  transducer	  relative	  to	  the	  membrane	  hydrophone	  using	  stepper	  motors	  with	  a	  
step	  size	  of	  1	  mm,	  the	  acoustic	  PNP	  delivered	  by	  the	  500	  kHz	  transducer	  was	  assessed	  along	  three	  
orthogonal	  axes	  in	  a	  volume	  centered	  on	  the	  focal	  position	  for	  amplifier	  input	  voltages	  ranging	  from	  
70	  mV	   to	   280	  mV.	   Figure	   2.A	   and	   2.B	   exhibit	   typical	   acoustic	   PNP	  measured	   in	   parallel	   (x-‐y)	   and	  
perpendicular	  (x-‐z)	  planes	  with	  respect	  to	  the	  face	  of	  the	  transducer.	  The	  theoretically	  calculated	  -‐6	  
dB	  beam	  diameter	  of	  1	  cm	  was	  confirmed	  with	  measurements	   in	   the	  x-‐y	  plane	  (Figure	  2.A).	  Figure	  
2.B	  shows	  an	  x-‐z	  slice	  along	  the	  propagation	  axis	  centered	  on	  the	  beam’s	  central	  axis	  and	  reveals	  that	  
the	   pressure	   is	   fairly	   homogenous	   along	   the	   z-‐axis.	   The	   acoustic	   beam	   was	   weakly	   focused	   and	  
relatively	   homogenous	   over	   a	   distance	   of	   2	   cm	   which	   is	   suitable	   for	   relatively	   uniform	   acoustic	  
activation	  of	  MBs	  throughout	  the	  tumor	  volume.	  For	  an	  input	  voltage	  of	  140	  mV,	  an	  average	  acoustic	  
PNP	  of	  237	  kPa	  was	  measured	  on	   the	  central	  axis	  of	   the	  beam	  at	   the	   focal	  distance	   (9.5	  cm).	  One	  
centimeter	   closer	   to	   the	   transducer	   (at	   8.5	   cm)	   the	   average	   acoustic	   PNP	   increased	   by	   6	   %.	   One	  
centimeter	  after	  the	  focal	  distance	  (10.5	  cm),	  the	  average	  acoustic	  PNP	  dropped	  by	  6%.	  

In	  Figure	  3,	  the	  acoustic	  PNP	  delivered	  by	  the	  transducer	  is	  presented	  as	  a	  function	  of	  the	  input	  
voltage	   to	   the	   amplifier.	   Pressure	   is	   linearly	   related	   to	   the	   peak-‐to-‐peak	   voltage	   setting	   on	   the	  
waveform	  generator.	  
	  

                                            
23	  These	  measurements	  were	  done	  at	  the	  Institut	  Langevin	  with	  the	  kind	  help	  of	  Wojciech	  Kwiecinski.	  
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Table	  1:	  Reported	  effect	  of	  cytotoxic	  and	  anti-‐vascular	  drugs	   in	  the	  Lewis	   lung	  carcinoma.	  Summary	  of	  

the	  therapeutic	  effect	  for	  different	  doses	  and	  schedules	  for	  the	  administration	  of	  Cyclophasphamide,	  Cisplatin	  
and	   CA-‐4	   (combretastatin).	   Effects	   are	   presented	   in	   comparison	   to	   the	   control	   group.	   i.p=intraperitoneal,	  
i.v=intravenous,	  s.c.=subcutaneous,	  Freq.	  =	  number	  of	  consecutive	  days	  for	  which	  drug	  is	  administrated.	  	  
	  

VI.2.3.	  Sonosensitization	  protocol	  
Sonosensitization	   experiments	   were	   conducted	   in	   a	   cohort	   of	   30	   mice	   bearing	   ectopic	   LLC	  

tumors.	  The	  sonosensitization	  was	  applied	  as	  follows.	  Within	  10	  seconds	  after	  the	  injection	  of	  80	  µL	  
of	   SonoVueTM	   contrast	   agent	   (equivalent	   to	   4.107	   MBs)	   in	   the	   tail	   vein	   of	   mouse,	   MBs	   were	  
stimulated	   at	   500	   kHz	   using	   a	   peak	   negative	   pressure	   (PNP)	   of	   240	   kPa	   (approximate	  mechanical	  
index24	  of	   0.34)	   with	   a	   sequence	   of	   16-‐cycle	   sinusoidal	   500	   kHz	   tone	   bursts	   maintained	   during	   2	  
seconds	  every	  13	  seconds	  for	  an	  overall	  time	  of	  5	  minutes	  which	  corresponded	  to	  a	  total	  ultrasound	  
exposure	  of	  40	  seconds	  (13%	  duty	  cycle).	  	  

Mice	  were	  randomized	  into	  three	  homogenous	  groups	  in	  term	  of	  tumor	  volume	  at	  Day	  15	  after	  
tumor	   implantation.	   Therapy	   was	   initiated	   on	   Day	   15	   after	   implantation	   when	   tumors	   had	   an	  
approximate	  volume	  of	  250	  mm3	  	  and	  vascularization	  of	  the	  tumors	  was	  well	  established.	  	  One	  group	  
received	   i.p.	   injections	  on	  Days	   15,	   16	   and	  17	  of	   cyclophosphamide	   at	   a	   dose	  of	   150	  mg/kg	   (Drug	  
Only,	  DO,	  N=10).	  A	  second	  group	  received	  cyclophosphamide	  according	  to	  the	  same	  therapeutic	  plan	  
but	  was	   injected	  with	  microbubbles	   and	   exposed	   to	   sonosensitization	   during	   40	   seconds	  within	   5	  
minutes	  following	  injection	  of	  the	  drug	  (Sonosensitization	  and	  Drug,	  SSD,	  N=10).	  Finally	  a	  third	  group	  
was	   injected	   with	   MBs	   and	   exposed	   to	   sonosensitization	   but	   did	   not	   receive	   cyclophosphamide	  	  
(Sonosensitization	  Only,	  SSO,	  N=10).	  	  

                                            
24	  Mechanical	  Index,	  IM =   PNP

F!
	  where	  PNP	  is	  the	  derated,	  peak	  negative	  pressure	  (PNP)	  in	  MPa	  and	  FC	  is	  

the	  central	  frequency	  of	  transducer	  in	  MHz. 
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VI.2.4.	  In	  vivo	  imaging	  
Tumors	  were	  monitored	   using	   the	   CEUS	   and	   SWE	   imaging	  modalities	   described	   in	   Chapter	   V.	  

Thus,	  only	  a	  brief	  description	  of	  the	  imaging	  setup	  is	  included	  here.	  B-‐mode	  images	  acquired	  with	  the	  
8-‐MHz	   transducer	  were	  acquired	   in	  orthogonal	  planes	  and	  used	   to	  assess	   tumor	  volume.	  For	  each	  
tumor,	   SWE	   data	   were	   acquired	   from	   3	   independent	   planes	   along	   both	   the	   longitudinal	   and	  
transverse	  directions	  (6	  SWE	  imaging	  planes	  per	  tumor).	  Data	  were	  acquired	  using	  penetration	  mode	  
with	  a	   color	   scale	   ranging	   from	  0	   to	  50	   kPa.	   For	  CEUS	   imaging,	   a	  50-‐µL	   volume	  of	   SonoVueTM	  was	  
injected	   through	   the	   tail	   vein	   of	   each	   mouse	   using	   the	   controlled	   injection	   system	   described	   in	  
Chapter	  IV	  and	  data	  were	  acquired	  at	  a	  frame	  rate	  of	  1	  Hz.	  Contrast	  injections	  used	  for	  imaging	  were	  
performed	   approximately	   10	  minutes	   before	   sonosensitization	   experiments.	   	   Average	   echo-‐power	  
was	  initially	  measured	  in	  a	  region	  of	  interest	  including	  the	  total	  tumor	  cross-‐section.	  Regions	  with	  no	  
contrast-‐enhancement,	  defined	  as	  pixels	  for	  which	  the	  intensity	  does	  not	  exceed	  the	  intensity	  level	  
of	  noise	   (corresponding	   to	   signal	   in	   tumor	  before	  UCA	  uptake),	  were	   then	  excluded	  and	   the	  echo-‐
power	   from	   the	   perfused	   region	  was	  measured.	   A	   lognormal	   bolus	  model	  was	   fit	   to	   the	   resulting	  
echo-‐power	  curves	  and	  functional	  parameters	  (PE,	  TTP,	  MTT,	  WIR,	  WOR	  and	  AUC)	  were	  extracted.	  	  

VI.2.5.	  Statistics	  
All	  statistical	  tests	  and	  analysis	  were	  performed	  using	  R	  software	  (3.1.1).	  A	  Wilcoxon	  signed-‐rank	  

non-‐parametric	   test	   (Mann-‐Witney	  U	   test)	  was	  used	   to	  compare	   the	   results	  between	   the	  different	  
groups	  at	  each	  study	  date	  (unpaired	  test).	  Differences	  between	  groups	  were	  considered	  significant	  at	  
p-‐values	  of	  p	  <	  0.005	  (***),	  0.005	  <	  p	  <	  0.01	  (**)	  and	  0.01	  <	  p	  <	  0.05	  (*).	  Results	  are	  given	  as	  mean	  ±	  
SEM	   (standard	   error	   of	   the	   mean).	   Results	   presented	   with	   boxplots	   show:	   the	   minimum,	   lower	  
quartile,	  median,	  mean	  value	  (square),	  upper	  quartile	  and	  maximum	  values.	  	  

