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Formation de I'image et
Imagerie conventionnelle (fondamentale)

< Ondes ultrasonores emises a la frequence de la sonde (f,)
< Echos réfléchis a la fréquence (f,)

< Image reconstruite a la frequence (f,)

Transmitted

Total distance travelled at approximatelly 1540m/s




de i et
m ie h onigu linéaire)

= Ondes ultrasonores emises a la frequence de la sonde (f;)
< Echos réfléchis sont composés de deux fréquences : f, + 2 * f;

< Image reconstruite a 2 fois la frequence émise : 2 * f;,

Transmitted

Total distance travelled at approximatelly 1540m/s




Formes de I'imagerie harmonique

2 Imagerie harmonique de contraste. Les microbulles réémettent
 (réflexion) de I'énergie aux fréquences harmoniques (non linéaires), a |

US + CONTRAST AGENTS = HARMONIC IMAGING

-
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Frequency [MHz]




Formes de I'imagerie harmonique

2 Imagerie harmonique tissulaire: Des composantes frequentielles
_harmoniques (non linéaires) sont générées lors de la propagation dans
et fictiie




Agents de contraste US

» Suspension de microbulles de gaz pour injection intraveneuse.

= Capables de traverser le lit cappilaire




Agents de contraste homologues

Bracco Sonovue

Bracco Lumason

Dupont (BMS) Definity

Mallinckrodt Optison

Nycomed (GE) Sonazoid

Sulfur hexafluoride
SF,

Sulfur hexafluoride
SF,

Octafluoropropane
C3F8
Octafluoropropane
C3F8

Perfluorobutane
C4F10

Phospholipid Europe/China

Phospholipid USA
Liposome USA/CA
Albumin USA/CA

Phospholipid Japan




Pourquol un agent de contraste US?

pas visibles




= L’echo US (image) est base sur la différence d'impédances acoustiques
= | ’amplitude de I'écho est proportionnelle a la différence d'impédances acoustiques

= Z=pC; p=densite, c=vitesse de propagation

- Ztissu5%1'55 X 106 ,,,,,,,,,,,,,,,,,,,,,,, [kg.m_zs_l] ,,,,,,,,,,,,,,,,,,,,,,,,
s 7. =4 x 107 [kg.m=2 s

= Air-eau (tissus) est le réflecteur ideal des ultrasons




Interaction bulle-Ultrasons




MODELE LINEAIRE

Reéflexion passive

Ps=1,0, ZﬁmrrrSectimnweffioame de diffusion
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MODELE LINEAIRE

Reéeflexion vibration & resonance

US + CONTRAST AGENTS = HARMONIC IMAGING

a bulle agit comme un oscillat armoniqu

US 2MHz ==> 2 millions oscillations / sec

Pression incidente

/\ Négative A
. Positive \/




Fréguence de Résonance
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Efficacité en réflexion

Section efficace de diffusion

=
o
D
o
D
O
©
4=
@
=
<
o
O
b))
8

Frequence [MHZz]




Modele non linéaire et

Harmonigues
r=1um,; f=f, [4AMHZ]

Amp=50kPa

N

10 105 11 115 12 125 13 10.5 12.5 1
Temps [ps] Temps [us]

N

Fréquence [MHz] Frequence [MHz]




Harmoniques

Bubble radius




aracterisation optique:

regi aire

US: f=1.8MHz, 50kPa (IM<0.1)
Opt ic: Frame rate 16 MHz

Soft-shelled agent (Sonovue Bracco, ltaly)

Soft-shelled agent




Caracterisation optigue:
regime linéaire

. f=1.8MHz, 50kPa (IM<0.1)

Optic: Frame rate 1

Soft-shelled agent (Sonovue Bracco, Italy)

.-
Frequency [MHz]