	  

VI.3.	  Results	  

VI.3.1.	  Preliminary	  experiments	  to	  select	  drug	  and	  dose	  
Results	   presented	   in	   Figure	   5	   exhibit	   the	   most	   significant	   reduction	   of	   tumor	   growth	   with	  

cyclophosphamide	   injected	   at	   a	   concentration	  of	   150	  mg/kg	   from	  Days	   10	   to	   17	   compared	   to	   the	  
placebo	   group	   (150	   ±	   50	  mm3	   vs.	   1500	   ±	   220	  mm3,	   p	   <	   0.01).	   Although	   tumors	   appear	   somewhat	  
smaller	  for	  groups	  treated	  with	  cyclophosphamide	  at	  50	  mg/kg	  compared	  to	  Placebo,	  the	  difference	  
was	  not	  significant	   (Day	  17,	  723	  ±	  245mm3	  vs.	  1507	  ±	  220	  mm3,	  p=0.11).	   	  Treatment	  with	  5	  mg/kg	  
cisplatin	  significantly	  reduced	  tumor	  growth	  compared	  to	  Placebo	  (Day	  17,	  590	  ±	  104mm3	  vs.	  1507	  ±	  
220	  mm3,	  p	  <	  0.01)	  but	  therapy	  was	  associated	  with	  a	  transient	  weight	   loss	  approaching	  10%	  (data	  
not	  shown).	  Weight	  loss	  was	  not	  observed	  when	  cisplatin	  was	  administered	  at	  2.5	  mg/kg	  but	  tumor	  
growth	  was	  not	  significantly	  reduced	  at	  this	  dose.	   	  Combretastatin	  did	  not	  reduce	  tumor	  growth	  at	  
either	   of	   the	   tested	   doses.	   Thus,	   based	   on	   these	   results,	   cyclophosphamide	   at	   a	   concentration	   of	  
150mg/kg	  was	  selected	  for	  sonosensitization	  experiments	  due	  to	  its	  strong	  effect	  in	  the	  reduction	  of	  
tumor	  growth	  compared	  to	  control	  group.	  	  
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Figure	   5:	   Preliminary	   dose	   trial	   therapy.	   Presentation	   of	   the	   effect	   in	   reduction	   of	   tumor	   growth	   for	   two	  
cytotoxic	   therapies	   (cyclophosphamide	   and	   cisplatin)	   and	   an	   antivascular	   drug	   injected	   at	   different	  
concentrations.	   Purple	   arrows	   indicate	   the	   days	   of	   injection	  with	   the	   cytotoxic	   therapies	   and	   the	   red	   arrow	  
indicates	  the	  day	  for	  administration	  of	  combretastatin.	  Cyclophosphamide:	  N	  =	  4	  for	  50	  mg/kg,	  N	  =	  5	  for	  150	  
mg/kg;	  cisplatin:	  N	  =	  4	  for	  2.5	  mg/kg,	  N	  =	  4	  for	  5	  mg/kg;	  combretastatin:	  N	  =	  5	  for	  100	  mg/kg,	  N	  =	  5	  for	  200	  
mg/kg.	  Significant	  differences	  between	  groups	  treated	  with	  cisplatin	  and	  cyclophosphamide	  drug	  as	  compared	  
to	  the	  group	  receiving	  placebo	  are	  designated,	  respectively,	  by	  ● and	  ❉.	  
	  

VI.3.2.	  Sonosensitization	  experiment	  
 

As	  presented	  in	  Figure	  6,	  eight	  days	  after	  the	  initiation	  of	  therapy	  (Day	  23	  with	  respect	  to	  tumor	  
implantation)	  both	  the	  mice	  receiving	  only	  drug	  (DO,	  1320	  ±	  126	  mm3,	  p	  <	  0.01)	  and	  those	  exposed	  
to	   sonosensitization	   after	   administration	   of	   the	   cytotoxic	   drug	   (SSD,	   1345	   ±	   201	   mm3,	   p	   <	   0.03)	  
exhibited	   significantly	   smaller	   tumor	   volumes	   than	   for	   the	   group	   exposed	   to	   sonosensitized	  
microbubbles	  alone	  (SSO,	  1876	  ±	  220	  mm3).	  However,	   there	  was	  no	  significant	  difference	  between	  
the	  DO	  and	  SSD	  groups.	  This	  indicates	  that	  sonosensitization	  did	  not	  modify	  the	  tumor	  volume.	  	  

Baseline	  for	  average	  tumor	  stiffness	  (SWE)	  and	  perfusion	  (CEUS)	  was	  performed	  on	  Day	  15	  just	  
before	   therapy	   began.	   The	   follow-‐up	   of	   tumor	   stiffness	   presented	   in	   Figure	   7	   reveals	   a	   significant	  
drop	  of	  tumor	  stiffness	  for	  SSD	  group	  at	  day	  19	  (13.8±1.1	  kPa)	  compared	  to	  baseline	  (16.8±1.1	  kPa,	  
p=0.013)	  and	  also	  compared	  to	  the	  SSO	  group	  at	  day	  19	  (19.8±1.1	  kPa	  p=0.003).	  This	  difference	  was	  
not	  maintained,	  however,	  at	  Day	  23.	  	  

Parameters	  related	  to	  the	  blood	  volume	  and	  the	  functionality	  of	  tumor	  vasculature	  as	  estimated	  
from	  CEUS	  are	  presented	  in	  Figure	  8.	  The	  percent	  of	  unperfused	  tumor	  area	  was	  similar	  between	  the	  
three	   groups	   at	   baseline	   and	   was	   significantly	   higher	   for	   SSO	   group	   at	   Day	   23	   (30.4±3.5	   %)	   as	  
compared	   to	   SSD	   (14.9±6.5	   %,	   p<0.05)	   and	   DO	   (11.3±4.2	   %,	   p<0.05).	   Perfusion	   parameters	   were	  
assessed	  only	  in	  the	  perfused	  area.	  	  

The	  PE	  parameter,	   related	   to	   the	  blood	   volume,	  was	   comparable	   at	  baseline	  between	  groups	  
and	  reached	  a	  significantly	  higher	  mean	  value	  in	  the	  DO	  group	  at	  Day	  23	  (0.43	  ±	  0.05	  a.u)	  compared	  
to	  SSD	  (0.24	  ±	  0.04	  a.u,	  p=0.03)	  and	  SSO	  (0.22	  ±	  0.04	  a.u,	  p=0.02)	  groups.	  The	  same	  tendency	  was	  
observed	  with	  the	  AUC	  parameter	  for	  which	  the	  DO	  group	  exhibited	  a	  higher	  value	  (35.6	  ±	  4.3	  a.u)	  
compared	  to	  SSO	  (22.9	  ±	  4.4	  a.u,	  p<0.001)	  and	  SSD	  (19.8±3.4	  a.u,	  p=0.1)	  group.	  
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Figure	  6:	  Longitudinal	   follow-‐up	   of	   tumor	   volume.	  Tumor	  volume	  was	  measured	  based	  on	   longitudinal	   and	  
transversal	   B-‐mode	   images.	   Red	   arrows	   indicate	   the	   days	   of	   therapy	   administration.	   Drug	   only	   (DO)	  
corresponds	   to	   the	  group	   that	   received	  cyclophosphamide	  only,	   sonosensitization	  and	  drug	   (SSD)	  designates	  
the	   group	   that	   received	   both	   cytotoxic	   therapy	   and	   sonosensitization	   stimulation	   and	   finally	   SSO	   group	  
indicates	  the	  group	  that	  only	  underwent	  sonosensitization	  without	  drug	  injection.	  Differences	  between	  groups	  
were	  considered	  significant	  at	  p-‐values	  of	  p	  <	  0.005	  (***),	  0.005	  <	  p	  <	  0.01	  (**)	  and	  0.01	  <	  p	  <	  0.05	  (*).	  	  
	  

	  
Figure	  7:	  Longitudinal	   follow-‐up	   of	   tumor	   stiffness.	   Shear	  wave	  elastography	   (SWE)	  was	  measured	   for	  each	  
tumor	  in	  six	  different	  planes	  and	  then	  averaged.	  A	  significant	  difference	  between	  the	  SSD	  and	  SSO	  is	  indicated	  
by	  ❉	  whereas	  ●	  designates	  a	  significant	  difference	  between	  SSD	  and	  DO	  groups.	  
	  

At	   Day	   23,	  WIR	   and	  WOR	   parameters	   of	   DO	   group	   (1.7	   ±	   0.3	   10-‐2	   a.u	   and	   5.1	   ±	   0.8	   10-‐3	   a.u,	  
respectively)	  were	  significantly	  higher	  than	  those	  of	  SSO	  group	  (0.6	  ±	  0.1	  10-‐2	  a.u,	  p=0.0012;	  5.1	  ±	  0.8	  
10-‐3	  a.u,	  p<0.001,	  respectively)	  but	  no	  significant	  difference	  was	  exhibited	  for	  SSD	  group	  (1.0	  ±	  0.3	  10-‐
2	  a.u,	  p=0.18;	  3.0	  ±	  0.8	  10-‐3	  a.u,	  p=0.1,	   respectively)	  despite	  a	   trend	   following	  SSO	  group.	   In	  nearly	  
every	  case,	  perfusion	  parameters	  (PE,	  AUC,	  WIR	  and	  WOR)	  measured	  in	  the	  SSD	  group	  follow	  a	  trend	  
close	  to	  the	  SSO	  group	  which	  demonstrates	  a	  reduced	  microvascularization	  at	  day	  23.	  
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Figure	   8:	   Longitudinal	   follow-‐up	   of	   tumor	   vasculature	   modifications.	   After	   defining	   perfused	   and	   non-‐
perfused	  area,	  perfusion	  parameters	  were	  calculated	  only	   in	  the	  perfused	  regions.	  Percentage	  of	  unperfused	  
area,	  peak-‐enhancement	   (PE)	  and	  area	  under	   the	  curve	   (AUC)	  are	  related	  to	   the	  blood	  volume	  within	   tumor	  
whereas	  time-‐to-‐peak	  (TTP),	  wash-‐in	  rate	  (WIR)	  and	  washout	  rate	  (WOR)	  are	  related	  to	  the	  functionality	  of	  the	  
tumor	  microvascular	  network.	  DO	  =	  drug	  only,	  SSD	  =	  sonosensitization	  and	  drug	  and	  SSO	  =	  sonosensitization	  
only.	  	  
	  

VI.4.	  Discussion	  &	  conclusion	  
 

The	   goal	   of	   this	   study	   was	   to	   non-‐invasively	   monitor	   the	   effect	   of	   the	   association	   of	  
sonosensitization	   (stimulation	   of	   MBs)	   with	   a	   cytotoxic	   drug	   on	   tumor	   development.	   Tumor	  
modifications	  were	  monitored	  using	  B-‐mode	  images	  to	  estimate	  tumor	  volume,	  SWE	  maps	  of	  tumor	  
stiffness	  and	  CEUS	  characterization	  of	  the	  microvascular	  distribution	  and	  function.	  	  

The	   acoustic	   field	   and	  pressure	   levels	   used	   for	   sonosensitization	  were	   characterized	   to	   insure	  
that	   the	   ultrasound	   beam	   was	   large	   enough	   (∅	  1	   cm)	   and	   weakly	   focused	   enough	   to	   uniformly	  
insonify	   the	   whole	   tumor.	   Since	   continuous,	   non-‐destructive	   MB	   oscillation	   is	   sought	   during	  
sonosensitization,	   the	  acoustic	  PNP	  was	   set	   to	  240	  kPa	   for	   sonosensitization	  experiments	  because,	  
beyond	  this	  pressure	  level,	  SonoVue	  MBs	  were	  very	  strongly	  destroyed	  by	  the	  acoustic	  exposure.	  	  
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VI.4.1.	  Effect	  of	  sonosensitization	  
	  

The	   tumor	   volume	   was	   significantly	   reduced	   in	   both	   the	   SSD	   and	   DO	   groups	   relative	   to	   the	  
group	  receiving	  sonosensitization	  along	  but	  there	  was	  no	  significant	  effect	  on	  tumor	  volume	  due	  to	  
sonosensitization	  and	  drug	  (SSD)	  relative	  to	  the	  cytotoxic	  drug	  alone	  (DO).	  In	  the	  study	  performed	  by	  
Czarnota	   et	   al.	   (2012),	   significant	   effect	   of	   SSD	  was	   demonstrated	   based	   on	   Kaplan-‐Meier	   survival	  
curves	  with	   ethical	   endpoints	   defined	   for	   tumor	   sizes	   greater	   than	  2	   cm	   in	   diameter.	  None	  of	   the	  
mice	   that	  underwent	  both	  sonosensitization	  and	  radiotherapy	   (dose	  of	  2Gy)	   reached	  this	  endpoint	  
within	   the	   28	   days	   after	   therapy	   ended;	   whereas,	   mice	   that	   received	   only	   radiotherapy	   (2Gy)	   or	  
exposure	  to	  MBs	  alone	  began	  to	  reach	  this	  endpoint	  7	  days	  after	  the	  end	  of	  treatment.	  Their	  results	  
suggest	  that	  coupling	  sonosensitization	  with	  radiotherapy	  had	  a	  significant	  impact	  on	  tumor	  growth	  
well	   after	   therapy	   had	   been	   applied.	   Due	   to	   the	   ethical	   endpoints	   defined	   for	   our	   study	   and	   the	  
relatively	   rapid	   tumor	  growth,	   tumor	  volume	  was	  only	   followed	  to	  6	  days	  after	   the	  end	  of	   therapy	  
application	  which	  may	  have	  prevented	  the	  observation	  of	  some,	   longer	   term	  responses	  to	  the	  SSD	  
therapy.	  	  

The	   percentage	   of	   unperfused	   area	   evaluated	  with	   CEUS	  was	   significantly	   higher	   for	   the	   SSO	  
group	  at	  Day	  23	  as	   compared	  with	   the	  groups	   receiving	  drug	  alone	  or	   sonosensitization	  with	  drug	  
(Figure	  7).	  As	  presented	  in	  Chapter	  V,	  unperfused	  areas	  are	  strongly	  correlated	  to	  necrotic	  areas	   in	  
our	  tumor	  model.	  Thus,	   increased	  unperfused	  area	   in	  the	  SSO	  group	  may	  be	  related	  to	  the	  natural	  
development	  of	   necrosis	   due	   in	   these	  more-‐rapidly	   growing	   tumors	   (no	   cytotoxic	   therapy,	   highest	  
tumor	  volume	  at	  Day	  23).	  Both	  in	  terms	  of	  tumor	  volume	  and	  the	  percentage	  of	  unperfused	  area,	  DO	  
and	   SSD	   groups	   were	   very	   similar.	   The	   perfused	   microvasculature	   of	   the	   tumor	   demonstrated	  
significantly	   different	   functionality	   and	   blood	   volume	   for	   the	   SSO	   group	   as	   compared	   to	   the	   DO	  
group	  according	  to	  assessments	  of	  the	  AUC,	  PE,	  TTP,	  WIR	  and	  WOR	  on	  Day	  23.	  Although	  only	  the	  TTP	  
at	   Day	   23	  was	   significantly	   different	   from	   the	   DO	   group	   for	   the	   SSD	   group,	  measurements	   in	   the	  
perfused	  area	  of	  the	  SSD	  group	  tended	  to	  lie	  closer	  to	  those	  in	  the	  SSO	  group	  than	  in	  the	  DO	  group.	  	  
This	  may	  provide	  some	  indication	  that	  the	  SSD	  therapy	  is	  influencing	  the	  blood	  flow	  differently	  than	  
for	   the	  DO	   therapy.	   	   Briggs	   et	   al.	   (2013)	   demonstrated	   a	   significant	   drop	  of	   perfusion	   and	  oxygen	  
saturation	   for	   tumors	   that	   underwent	   sonosensitization	   (570	   kPa)	   associated	   with	   radiotherapy	  
(8Gy).	  Czarnota	  et	   al.	   (2012)	   also	  demonstrated	   significant	   reductions	   in	  blood	   flow	  24	  h	  after	   the	  
combined	  sonosensitization	  and	  radiation	  treatments	   (65	  ±	  8%	  decrease	   in	  Doppler	  vascular	   index;	  
VEVO-‐770,	   Visualsonics);	   whereas,	   moderate	   vascular	   disruption	   was	   exhibited	   with	  
sonosensitization	  (570kPa),	  and	  with	  8-‐Gy	  radiation	  doses	  alone	  (20	  ±	  21%	  and	  20	  ±	  32%	  decrease	  in	  
Doppler	   vascular	   index,	   respectively).	   If	   confirmed	   in	   a	   larger	   cohort	   or	   with	   a	   longer	   therapeutic	  
follow-‐up	   revealing	   statistical	   significance	   of	   the	   effect,	   reduced	   blood	   volume	   in	   the	   SSD	   group	  
would	  be	  consistent	  with	  what	  is	  expected	  based	  on	  the	  vascular	  effect,	  explained	  by	  Briggs	  et	  al.	  in	  
terms	  of	  a	  synergic	  effect	  between	  the	  therapy	  and	  sonosensitization.	  	  	  

VI.4.2.	  Limitations	  of	  the	  study	  
 

The	  main	  limit	  of	  the	  current	  study	  resides	  in	  the	  lack	  of	   immunohistochemistry	  related	  to	  the	  
studied	  tumors.	  Samples	  conserved	  in	  a	  -‐80°C	  freezer	  were	   lost	  due	  to	  an	  electrical	  problem	  in	  the	  
conservation	   facility.	   For	   this	   reason,	   independent	   characterization	   of	   the	   level	   of	   cell	   death	  
(necrosis,	  apoptosis)	  and	  the	  density	  of	  blood	  vessels	  was	  not	  possible.	  	  



 108 

Because	   the	   LLC	   tumor	  model	   presents	   a	   very	  high	   growth	   rate	   and	   tumors	   reach	   the	  ethical	  
endpoint	  (Vtumor	  =	  2500mm3)	  within	  3	  weeks	  after	  tumor	   implantation,	   it	  was	  not	  possible	  to	  follow	  
tumor	   modifications	   for	   more	   than	   6	   days	   after	   the	   end	   of	   therapy.	   Unlike	   conventional	   drugs,	  
sonosensitization	   experiments	   appear	   to	   demonstrate	   greatest	   effect	   (Al-‐Mahrouki	   et	   al.	   2014;	  
Briggs	   et	   al.	   2013;	   Czarnota	   et	   al.	   2012;	   Tran	   et	   al.	   2012)	   when	   tumors	   are	   well	   perfused	   at	   the	  
initiation	   of	   the	   treatment,	   but	   if	   the	   tumor	   grows	   too	   rapidly	   from	   that	   point	   despite	   therapy,	  
ethical	  endpoints	  are	  reached	  quickly	  and	  long	  term	  effects	  cannot	  be	  monitored.	  	  

Orienting	   future	   studies	   toward	   sononsensitization	   in	   tumors	   with	   slower	   growth	   rates	   may	  
better	  reveal	  anti-‐tumor	  effects.	  Iwanaga	  et	  al.	  (2007)	  studied	  the	  combined	  effect	  of	  sonoporation	  
with	  a	   cytotoxic	  drug	   (bleomycin)	   in	  a	  human	  squamous	  carcinoma	  xenograft	   for	  which	   the	   tumor	  
volume	   remains	   inferior	   to	   200	   mm3	   after	   28	   days	   of	   growth.	   In	   a	   similar	   study,	   Goertz	   and	   co-‐
workers	   (2013)	  used	   the	  PC3	  prostate	   carcinoma	  model	   (same	   tumor	  model	  used	   in	   the	   following	  
sonosensitization	   studies:	   Al-‐Mahrouki	   et	   al.	   2014;	   Briggs	   et	   al.	   2013;	   Czarnota	   et	   al.	   2012)	  which	  
reaches	  a	  volume	  on	  the	  order	  of	  only	   	  400	  mm3	  at	  3	  weeks	  after	  tumor	  implantation	  whereas	  our	  
LLC	  tumor	  model	  exhibits	  volumes	  around	  1500	  mm3	  within	  the	  same	  time	  frame.	  

Thus,	   future	   experiments	   using	   multiparametric	   ultrasonic	   imaging	   to	   search	   for	   tumor	  
modifications	   due	   to	   the	   combined	   effect	   of	   sonosensitization	   with	   cytotoxic	   drugs	   should	   use	   a	  
tumor	  model	  with	  a	  slower	  growth	  rate.	  Preliminary	  experiments	  will	  also	  be	  needed	  to	  assess	  the	  
optimal	  dose	  of	  drug	  in	  the	  new	  tumor	  model	  for	  the	  combination	  with	  sonosensitization.	  Moreover,	  
histology	  at	  different	  time	  points	  of	  tumor	  development	  will	  be	  required	  to	  provide	  a	  more	  precise	  
interpretation	  of	  the	  in	  vivo	  parameters	  measured	  with	  ultrasonography.	  
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VII.	  Discussion	  and	  Conclusions:	  Perspectives	  for	  diagnosis	  and	  therapy	  
	  

Two	   important	  approaches	   in	   the	   fight	  against	  cancer	  have	  been	  addressed	   in	   this	   thesis.	  The	  
first	   concerns	   improvement	   of	   diagnosis	   through	   more	   sensitive	   detection	   and	   better	  
characterization	  of	  the	  TME	  using	  emerging	  ultrasonic	  methods.	  The	  second	  concerns	  the	  evaluation	  
of	   changes	   in	   the	   TME	   to	   better	   monitor	   and	   understand	  modifications	   of	   the	   TME	   produced	   by	  
different	   types	   of	   therapeutic	   approaches.	   After	   the	   presentation	   of	   tumor	   biology	   (Chapter	   II),	   a	  
range	   of	   techniques	   able	   to	   characterize	   the	   tumor	   at	   different	   scales	   (anatomic,	   molecular	   and	  
physiologic)	   was	   reviewed	   in	   Chapter	   III.	   In	   principle,	   by	   combining	   information	   from	   biomarkers	  
extracted	  from	  several	   imaging	  modalities,	  a	  more	  precise	  characterization	  of	  tumor	  tissues	  should	  
be	  obtainable.	   In	  Chapter	  V,	   a	  multiparametric	   study	  based	  on	   three	  ultrasound	  modalities	   (CEUS,	  
SWE,	  QUS)	  revealed	  their	  complementarity	  for	  differentiation	  of	  the	  tumor	  response	  during	  cytotoxic	  
and	   antiangiogenic	   therapies.	   Finally,	   in	   Chapter	   VI,	   SWE	   and	   CEUS	  were	   used	   to	  monitor	   tumors	  
during	  the	  application	  of	  novel	  therapy	  based	  on	  the	  acoustic	  stimulation	  of	  MBs	  at	  low	  mechanical	  
index	   in	   conjunction	   with	   the	   administration	   of	   a	   cytotoxic	   drug.	   To	   conclude	   upon	   the	   work	  
presented	   in	  this	   thesis,	   the	  future	  of	   the	  techniques	  presented	   in	  this	   thesis	  will	  be	  discussed	  and	  
considered	  with	  respect	  to	  other,	  emerging	  and	  innovative	  approaches	  for	  early	  detection	  of	  cancer	  
and	  the	  enhancement	  of	  therapy.	  	  