Caracterisation optique.:
réegime non linéaire

US: f=1MHz, 200kPa (IM=0.2)
Optic: Frame rate 16MHz

Soft-shelled agent (Sonovue Bracco, ltaly)
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Caractérisation optique:

US: f=1.7MHz, 1.7MPa (MI=1.3)




M1212

M1212 Hard shell bubble
1MPa (M1=0.8), f=1.7MHz, frame rate=15Mfps

2"d US pulse (100ms later)




Stationary linear regime (linear vibrations)

Fundamental imaging

P_(MPa)
M- Mechanical index

MI=0.1-1.9




Stationary nonlinear regime (nonlinear vibrations)

Harmonic imaging

Stationary linear regime (linear vibrations)

Fundamental imaging

MI=0.1-1.9



Stationary nonlinear regime (nonlinear vibrations)

Harmonic imaging

Stationary linear regime (linear vibrations)

Fundamental imaging

MI1=0.1 -1.9







Méthodes d’imagerie de contraste

Second harmonic imaging (filtering)

i 1 imaging = A

Pulse inversion/power modulation




Principe de I'imagerie harmonique de contraste

Fundamental Imaging

Tissue
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2 MHz

Broad-band probe




Principe de I'imagerie harmonique de contraste

Fundamental Imaging Contrast Harmonic Imaging
Tissue Contrast
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Principe de I'imageri

monigue de contraste

Fundamental Imaging

Tissue
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PULSE INVERSION
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POWER MODULATION
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Microbulles en imagerie

What do we need contrast agent for?

 * “Boost” image quality
e Enhance diagnostic confidence

o Clinical applications

= Estimation of myocardial perfusion
— Detection and characterization of tumors
— Amplification of Doppler signal




Contraste Pulse Sequence (CPS)

=& .

~___échographie
= La suspicion ou la découverte d’'une lésion en
cas d’hépatite chronique ou de cirrhose

chez un patient porteur de cancer

= ['absence de certitude diagnostique en |

Jranotgrt CHEE IS Branee: i o s nin s s s s

Ultraschall in Med 2008




Exemples cllnlques
Cardiologie: estlmatlon de la perfusmn myocardiqgue




Exemples cliniques
Cardiologie: estimation de la perfusion myocardique

Destruction-reperfusion

= Destroying the vast majority of microbubbles and measuring their tissue
replenishment in real time to assess blood flow velocity.

Assessment of myocardial perfusior

tal number of bubbles present in ROI
(vascular volume) A

Cit) INPUT

Transducer

Rate at which the level is attained reflects the speed
(mean velocity) B

ﬂf-h

Time (1) Time (1)

Microbubbles

Ultrasound Ri1) = Al ]_C-['}I]

beam

A x p= flow (perfusion) rate




Destruction-reperfusion

REAL TIME

full myocardial contrast high power ultrasound destroys the agent begins to reperfuse
during a slow bolus injection  the contrast agent in the scanplane the scanplane

d) ey

the agent begins to reperfuse the agent reperfuse the myocardium
the scanplane in a few cardiac cycles

reduced data fit to a 1-exponential function

Fig.13 Real-time myocardial contrast during a slow bolus injection at low Ml using Power Pulse Inversion
imaging (a). High power frames destroy all of the contrast agent in the scanplane (b). The agent hegins to
reperfuse the scanplane (c—d), and fully reperfuses the myocardium in a few cardiac cycles (e). Real-time
data collection begins just after the high power frames. The data is reduced to include only end diastolic fra-
mes, and a monoexponential curve is fitted (f).




Agents de contraste US:
Contre-indications

= Allergie a un composant
= Sonovue:

= Cardiopathie ischemiqgue instable

= Par precaution: femme enceinte, allaitement, nourrison
et enfant
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Progression
de I'angiogenése

* Angiogenesis is an important process involved in tumor growth: the
angiogenic switch occurs when the tumour reach -2 mm Ssize.