VII.1.	  Emerging,	  innovative	  techniques	  to	  provide	  earlier	  detection	  of	  cancer	  

Early	  detection	   is	  critical	   in	  patient	  outcome.	  For	  example,	   in	   the	  context	  of	  colorectal	  cancer,	  
Table	  I	  summarizes	  the	  relation	  between	  the	  cancer’s	  stage	  at	  diagnosis	  and	  the	  5-‐year	  survival	  rate	  
of	  patients.	  	  A	  strong	  increase	  of	  patient	  survival	  is	  revealed	  when	  cancers	  are	  detected	  in	  the	  early	  
phases	  of	  development.	  

	  

Cancer	  stage	  
5-‐year	  survival	  rate	  
after	  diagnosis	  

Stage	  I,	  superficial	  lesion	  in	  the	  wall	  of	  
intestine	  

94%	  

Stage	  II,	  deeper	  lesion	  may	  spread	  to	  
surrounding	  organs	  

80%	  

Stage	  III,	  Lymph	  nodes	  near	  colon	  are	  
invaded	  

47%	  

Stage	  IV,	  metastasis	  disseminated	  in	  the	  
organism	  

5%	  

Table	  I:	  Relation	  between	  cancer	  stage	  at	  detection	  and	  the	  5-‐year	  survival	  rate	  for	  colorectal	  cancer.	  Data	  
from	  Francim	  (réseau	  français	  des	  registres	  du	  cancer)	  2007.	  

The	  established	  RESIST	  criterion	  relies	  on	  the	  modification	  of	  tumor	  size	  but	  certain	  therapeutic	  
approaches	  modify	  other	  aspects	  of	   the	  TME	  prior	   to	  size	   regression.	  For	  example,	  CEUS	  has	  been	  
demonstrated,	  in	  several	  studies	  (Lamuraglia	  et	  al.	  2010;	  Lassau	  et	  al.	  2014;	  Williams	  et	  al.	  2011),	  to	  
provide	   earlier	   detection	   of	   anti-‐angiogenic	   effect.	   Such	   sensitivity	   to	   anti-‐angiogenic	   changes	  was	  
also	  demonstrated	  by	   the	   results	  presented	   in	  Chapter	  V	   (Figure	  5).	  The	  underlying	  changes	   in	   the	  
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TME	  leading	  to	  modifications	  of	  the	  QUS	  (ESD)	  and	  SWE	  parameters	  further	  enabled	  the	  detection	  of	  
different	  modifications	  in	  the	  tumor	  due	  to	  the	  antiangiogenic	  drug	  compared	  to	  a	  cytotoxic	  drug.	  

Cancer	   diagnosis	   is	   advancing	   towards	   the	   development	   of	   even	  more	   non-‐invasive	   tools	   for	  
ever	  more	   sensitive	   and	   accurate	   diagnosis	   of	   tumors.	   These	   developments	   are	   associated	  with	   a	  
dematerialization	   of	   data	   that	   will	   enable	   the	   centralization	   of	   data	   and	   thus	   will	   provide	   the	  
possibility	   to	   study	  pathologies	  on	   a	   larger	   scale.	   Some	  of	   these	  emerging	   and	  highly	  non-‐invasive	  
markers	  and	  the	  ways	  that	  these	  markers	  can	  be	  integrated	  into	  the	  clinical	  decision	  making	  process	  
are	  described	  in	  the	  following	  paragraphs.	  	  

VII.1.1.	  Detection	  of	  Circulating	  tumor	  cells	  (CTC)	  

A	  French	  team	  has	  developed	  a	  technique	  named	  ISET	  (isolation	  by	  size	  of	  epithelial	  tumor	  cells)	  
that	  enables	  counting,	  immuno-‐morphological	  analysis	  and	  molecular	  characterization	  of	  circulating	  
tumor	  cells	  (CTCs)	  present	   in	  the	  patient’s	  blood	  (Vona	  et	  al.	  2000).	  Using	  this	  technique,	  epithelial	  
tumor	   cells	   (carcinoma)	  which	   are	   larger	   in	   size	   as	   compared	   to	   peripheral	   blood	   leukocytes25	  are	  
isolated	  by	   filtration.	  Vona	  and	  colleagues	   (2000)	  have	   shown	   that	   ISET	  assays	   can	  detect	  a	   single,	  
micropipetted,	   tumor	  cell	  within	  1	  ml	  of	  blood.	  Since	  captured	  CTCs	  remain	   intact,	  subsequent	  cell	  
cultures	  can	  be	  performed	  to	  test	  different	  chemotherapeutic	  agents.	  	  

The	   main	   application	   of	   CTC	   detection	   in	   the	   blood	   of	   patients	   with	   cancer	   resides	   in	   the	  
prediction	   of	   clinical	   outcome	   and	   the	   dissemination	   of	   metastasis.	   Indeed,	   circulating	   tumor	   cell	  
levels	   were	   prospectively	   demonstrated	   to	   be	   an	   independent	   prognostic	   factor	   in	   patients	   with	  
advanced	  breast,	  prostate	  and	  colorectal	  cancers	  treated	  by	  conventional	  and/or	  hormonal	  therapy	  
(Cohen	  et	  al.	  2008;	  Cristofanilli	  et	  al.	  2004;	  De	  Bono	  et	  al.	  2008).	  	  

The	   ability	   to	   detect	   CTCs	   in	   the	   bloodstream	   of	   patients	   before	   they	   develop	   a	   cancer	  
represents	   a	   new	   paradigm	   in	   the	   diagnosis	   of	   cancer	   that	   could	   significantly	   improve	   patient	  
survival.	   Recently,	   ISET	   assay	   has	   been	   applied	   to	   predict	   cancer	   evolution.	   Chronic	   obstructive	  
pulmonary	  disease	  (COPD)	  represents	  a	  risk	  factor	  for	  the	  development	  of	  lung	  cancer.	  A	  study	  was	  
performed	   by	   Ilie	   and	   colleagues	   (2014)	   with	   245	   subjects	   without	   cancer,	   including	   168	   (68.6%)	  
COPD	   patients,	   and	   77	   subjects	  without	   COPD	   (31.4%),	   including	   42	   control	   smokers	   and	   35	   non-‐
smoking	  healthy	  individuals.	  Results	  revealed	  that	  CTCs	  were	  detected	  in	  3%	  of	  COPD	  patients	  (5	  out	  
of	   168	   patients).	   An	   annual	   surveillance	   of	   the	   CTC-‐positive	   COPD	   patients	   was	   performed	   with	  
thorax	  CT-‐scan	  screening	  potential	   lung	  nodules.	  The	  annual	   control	  enabled	   the	  detection	  of	   lung	  
nodules	   from	   1	   to	   4	   years	   after	   CTC	   detection	   that	   allowed	   a	   prompt	   surgical	   resection	   and	  
histopathological	  diagnosis	  of	  early-‐stage	  lung	  cancer.	  

VII.1.2.	  Detection	  of	  Volatile	  organic	  compounds	  	  

Exhaled	   breath	   includes	   small	   inorganic	   compounds,	   such	   as	   NO,	   O2,	   CO2,	   volatile	   organic	  
compounds,	  VOCs	   (hydrocarbons,	   alcohols,	   ketones,	   aldehydes,	   esters)	   and	  nonvolatile	   substances	  
such	  as	   isoprostanes,	  cytokines,	   leukotrienes	  and	  hydrogen	  peroxide,	  which	  can	  be	  found	  in	  breath	  
condensate	  (Montuschi	  et	  al.	  2002).	  Approximately	  3000	  different	  VOCs	  have	  been	  detected	  at	  least	  
once	  in	  human	  breath,	  and	  most	  breath	  samples	  contain	  more	  than	  200	  VOCs	  (Phillips	  et	  al.	  1999a;	  
Phillips	  et	  al.	  1999b;	  Teshima	  et	  al.	  2005).	  The	  VOC	  profile	  in	  patients	  suffering	  from	  certain	  diseases	  

                                            
25	  Peripheral	  blood	  leukocytes	  correspond	  to	  mature	  leukocytes	  that	  circulate	  in	  the	  blood,	  rather	  than	  those	  
remaining	  localized	  in	  specific	  organs.	  
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is	  different	  from	  the	  normal	  VOC	  profile	  (Buszewski	  et	  al.	  2007).	  Based	  on	  this	  principle,	  some	  teams	  
have	  investigated	  the	  ability	  of	  dogs	  to	  detect	  tumors	  based	  on	  the	  scent	  of	  the	  breath	  exhaled	  by	  
patients.	  Other	  groups	  have	  sought	  more	  technologically	  advanced	  techniques	  such	  as	  the	  nanoscale	  
artificial	  nose	  to	  monitor	  VOCs	  in	  the	  breath.	  	  

VII.1.2.1	  Dogs	  trained	  to	  detect	  the	  scent	  of	  cancer	  

The	  size	  of	  the	  olfactory	  area	  used	  to	  analyze	  air	  molecules	  is	  around	  3	  cm2	  for	  humans	  (≈	  6	  
million	   receptors)	   versus	   130	   cm2	   for	   dogs	   (≈	   300	  million	   receptors)	   (Tyson	   2012).	  McCulloch	   and	  
colleagues	   (2006)	   have	   investigated	   the	   ability	   of	   dogs	   to	   detect	   and	   differentiate	   early-‐	   and	   late-‐
stage	  lung	  and	  breast	  cancers.	  After	  a	  phase	  of	  training,	  they	  performed	  double	  blind	  experiments	  in	  
which	   dogs	   had	   the	   opportunity	   to	   sniff	   breath	   samples	   from	   each	   subject	   and	   each	   control.	   The	  
results	  of	   the	   study	   revealed	   that,	   among	   lung	   cancer	  patients	   (N	  =	  55)	   and	   controls	   (N	  =	  83),	   the	  
overall	  sensitivity26	  of	  canine	  scent	  detection	  compared	  to	  biopsy-‐confirmed	  conventional	  diagnosis	  
was	   0.99	   and	   the	   overall	   specificity27	  0.99.	   Among	   breast	   cancer	   patients	   (N	   =	   31)	   and	   controls,	  
sensitivity	  was	  0.88	  and	  specificity	  0.98.	  Moreover,	  sensitivity	  and	  specificity	  were	  similar	  across	  all	  4	  
stages	  of	  both	  diseases.	  Using	  a	  similar	  protocol,	  Ehmann	  et	  al.	  (2012)	  showed	  that	  dogs	  were	  able	  to	  
detect	   lung	   cancer	  with	   an	   overall	   sensitivity	   of	   71	  %	   and	   a	   specificity	   of	   93	  %.	   A	   detailed	   review	  
presents	  findings	  of	  various	  studies	  and	  suggest	  that	  dogs	  are	  able	  to	  detect	   lung,	  breast,	  prostate,	  
ovarian,	   and	   melanoma	   cancers	   by	   smelling	   skin	   lesions,	   urine,	   exhaled	   breath,	   and	   surgically	  
extracted	  tumors	  (Moser	  and	  McCulloch	  2010).	  	  

VII.1.2.2	  The	  nanoscale	  artificial	  nose	  (NA-‐NOSE)	  

Based	  on	  the	  ability	  of	  dogs	  to	  smell	  specific	  molecules,	  several	  research	  teams	  have	  developed	  
techniques	   that	  enable	   the	  detection	  of	  molecules	  exhaled	   from	  patient.	  Today,	  only	  a	   few	  breath	  
tests	   are	   currently	   practiced	   in	   the	   clinic	   (Buszewski	   et	   al.	   2007).	   This	   situation	   is	   primarily	   a	  
consequence	   of	   the	   technological	   difficulties	   in	   the	   detection	   of	   trace	   amounts	   of	   disease-‐related	  
VOCs	  within	  a	  complex	  exhaled	  breath	  sample.	  An	  additional	  reason	  for	  this	  situation	  is	  that	  the	  wide	  
variety	   of	   implemented	   techniques	   has	   led	   to	   a	  major	   standardization	   problem	   in	   the	   field.	  Many	  
methods	  are	  still	  in	  the	  developmental	  phase	  and,	  therefore,	  their	  use	  is	  confined	  to	  research.	  Other,	  
established	  analytical	  approaches	  exist,	  such	  as	  mass	  spectrometry,	  but	  these	  tools	  suffer	  from	  high	  
costs,	  complexity,	  and	  require	  trained	  personnel	  for	  their	  operation	  (Konvalina	  and	  Haick	  2014).	  

Haick	  and	  co-‐workers	  recently	  designed	  a	  nanoscale	  artificial	  nose	  (NA-‐NOSE,	  Figure	  1)	  that	  aims	  
to	   reproduce	   the	   sensitivity	  of	   dog	   scent.	   The	  nanoscale	   size	  of	   sensors	   (organically	   functionalized	  
carbon	  nanotubes	  and	  gold	  nanoparticles)	  provides	  them	  with	  several	  benefits	  such	  as	  large	  surface-‐
to-‐volume	   ratio	  and	  unique	   chemical,	  optical,	   and	  electrical	  properties.	  Using	   this	  device,	  Xu	  et	   al.	  
(2013)	  have	  investigated	  the	  possibility	  to	  detect	  and	  stage	  gastric	  cancer	  (GC)	  in	  patient.	  They	  used	  
this	   nanomaterial-‐based	   sensor	   to	   analyze	   exhaled	   breath	   samples	   from	   130	   patients	  with	   gastric	  

                                            
26	  In	   a	   binary	   classification	   test	   four	   cases	   are	   possible.	   In	   the	   context	   of	   the	   detection	   of	   illness	   the	   four	  
configurations	   are	   the	   following:	   sick	   people	   correctly	   diagnosed	   as	   sick	   (true	   positive,	   TP),	   healthy	   people	  
incorrectly	   identified	  as	  sick	   (false	  positive,	  FP),	  healthy	  people	  correctly	   identified	  as	  healthy	  (True	  negative,	  
TN)	  and	  sick	  people	  incorrectly	  identified	  as	  healthy	  (false	  negative,	  FN).	  Sensitivity	  measures	  the	  proportion	  of	  
actual	  positives	  which	  are	  correctly	  identified	  as	  such.	  Sensitivity	  =	  TP/(TP+FN).	  
27 	  Specificity	   measures	   the	   proportion	   of	   negatives	   which	   are	   correctly	   identified	   as	   such.	   Specificity	   =	  
TN/(TN+FP)	  
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complaints.	  For	  the	  study,	  they	  developed	  a	  predictive	  model	  based	  on	  discriminate	  factor	  analysis	  
(DFA)	  pattern	   recognition	  which	  was	   revealed	   to	  be	   robust	   to	   confounding	   factors	   such	  as	  alcohol	  
and	   tobacco	   consumption.	   Final	   results	   indicate	   an	  excellent	  discrimination	  between	   the	   following	  
subpopulations:	   GC	   vs	   benign	   gastric	   conditions,	   among	   all	   the	   patients	   (89%	   sensitivity;	   90%	  
specificity);	  early	  stage	  GC	  (I	  and	  II)	  vs	  late	  stage	  (III	  and	  IV),	  among	  GC	  patients	  (89%	  sensitivity;	  94%	  
specificity);	  and	  ulcer	  vs	  less	  severe,	  among	  benign	  conditions	  (84%	  sensitivity;	  87%	  specificity).	  The	  
same	  NA-‐NOSE	  device	  has	  presented	  conclusive	  results	  in	  the	  early	  detection	  of	  head-‐and-‐neck,	  lung,	  
colorectal,	  breast	  and	  prostate	  cancer	  (Hakim	  et	  al.	  2011;	  Peng	  et	  al.	  2010).	  	  

This	  technology	  can	  be	  used,	  not	  only	  for	  the	  diagnosis	  of	  carcinoma	  but	  it	  can	  also	  be	  applied	  to	  
identify	  Alzheimer’s	  disease	  (AD)	  and	  Parkinson’s	  disease	  (PD).	  The	  results	  of	  the	  study	  performed	  by	  
Tisch	  and	  co-‐workers	  (2012)	  revealed	  that	  the	  nano-‐sensor	  could	  clearly	  distinguish	  AD	  from	  healthy	  
states,	  PD	   from	  healthy	  states,	  and	  AD	   from	  PD	  states,	  with	  a	  classification	  accuracy	  of	  85,	  78	  and	  
84%,	  respectively.	  	  

Haick	  and	  co-‐workers	  raised	  around	  35	  M€	  and	  plan	  to	  commercialize	  their	  NA-‐NOSE	  device	  in	  
2020,	   it	   will	   cost	   around	   8	   €	   and	   will	   be	   a	   connected	   device	   meaning	   that	   the	   analysis	   could	   be	  
remotely	  transmitted	  to	  the	  physician.	  Such	  inexpensive	  biosensors	  could	  contribute	  to	  the	  current	  
development	  of	  telemedicine	  (telehealth)	  and	  “self-‐monitoring“.	  	  	  	  	  
	   	  

	  
Figure	   1:	  Diagram	   of	   the	   NA-‐NOSE	   device.	   Patients	   breath	   into	   the	   device	   and	   nano-‐wires	   analyze	   exhaled	  
molecules.	  	  	  
	  

VII.1.3.	  Biosensors	  &	  telemedicine	  	  

A	   target	   of	   telehealth	   is	   to	   maintain	   or	   improve	   the	   health	   of	   people	   outside	   the	   normal	  
healthcare	   infrastructure.	   A	   modern	   paradigm	   in	   healthcare,	   and	   one	   which	   fits	   perfectly	   with	  
telehealth,	  is	  “personal	  self-‐monitoring”.	  This	  is	  associated	  with	  the	  concept	  of	  the	  “personal	  health	  
record”.	  One	   factor	   in	  maintaining	   health	   is	   to	  monitor	   physiological	   parameters;	   this	   is	   of	   course	  
especially	   important	   in	   people	   with	   chronic	   disease	   such	   as	   diabetes	   or	   heart	   disease.	   Many	  
physiologic	   parameters	   can	   be	   monitored	   including	   blood	   pressure	   (Tran	   2009),	   pulse	   rate,	  
temperature,	  weight,	  blood	  glucose	  (Greenwood	  et	  al.	  2014),	  oxygen	  saturation,	  electrocardiogram	  
(Chen	   et	   al.	   2014;	   Leijdekkers	   and	   Gay	   2006).	   In	   a	   paper	   by	   Simon	   and	   Seldon	   (2012),	   the	  
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implementation	  of	  standards	  for	  data	  acquisition,	  storage	  and	  transmission	  is	  described	  in	  order	  to	  
maximize	  the	  compatibility	  among	  disparate	  components.	  	  

Recent	   technological	  advances	  have	  provided	  wearable	  biosensors	   that	  enable	   the	  continuous	  
monitoring	   of	   vital	   functions	  with	   the	   capability	   to	   send	  warning	   signal	   to	   health	   centers	   that	   can	  
geolocalize	   the	   patient	   (Patel	   et	   al.	   2012).	   Some	   biosensors	   can	   provide	   accurate	   monitoring	   of	  
multiple	  biotargets	  including	  viruses	  (Human	  Immunodeficieny	  Virus-‐1),	  bacteria	  (Escherichia	  coli	  and	  
Staphylococcus	  aureus),	  and	  cells	  (CD41+	  T	  lymphocytes)	  from	  fingerprick	  volumes	  of	  blood	  (Shafiee	  
et	  al.	  2015).	  	  