Among the var markers of angiogenesis, Vascular Endothelial

Growth Factor Receptor 2 (VEGFR?2) is recognized as a major player.

= BR55 microbubbles are designed to target specifically VEGFR2, thanks
to a specific lipopeptide.

SPillai R, Fan H, Marinelli E et al. .Phospholipid Linked Peptide for Ultrasound Imaging of Angiogenesis Amino acids., vol. 37, supplement 1,
July 2009, 11 th International congress on Amino Acids Peptides and Proteins, Vienna , Austria, Aug 3 rd -7 , 2009.




Molecular imaging of prostate cancer lesion in a rat Dunning
model with BR55

Rat prostate in CPS mode at peak
(20 s)

- i D T —

L’ LY

Tumor Healthy

Rat prostate in fundamental mode
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4 -
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== Prostate tumour
-8 Healthy prostate

300
Time (s)

BR55 can differentiate tumor from normal prostate based N\
on angiogenesis BRACCO

Tardy |, Pochon S, Theraulaz M, Emmel P, Passantino |, v
Tranquart F, and Schneider M, Investigative Radiology
(2010), 45, 573 LIFE FROM INSIDE




Proof of concept: human studies

vReterence

pg  br55-101_0106
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Prostate cancer

Immunostaining demonstrates moderate VEGFR2 expression in that PCa lesion

BRSS s able to bind to VEGFR2 in humans and is safe and well-tolerated
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Imagerie harmoniqgue tissulaire




Conventional B-mode image
(AP4CH)
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xemples
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4 chamber view




Geénération de fréequences harmoniques

SNon linéarité:

» Apparition des effets d’acoustique non linéaire

faisceau emis

— Harmonique tissulaire (native) —  propagation




Origine physique de la distorsion de I'onde

Pression positive = Tissu comprime (forte dense) = Vitesse /'

Pression negative — Expansion du tissu (faible densite) = Vitesse \

Accumulation de la distorsion
CO+AC

direction de propagation




Génération des frequences harmoniques

ropagation

—

Transmission
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Profile axial du champs acoustique
500 kPa (IM=0.3), 2.25 MHz, $=12 mm

Linéaire

-

'c
a
=
Tend
o
S
=5
o)
)
&5
S
S
o
o
)
=
o
O
<




Profile lateral du champs acoustique
500 kPa (IM=0.3), 2.25 MHz, $=12 mm

Beam profile at the focus

Lateral Position (mm)




Intérét de I'imagerie harmonique

|ldeal Patient
for
, Harmonic Imaging

 difficiles en raison de: obeésite, pathologies pulmonaires, ... |




In vitro data

Fundamental 3.3 MHz Harmonic 1.7 MHz
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Fundamental

-
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Exemples cliniques

Fundamental B mode Tissue harmonic imaging (THI)

Effect on vis calcificatio our margin




A Therapeutic Modality




Therapy

Potential therapeutic applications of microbubbles:

0Sonothrombolysis

= Accelerate clot lysis

O Drug delivery to brain

= Reversible opening of blood brain barrier

ODrug delivery

® Acoustic active carriers

0Gene delivery




0Sonothrombolysis

J

n >lerate clot lysis

0 Drug delivery to brain

= Reversible opening of blood brain barrier




Sonoporati

‘The use of ultrasound and microbubbles for modifying the
permeability of the cell plasma membrane.

Enhance delivery of large molecules.
Ultrasound exposure

(f .:\.\ Oscillation of

g ey /y microbubble

plasmid DNA

Jet stream by
cavitation




Sonoporation

‘ R |

Ultrasound exposure

Z.
(( .:? Oscillation of

R microbubble

The use of ultrasound and microbubbles for modifying the
permeability of the cell plasma membrane.