Diagnosis	   of	   cancer	   can	   also	   be	   integrated	   into	   self-‐monitoring	   and	   telehealth	   approaches.	  
Sadeghi	   and	   co-‐workers	  have	  developed	  a	   tool	  based	  on	   the	  paradigm	  of	   self-‐monitoring	   that	   can	  
help	   in	  the	  detection	  of	  melanoma,	  basal	  cell	  carcinoma	  (BBC)	  and	  squamous	  cell	  carcinoma	  (SCC).	  
The	   electronic	   device	   (MoleScope®,	   Metaoptima,	   Vancouver,	   Canada)	   is	   made	   of	   a	   lens	   that	   can	  
capture	   a	  mole	   image	   using	   a	   smartphone.	   Images	   are	   processed	  with	   an	   algorithm	   analyzing	   the	  
appearance	   of	   detected	   streak	   lines	   (Sadeghi	   et	   al.	   2013).	   Finally	   images	   of	   the	   moles	   and	   the	  
associated	   classification	   are	   sent	   to	   a	   dermatologist.	   This	   procedure	   can	   be	   easily	   reproduced	  
enabling	  a	  longitudinal	  follow-‐up	  of	  moles	  that	  present	  suspicious	  morphologic	  patterns.	  	  
	  

	  
Figure	  2:	  MoleScope	  device	  used	  in	  the	  characterization	  of	  moles.	  The	  MoleScope	  device	  has	  to	  be	  attached	  
to	  a	   smartphone.	  The	  user	   can	   take	   images	  of	  moles.	  An	  algorithm-‐based	  application	   is	   then	  used	   to	  detect	  
specific	   patterns	   related	   to	   the	  morphology	  of	   dangerous	  moles.	   Finally,	   images	   are	   sent	   to	   a	  dermatologist	  
that	  can	  perform	  longitudinal	  follow-‐up	  of	  the	  morphology	  of	  the	  suspicious	  moles.	  	  
	  

VII.1.4	  Image-‐based	  evaluation	  of	  the	  TME	  

Once	  a	  cancer	  has	  been	  detected	  at	  an	  early	  stage,	  it	  will	  remain	  necessary	  to	  localize	  and	  follow	  
any	  detectable	  tumors	  using	  the	  imaging	  modalities	  available	  in	  clinic.	  When	  a	  tumor	  is	  big	  enough,	  
biopsy	  may	  be	  performed	  to	  characterize	  the	  type	  and	  the	  stage	  of	  cancer.	  Innovative	  in	  vivo	  imaging	  
techniques	  need	  also	  to	  be	  in	  place	  that	  can	  provide	  robust,	  non-‐invasive	  information	  concerning	  the	  
status	  of	  the	  TME,	  tumor	  physiology	  and	  immune	  aspects.	  	  The	  work	  presented	  in	  Chapter	  V	  provides	  
an	  example	  of	  such	  an	  in	  vivo	  approach	  by	  which	  the	  tumor	  stiffness	  (SWE)	  assessment	  of	  the	  level	  of	  
fibrosis	   and	   the	   functional	   (CEUS)	   assessment	   of	   the	   tumor	   microvessel	   distribution	   enabled	   the	  
distinction	  between	  antiangiogenic	  and	  cytotoxic	  therapeutic	  responses.	  As	  described	  in	  Chapter	  III,	  
a	   wide	   range	   of	   innovative	   techniques	   based	   on	   CT,	   TEP,	   SPECT,	   MRI,	   optical	   (pre-‐clinical)	   and	  
ultrasound	   imaging	   modalities	   are	   being	   developed	   to	   more	   precisely	   follow	   tumor	   changes	   at	  
different	   scales:	  molecular,	   physiologic,	   anatomic.	   In	   the	   future,	   information	   obtained	   via	  multiple	  
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imaging	   modalities,	   will	   need	   to	   be	   analyzed	   together	   and	   will	   need	   to	   be	   better	   related	   to	   the	  
modifications	  they	  reflect	  in	  the	  TME.	  

This	  is	  no	  easy	  task.	  As	  described	  in	  Chapter	  II,	  tumor	  development	  is	  a	  complex	  process	  resulting	  
from	  a	  large	  range	  of	  molecular	  and	  physical	  interactions.	  Despite	  this,	  novel	  research	  is	  underway	  to	  
better	   understand	   and	   model	   the	   process.	   For	   example,	   Macklin	   and	   colleagues	   (2009)	   have	  
developed	   a	   multiscale	   and	   nonlinear	   model	   that	   simulates	   vascular	   tumor	   growth.	   This	   model	  
requires	  information	  about	  necrotic,	  hypoxic	  and	  proliferative	  areas	  in	  the	  tumor	  and	  also	  considers	  
interactions	  that	  occur	  within	  the	  TME.	  Using	  their	  model,	  they	  were	  able	  to	  simulate	  maps	  of	  tumor	  
oxygenation,	   intra-‐tumor	   pressure,	   microvessels	   sprouting,	   the	   level	   of	   hematocrit	   and	   tumor	  
growth.	   The	   main	   limitation	   of	   the	   cited	   work	   is	   that	   simulations	   are	   based	   on	   data	   acquired	  
invasively	   and	   are	   not	   compared	   with	   any	   in	   vivo	   data.	   Ultimately,	   it	   should	   be	   possible	   to	  
characterize	   specific	   characteristics	   of	   the	   TME	   (e.g.	   hypoxia,	   necrosis,	   blood	   perfusion	   and	  
interstitial	   pressure)	   with	   in	   vivo	   imaging	   and	   then	   use	   these	   characteristics	   as	   input	   for	   a	  
mathematical	  model	  predicting	  tumor	  development.	  	  Such	  a	  mathematical	  model	  would	  furthermore	  
provide	   an	   analytical	   means	   to	   gather	   multi-‐scale,	   image-‐based	   data	   for	   the	   evaluation	   of	   tumor	  
development.	  	  

VII.2.	  	  Emerging,	  innovative	  techniques	  to	  enhance	  the	  therapeutic	  effect	  

As	  described	  in	  Chapter	  II,	  tumor	  development	  depends	  strongly	  on	  the	  surrounding	  TME.	  The	  
specific	  tumor	  physiology	  results	  from	  molecular	  interactions	  between	  tumor	  cells,	  endothelial	  cells,	  
immune	  cells	  and	  others	  components	  of	  the	  ECM.	  The	  characterization	  of	  the	  heterogeneous	  TME	  in	  
terms	  of	   local	  blood	  supply,	  oxygenation,	   tissue	  viability,	  acidity	  and	   IFP	   is	   crucial	   to	  better	  assess,	  
predict	   and	   adapt	   therapeutic	   strategies.	   Imaging	   techniques	   should	  hold	   a	   privileged	  place	   in	   the	  
future	  of	  such	  therapeutic	  guidance.	   	  In	  the	  context	  of	  cancer	  therapy,	  techniques	  based	  on	  ionizing	  
radiation,	  ultrasound	  waves,	  photons	  or	  other	  particles	  have	  recently	  arrived	  in	  the	  clinic	  or	  still	  are	  
in	   development.	   To	   reduce	   undesirable	   effects	   on	   surrounding	   healthy	   tissues	   and	   to	   more	  
effectively	  destroy	  tumor	  cells	  throughout	  the,	  often	  heterogeneous	  TME	  many	  techniques	  applying	  
local	   physical	   interactions	   with	   the	   tumor	   are	   under	   development.	   In	   the	   following	   sections,	   the	  
state-‐of-‐the-‐art	   for	   several	   emerging	   therapeutic	   techniques	   that	   seek	   to	   more	   fully	   consider	   the	  
local	   TME	  or	   even	   to	  modify	   the	   TME	   to	   enhance	   therapy	   are	  briefly	   considered.	   	   In	   particular,	   in	  
Section	   VII.2.4,	   research	   performed	   during	   this	   thesis	   with	   a	   novel	   therapeutic	   approach,	   non-‐
thermal	  plasma,	  is	  described.	  	  

In	   Section	   6.3	   of	   Chapter	   II	   different	   strategies	   to	   treat	   cancer	  were	   presented.	   Conventional	  
cancer	   therapies	   consist	   in	   using	   chemotherapeutic	   agents	   that	   can	   be	   associated	   with	   radiation-‐
therapy	  and/or	  surgical	  debulking.	  A	  wide	  range	  of	  new	  therapeutic	  molecules	  that	  target	  different	  
compartments	  of	   the	  TME	  such	  as	   the	  ECM,	  vasculature	  or	   immune	  system	  are	  undergoing	  clinical	  
trials	   (Junttila	   and	   de	   Sauvage	   2013).	   Several	   therapies	   based	   on	   physical	   interactions	  with	   tumor	  
tissues	  are	  already	  used	   in	   the	  clinic.	  For	  example,	   radiotherapy	  alters	   tumor	  cell	  DNA	  by	  exposing	  
cells	   to	   photons	   of	   high	   energy	   (gamma	   rays,	   ranging	   from	   300keV	   to	   25MeV	   depending	   on	   the	  
source	   and	   the	   setup).	   Unfortunately,	   energy	   is	   also	   delivered	   to	   the	   surrounding	   healthy	   tissues.	  
Setups	   with	   specific	   architectures	   such	   as	   multi-‐leaf	   collimators	   (MLC)	   (Ge	   et	   al.	   2014),	   intensity-‐
modulated	   radiation	   therapy	   (IMRT)	   (Guha	   et	   al.	   2012)	   and	   image	   guided	   radiotherapy	   (IGRT)	  
(Zelefsky	  et	  al.	  2012)	  can	  reduce	  the	  radiotherapy	  delivered	  to	  healthy	  tissues.	  Hadron	  particles	  such	  
as	  protons	  and	  positive	  ions	  can	  also	  degrade	  DNA	  of	  tumor	  cells.	  These	  sources	  of	  radiation	  provide	  
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maximum	   energy	   deposition	   at	   the	   end	   of	   the	   particle	   trajectory,	   thus	   significantly	   reducing	   the	  
exposition	   of	   healthy	   tissues	   to	   radiation	   (Figure	   3)	   (Hamada	   et	   al.	   2010;	   Hegelich	   et	   al.	   2006;	  
Paganetti	  and	  Bortfeld	  2005).	  	  

	  
Figure	  3:	  Diagram	  of	  the	  relationship	  between	  radiation	  dose	  delivered	  and	  penetration	  depth	  in	  biological	  
tissue	  for	  different	  sources	  of	  radiation.	  The	  advantage	  of	  protons	  and	  positive	  ions	  in	  the	  treatment	  of	  tumor	  
is	  that	  maximum	  radiation	  dose	   is	  delivered	   in	  tumor	  tissues	  whereas	  for	  conventional	  radiotherapy	  (gamma	  
and	   X-‐rays)	   a	   non-‐negligible	   amount	   of	   radiation	   reaches	   healthy	   tissues.	   Nevertheless,	   sources	   of	   hadron	  
particles	  are	  not	  easily	  accessible	  and	  represent	  high	  cost	  for	  therapy	  centers.	  

VII.2.1.	  High	  intensity	  focused	  ultrasound	  (HIFU)	  

High	  intensity	  focused	  ultrasound	  (HIFU)	  provides	  local	  deposition	  of	  acoustic	  energy	  within	  the	  
body,	  which	  can	  cause	  tissue	  necrosis	  and	  hemostasis.	   In	  the	  focused	  ultrasound	  field,	  the	  acoustic	  
intensity	  is	  sufficiently	  low	  near	  the	  transducer	  so	  that	  tissues	  are	  unharmed.	  In	  the	  focal	  volume,	  the	  
intensity	   is	   much	   higher	   and	   absorption	   of	   the	   acoustic	   field	   is	   significant	   enough	   to	   thermally	  
denature	   tissue	   proteins.	   Bailey	   et	   al.	   (2003)	   reviewed	   different	   uses	   of	   HIFU	   in	   the	   context	   of	  
therapy	   including	   hemostasis,	   surgery,	   and	   stimulation	   of	   the	   immune	   response.	   HIFU	   is	   currently	  
used	  in	  the	  clinic	  for	  various	  applications	  including	  the	  treatment	  of	  prostate	  cancer.	  Poissonnier	  et	  
al.	  (2007)	  evaluated	  the	  results	  of	  HIFU	  treatments	  of	  localized	  prostate	  cancer	  in	  277	  patients.	  	  

Recently,	   it	   was	   shown	   that	   coupling	   HIFU	   treatment	  with	  MR	   guidance	   enabled	   transcranial	  
ablation	  of	  tumors.	  Collucia	  and	  co-‐workers	  (2014)	  reported	  a	  successful	  application	  of	  noninvasive	  
transcranial	   HIFU	   for	   partial	   brain	   tumor	   ablation	   in	   a	   patient	   suffering	   from	   a	   centrally	   located	  
malignant	  glioma.	  They	  used	  a	  setup	  (Martin	  et	  al.	  2009),	  made	  of	  1024	  transducers	  with	  a	  central	  
frequency	  of	  650	  kHz	  to	  generate	  a	  focal	  spot	  with	  a	  submillimetric	  resolution.	  Before	  performing	  the	  
non-‐invasive	  surgery,	  they	  acquired	  high-‐resolution	  CT	  data	  of	  the	  patient’s	  head	  that	  was	  registered	  
to	   the	   MR	   images	   for	   subsequent	   acoustic	   modeling	   and	   correction	   of	   skull-‐induced	   acoustic	  
distortions.	  As	  shown	   in	  Figure	  4,	  MR	   images	  acquired	   immediately	  after	   the	   intervention	  revealed	  
multiple	   isolated	   lesions	   in	   the	   insonified	   tumor	   tissue	   that	  were	   clearly	   visible	   as	   bright	   zones	   in	  
diffusion	   weighted	   images	   (DWI).	   The	   longitudinal	   follow-‐up	   of	   the	   patient	   after	   HIFU	   treatment	  
revealed	   that	   partial	   tumor	   ablation	   could	   be	   achieved	  without	   provoking	   neurological	   deficits	   or	  
other	  adverse	  effects	  in	  the	  patient.	  
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Figure	  4:	  Pre-‐	  and	  post-‐interventional	  MR	  findings	  of	  a	  brain	  tumor	  in	  living	  patient.	  (A,	  B)	  T1-‐weighted	  image	  
depicts	  a	  contrast-‐enhanced	  tumor	  with	  a	  progressive	  necrotic	  center	  in	  the	  post-‐interventional	  follow-‐up	  after	  
5	  days.	  (C)	  Diffusion	  weight	  imaging	  (DWI)	  performed	  30	  min	  after	  intervention	  revealed	  significant	  damage	  to	  
the	  sonicated	  tumor	  tissue.	  Over	  the	  25	  sonications,	  17	  sonications	  reached	  ablative	  temperatures	  >55°C	  with	  
a	  maximum	  of	  65°C.	  Figure	  adapted	  from	  (Coluccia	  et	  al.	  2014).	  
	  

VII.2.2.	  Photodynamic	  therapy	  (PDT)	  

PDT	   is	   a	   photochemistry-‐based	   therapeutic	   modality	   in	   which	   a	   light-‐activatable	   chemical	  
(photosensitizer,	  PS)	   is	  energized	  by	   light	   (600–800	  nm)	  to	  produce	  cytotoxic	  molecular	  species	  via	  
electron	  transfer	  to	  biological	  tissues	  (type	  I	  photosensitization),	  and	  potentially	  indirect	  excitation	  of	  
molecular	   oxygen,	   or	   direct	   energy	   transfer	   to	   molecular	   oxygen	   (type	   II	   photosensitization).	   The	  
main	  feature	  of	  PDT	  is	  its	  intrinsic	  dual	  selectivity	  because	  both	  the	  PS	  and	  light	  must	  be	  present	  for	  
photodamage	  which	  provides	  highly	   localized	  tissue	  damage	  and	  the	  absence	  of	   toxicity	  outside	  of	  
the	   illumination	   field	   (Spring	   et	   al.	   2015).	   PDT	   was	   first	   approved	   in	   1993	   in	   Canada,	   using	   the	  
photosensitizer	  Photofrin	  for	  the	  preventive	  treatment	  of	  bladder	  cancer.	  This	  is	  the	  most	  commonly	  
used	   photosensitizer	   in	   the	   clinic	   today	   and	   it	   is	   used	   in	   a	   wide	   range	   of	   cancers	   such	   as	   gastric,	  
papillary	   bladder,	   cervical,	   oesephageal	   and	   endobroncheal	   (Dolmans	   et	   al.	   2003).	   In	   clinical	   PDT	  
protocols	   with	   Photofrin,	   irradiation	   is	   usually	   performed	   at	   doses	   of	   50–500	   J/cm2,	   and	   many	  
experimental	  studies	  of	  PDT	  commonly	  used	  a	  dose	  of	  approximately	  100	  J/cm2	  (Fang	  et	  al.	  2015).	  
Recent	   developments	   have	   enabled	   these	   PDT	   to	   diagnose	   and	   follow	   treatment	   of	   brain	   tumors	  
(Bechet	  et	  al.	  2014).	  	  

VII.2.3.	  Sonosensitization	  

In	   Chapter	   VI,	   research	   performed	   during	   this	   thesis	   to	   investigate	   the	   ability	   to	   use	  
multiparametric	  ultrasonic	  imaging	  to	  monitor	  efficacy	  of	  sonosensitization	  in	  a	  Lewis	  lung	  carcinoma	  
(chapter	   VI)	   was	   described	   and	   we	   showed	   the	   potential	   enhanced	   effect	   of	   sonosensitization	  
coupled	  with	   cytotoxic	   therapy	   in	   the	  modification	   of	   tumor	   vasculature.	   One	   of	   the	  mechanisms	  
proposed	   to	   describe	   the	   effect	   of	   sonosensitization	   on	   tumor	   cells	   is	   the	  mechanical	   stress	   that	  
repeated	   oscillations	   of	   MBs	   induces	   on	   endothelial	   cells.	   Stressed	   endothelial	   cells	   increase	   the	  
concentration	   of	   ceramide	  present	   in	   the	  membrane.	   This	   is	   known	   to	   play	   a	   role	   in	   the	   signaling	  
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pathways	   of	   apoptosis	   (Al-‐Mahrouki	   et	   al.	   2014).	   It	   was	   shown	   in	   previous	   studies	   that	   the	  
association	  of	  radiotherapy	  with	  sonosensitization	  enhances	  cell	  death	  (delayed	  tumor	  growth)	  and	  
reduces	  the	  tumor	  microvascular	  network	  (Tran	  et	  al.	  2012).	  Because	  sonosensitization	  can	  enhance	  
conventional	  therapy,	  its	  main	  interest	  resides	  in	  the	  reduction	  of	  the	  dose	  of	  administered	  drugs	  to	  
reduce	  their	  toxicity	  effect	  on	  healthy	  tissues.	  

VII.2.4.	  Exposure	  of	  tumors	  to	  cold	  plasma	  

Plasmas	  consist	  of	  an	   ionized	  gas	  that	   is	  generally	  created	  under	  high-‐temperature	  conditions.	  
Recent	  progress	  in	  cold	  atmospheric	  plasmas	  (CAP)	  has	  led	  to	  the	  creation	  of	  cold	  plasmas	  with	  a	  gas	  
temperature	  close	  to	  room	  temperature	  (Fridman	  et	  al.	  2008).	  CAP	  generates	  a	  variety	  of	  ions,	  free	  
radicals,	   excited	   atoms	   and	  molecules,	   UV	   photons,	   and	   reactive	   species	   such	   as	   reactive	   oxygen	  
species	   (ROS)	   and	   reactive	   nitrogen	   species	   (RNS)	   (Pozebon	   et	   al.	   2010;	   Thiyagarajan	   et	   al.	   2012).	  
Previous	  studies	  have	  demonstrated	  the	  non-‐aggressive	  nature	  of	  the	  cold	  plasma:	  it	  can	  be	  applied	  
on	  organic	  materials,	   also	   in	  watery	  environment,	  without	   causing	   thermal/electric	   damage	   to	   the	  
surface	  (Stoffels	  et	  al.	  2002).	  Very	  recent	  research	  demonstrated	  the	  strong	  potential	  of	  cold	  plasma	  
for	  the	  treatment	  of	  cancer	  (Brullé	  et	  al.	  2012;	  Keidar	  et	  al.	  2011;	  Keidar	  et	  al.	  2013;	  Vandamme	  et	  al.	  
2010;	  Vandamme	  et	  al.	  2012;	  Walk	  et	  al.	  2013).	  	  