Enhance delivery of large molecules.

plasmid DNA

| STABLE CAVITATION ‘ | INERTIAL CAVITATION | Jet stream by

cavitation
‘F‘ \!
Microstreaming O
N\
<

MICROVASCULATURE

Microjet

Transient membrane pores

Transcellulor pathway
{Transcytosis)

- T -

Paraceilular pathway
(Tight junction disruption or gap)




Permeabilization of the cell membrane

Observation T6H Compromised

U87 Cells in-vitro

cell percentage (%)

80 ~

60 -

40 +

20 ~

Transfection

. Mortality

[

HEUS e MDNAY eI eRCIR-ICIREM 7/7e /ntegrity of the cell membrane Is

High drug concentration at the site of

Iinterest while minimizing Systemic drug
exposure

300 400

600 800

Acoustic pressure [kPa]

+MM1 bubbles, 1min exposure



Permeabilization of the cell membrane:

Co-administration of drugs and microbubbles

U87MG — US 30sec - 1IMHz

MM1 microbulles, Doxorubicin: 3ug/ml

mw - Co-administration drogues-microbulleg

100 4 -
90 4 -
30 4 -
70 4-
60 4 -
50 4 -
40 4 -
30 4 -
20 4 -
10 4-

témoin  US-MMI DOXOctl DOXO+ %Doxo « US- Doxo + US- Dowo « US- °
Us e MM RN MM
400kPa  BO0KPa  S00kFue”

%90 Viabilité cellulaire

Enhancement of doxorubicin-induced U87MG cell death with US+MM1 microbubbles
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Tumor volume

Tumor growth (mm 3)
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Subcutaneous tumor model -+

U87 (glioblastoma) LNIVERSITE

TOURS

Evolution of tumor volume measured by ultrasound imaging

= Cetux
- Cetux+Sonoporation

8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

A ) ) )

Time post tumor cell injection (days)



) Results: ectopic model =3
% ) ) . UNIVERSITE
4 Cetux Bioavailability B Condition 1 FRANGOIS - RABELAIS

Université Francois-Rabelais

Comparison of bioavailability kinetics of cetuximab-AlexaFluor® 750 between a
control tumor (a) and sonoporated tumor (b) by fluorescence imaging




Hepatic metastases of CCR =3

Tumor volume Controle JNIVERSITE
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Biotinylated lipid microbubbles
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avidin

Biotinylated pDNA or siRNA containing complexes

FACULTEIT FARMACEUTISCHE WETENSCHAPPEN

DRUG LOADED MICROBUBBLES

AVIDIN

SX A —— LIPOPLEX

Nanoparticle loaded microbubbles ‘




IMAGING

BR14 (Bracco Research)

-1 -0.5 0 0.5 1

Bare MB

9 .’./
== DOX-LPS MB

0.2 0.3 0.4 0.5 0.6
Mi

Dox-LPS-MB

CTR :13.7dB

1 0.5 0 0.5 1
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DOXORUBICIN RELASE FROM DOX-LPS LOADED MB

120

100 -

oo
o
1

Doxorubicin release (%)
o
o

40 -
20 -
0 -
Dox-LPS MB + + +
us - - +
Triton X-100 + - - N=5

The US exposure induces the release of Dox from Dox-LPS MB




CELL VIABILITY

24h 48h
120 120
100 100
® - F
> 80 = 8
£ = E
3 60 I B 60
= s -
g % 3 v NS e
20 . 20 ' '
0 0 [ |
us - - - + uUs - - - +
Free Dox - + - - Free Dox - + - -
Dox-LPSMB - - + + Dox-LPSMB - - + +

The combination of US and Dox-LPS MB are more efficient than Dox and
Dox-LPS MB treatment alone




Conclusions

Imagerie harmonique

Origine physique

—> Emettre a f, & Recevoir a 2f,

— Contraste: réflexion des microbulles
Tissulaire: propagation des US dans les tissus

Nouvelle séquences d’'imagerie permettant d’identifier la signature des

microbulles

Les microbulles représentent une nouvelle classe de déelivrance locale de

meédicaments
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