The	   precise	  mechanism	   of	   action	   of	   plasma	   on	   living	   cells	   remains	   unclear	   and	   controversial.	  
Some	  authors	   suggest	   that	   ion	   species	  play	   the	  most	   important	   role	   in	  plasma-‐cell	   interactions	  by	  
triggering	  intracellular	  biochemistry	  (Dobrynin	  et	  al.	  2009;	  Pei	  et	  al.	  2012;	  Yan	  et	  al.	  2012).	  It	  has	  also	  
been	  proposed	  that	  neutral	  species	  play	  the	  primary	  role	   in	  some	  plasma-‐cell	   interaction	  pathways	  
(Kalghatgi	   et	   al.	   2010).	   It	   has	   been	   shown	   that	   plasma	   can	   have	   ambivalent	   effects	   due	   to	   the	  
different	   ionized	   species	   that	   it	   can	   generate.	   Thus,	   CAP	   can	   either	   lead	   to	   deleterious	   or	   healing	  
effects	  by	  actions	  promoting	  (Oxygen	  O)	  or	  acting	  against	  (Nitric	  oxide,	  NO)	  tumor	  cells	  (Kong	  et	  al.	  
2009).	  The	  roles	  of	  other	  species	  such	  as	  O3	  and	  OH,	  for	  example,	  remain	  unclear.	  
	   During	  the	  final	  year	  of	  my	  thesis	  research,	  a	  partnership	  between	  the	  LIB	  and	  a	  team	  from	  
the	  Laboratory	  of	  Physics	  of	  Plasma	   (LLP)	  was	  created	   to	   investigate	   the	  potential	   to	  monitor	  TME	  
modifications	  during	   therapy	  with	  CAP.	  The	  LLP	  has	  developed	  a	  cold	  plasma	  source	   for	  use	   in	   the	  
animal	   imaging	   laboratory.	   The	   device	   is	  made	   of	   an	   electrode	   surrounded	   by	   a	   dielectric	   barrier	  
(glass).	  Ambient	  air	   is	   ionized	  at	   the	   tip	  of	   the	  glass	  as	   shown	   in	  Figure5-‐B.	  We	  performed	  a	   study	  
using	  this	  source	  to	  treat	  a	  CT26	  colorectal	  ectopic	  tumor	  model.	  A	  group	  of	  35	  mice	  was	  divided	  into	  
three	  homogeneous	  groups	  in	  terms	  of	  tumor	  size:	  a	  placebo	  group	  (N	  =	  11)	  and	  two	  others	  groups	  
that	   received,	   respectively,	  CAP	  exposure	  at	  100	   J/cm2	   (N	  =	  12)	  and	  300	   J/cm2	   (N	  =	  12)	  per	  day	  of	  
therapy.	   Twelve	   days	   after	   tumor	   implantation	   (Vtumor	   =	   70	   ±	   50	   mm3,	   mean	   ±	   SD),	   therapy	   was	  
applied	  for	  5	  consecutive	  days.	  The	  area	  of	  the	  ionized	  atmospheric	  gas	  was	  4	  mm2,	  and	  the	  tumor	  
surface	   (approximation	   of	   the	   surface	   of	   an	   ellipsoid)	   was	   measured	   for	   each	   mouse	   before	   the	  
initiation	   of	   plasma	   treatment.	   The	   number	   of	   treatment	   points	   was	   adapted	   to	   treat	   the	   whole	  
tumor	  surface.	   	  Deposition	  of	  energy	  was	  monitored	   in	   real	   time	  using	  an	  oscilloscope	   to	  measure	  
the	  transmitted	  energy	  between	  the	  two	  electrodes.	  This	  enabled	  the	  adaptation	  of	  the	  duration	  of	  
therapy	  exposure	  for	  each	  point	  of	  treatment	  to	  obtain	  the	  desired	  level	  of	  treatment	  (100	  J/cm2	  or	  
300	  J/cm2).	  	  
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Figure	   5:	   Presentation	   of	   plasma	   jet	   and	   cold	   atmospheric	   plasma	   (CAP).	   A)	   CAP	   based	   on	   an	   electrode	  
surrounded	  by	  a	  dielectric	  medium	  (glass)	  that	  provides	  a	  zone	  of	  ionization	  at	  the	  tip	  of	  the	  glass.	  B)	  For	  the	  
presented	  plasma	  jet,	  helium	  gas	  is	  ionized	  by	  an	  electrode	  before	  being	  expulsed	  through	  a	  tube.	  
	  
	  
At	  baseline	  and	  at	   the	  end	  of	   the	  experiment	   (D+9),	   the	  evolution	  of	   the	   tumor	  volume	   (B-‐mode),	  
tumor	  stiffness	   (SWE)	  and	   tumor	  vascularization	   (CEUS)	  were	  monitored.	  As	  presented	   in	  Figure	  6,	  
for	  matched	  measurement	   days,	   results	   from	   this	   pilot	   study	  did	   not	   reveal	   significant	   differences	  
between	  size,	  stiffness	  or	  functional	  parameters	  of	  the	  tumors	  from	  the	  different	  treatment	  groups.	  
Only	  results	  related	  to	  the	  control	  group	  and	  the	  300	  J/cm2	  group	  are	  presented	  here.	  	  

	  
Figure	  6:	  Tumor	  volume	   functional	  parameters.	  Results	  presented	  for	  CEUS	  and	  SWE	   imaging	  are	  related	  to	  
the	   last	  day	  of	  experiment	  corresponding	  to	  9	  days	  after	   the	   initiation	  of	  plasma	  therapy.	  No	  difference	  was	  
observed	  between	  the	  control	  group	  and	  the	  group	  receiving	  300	  J/cm2.	  
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Future	  experiments	  will	  be	  performed	  using	  a	  newly	  designed	  and	   improved	  treatment	  device	  
with	  a	  higher	  surface-‐area	  for	  each	  treatment	  position	  which	  will	  reduce	  the	  number	  of	  points	  on	  the	  
tumor’s	  surface	   that	  must	  be	   treated.	  The	  LLP	   team	  has	  also	  developed	  a	  plasma	   jet	   (ionization	  of	  
helium	  gas)	  which	  could	  be	  tested	  in	  the	  future	  on	  murine	  tumor	  models	  (Figure	  5-‐B).	  

VII.3.	  Conclusions	  

As	  described	  in	  this	  chapter,	  current	  developments	  in	  the	  field	  of	  cancer	  detection	  and	  therapy	  
are	  moving	  toward	  solutions	  that	  will	  provide	  earlier	  and	  more	  patient-‐adapted	  therapies	  to	  provide	  
more	   efficient	   and	   local	   anti-‐cancer	   effect	   with	   reduced	   side	   effects.	   Multiparametric	   ultrasonic	  
approaches	  can	  be	  expected	  to	  contribute	  significantly	  as	  the	  information	  on	  the	  TME	  provided	  with	  
these	  noninvasive	  parameters	  becomes	  better	  understood.	  	  

Longitudinal	  follow-‐up	  and	  characterization	  of	  tumor	  modifications	  under	  the	  specific	  therapies	  
described	  in	  this	  thesis	  were	  performed	  using	  clinical	  ultrasound	  systems.	  This	   implies	  that	  findings	  
exhibited	   in	   the	   current	   thesis	   should	   contribute	   toward	   the	   interpretation	   of	   similar	   ultrasonic	  
parameters	   measured	   in	   patients.	   Concerning	   shear	   wave	   elastography,	   higher	   values	   of	   stiffness	  
correlate	  with	  a	  greater	  amount	  of	  fibrosis.	  Moreover,	  the	  standard	  deviation	  of	  the	  SWE	  within	  the	  
tumor	   may	   be	   an	   interesting	   index	   for	   the	   characterization	   of	   tumor	   heterogeneity.	   Contrast-‐
enhanced	  ultrasound	  imaging,	  provides	  three	  main	  types	  of	  information:	  the	  evolution	  of	  the	  tumor	  
blood	   volume	   (PE,	   AUC),	   the	   functionality	   of	   tumor	   vasculature	   (TTP,	   MTT,	   WOR,	   WIR)	   and	   the	  
distribution	  of	  perfused	  and	  unperfused	  areas.	  Moreover,	  during	  the	  late	  phase	  of	  the	  passage	  of	  the	  
MB	   bolus,	   areas	   that	   remain	   unperfused	   are	   strongly	   correlated	   with	   necrotic	   tissues.	   Further	  
experiments	   are	   still	   required	   to	  more	   precisely	   relate	   histological	  markers	  with	   in	   vivo	   ultrasonic	  
imaging	  parameters.	   Information	  about	   the	  dynamic	  perfusion,	  blood	  volume,	  necrotic	  and	  fibrotic	  
areas	   should	   provide	   pertinent	   input	   data	   for	   mathematical	   models,	   such	   as	   the	   one	   mentioned	  
briefly	  in	  Section	  VII.I.4,	  in	  order	  to	  predict	  tumor	  evolution.	  

More	  specific	  and	  targeted	  therapies	  are	  under	  development	  to	  better	  preserve	  healthy	  tissues	  
while	   intensifying	   the	   anti-‐tumoral	   effect.	   The	   approach	   based	   on	   sonosensitization	   that	   was	  
evaluated	   during	   this	   thesis	   presents	   the	   advantage	   that	   relies	   on	   devices	   and	   agents	   (UCA	   and	  
chemotherapy)	   that	   are	   already	   used	   in	   the	   clinic.	   Thus,	   once	   conclusive	   results	   are	   obtained	   in	  
preclinical	   studies,	   transfer	   of	   sonosensitization	   to	   improve	   therapy	   in	   patients	   could	   be	   relatively	  
straightforward.	   Eventual,	   clinical	   applications	   of	   cold	   plasma	   in	   tumor	   treatment	   will	   be	   less	  
straight-‐forward	   and	   potential	   applications	   are	   limited	   to	   superficially	   accessible	   cancers	   such	   as	  
those	  localized	  at	  the	  surface	  of	  the	  body	  (skin)	  or	  mucous	  membrane	  (mouth).	  	  	  

The	  non-‐invasive	  nature	  of	  ultrasonic	  techniques	  lends	  itself	  well	  to	  regular	  screening	  in	  “at-‐risk”	  
patients.	   Ultrasound	   also	   offers	   significant	   advantages	   in	   terms	   of:	   the	   real-‐time	   nature,	   the	  
complementary	  information	  provided	  by	  different	  parameters	  (CEUS,	  SWE,	  QUS)	  and	  the	  capacity	  to	  
acoustically	   stimulate	   effects	   such	   as	   the	   sonosensitization.	   The	   work	   presented	   in	   this	   thesis	  
contributes	   to	   the	   rich	   research	   underway	   to	   improve	   the	   detection,	   the	   characterization	   and	   the	  
treatment	  of	  cancer.	  
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