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Magnetic resonance imaging
11,7 T

Guanidyl CEST & APT CEST
Amine & Amide moieties signal
both affected by pH variations

 Ramachandran S. et al., 2015, Genes
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To characterize and map Swarm chondrosarcoma microenvironment by multimodal imaging…

Methods: Multimodal imaging

5



… on female NMRI Nude mice (n=10) with SWARM tumor subcutaneous transplant (Grade II chondrosarcoma)

To characterize and map Swarm chondrosarcoma microenvironment by multimodal imaging…

Methods: Multimodal imaging

5

Hypoxia
pH decrease

O2Proteoglycans
Extracellular matrix component



?

… on female NMRI Nude mice (n=10) with SWARM tumor subcutaneous transplant (Grade II chondrosarcoma)

To characterize and map Swarm chondrosarcoma microenvironment by multimodal imaging…

Methods: Multimodal imaging

6

Hypoxia
pH decrease

O2Proteoglycans
Extracellular matrix component



CEST MRI principle

Methods: Chemical Exchange Saturation Transfer MRI

7

Without saturation

Water signalP
ro

to
n

 s
ig

n
al

ppm01

Molecule of 

interest signal

Molecule
of interest

O    H

H

O

Proton 
exchangeH

S0



CEST MRI principle

Methods: Chemical Exchange Saturation Transfer MRI

7

Without saturation

Water signalP
ro

to
n

 s
ig

n
al

ppm01

Molecule of 

interest signal

Molecule
of interest

O    H

H

O

Proton 
exchangeH

S0



CEST MRI principle

Methods: Chemical Exchange Saturation Transfer MRI

7

Without saturation

Water signalP
ro

to
n

 s
ig

n
al

ppm01

Molecule of 

interest signal

Molecule
of interest

O    H

H

O

Proton 
exchangeH

S0



CEST MRI principle
P

ro
to

n
 s

ig
n

al

ppm01

Molecule
of interest

O    H

H

O

Proton 
exchangeH

S0

Methods: Chemical Exchange Saturation Transfer MRI

7

RF
RF

P
ro

to
n

 s
ig

n
al

ppm01

Ssat

With saturation



CEST MRI principle
P

ro
to

n
 s

ig
n

al

ppm01

Molecule
of interest

O    H

H

O

Proton 
exchangeH

S0

Methods: Chemical Exchange Saturation Transfer MRI

7

RF
RF

P
ro

to
n

 s
ig

n
al

ppm01

Ssat

With saturation

CEST MRI 
contrast



Results: Proteoglycan component
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CEST MRI
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 Both in vivo imaging 
methods demonstrate 
that proteoglycan content 
of tumor extracellular 
matrix is higher than 
muscle

 High resolution 
cartography provided by 
CEST MRI

 Specificity provided by 
99mTc-NTP 15-5

 Final validation with ex 
vivo analyses

Results: Proteoglycan component
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CEST MRI

Results: Hypoxia and pH component
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CEST MRI

18F-FMISO

Results: Hypoxia and pH component
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CEST MRI

18F-FMISO

Pimonidazole 
immunofluorescence

Results: Hypoxia and pH component
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 Both in vivo imaging 
methods demonstrate 
that tumor has an hypoxic 
fraction with acidic areas

 High resolution 
cartography provided by 
CEST MRI

 Specificity provided by 
18F-FMISO

 Final validation with ex 
vivo analyses

Results: Hypoxia and pH component
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Tumor microenvironment exploration by using
multimodal imaging to study…

1) …proteoglycans 2) …hypoxia and pH
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To continue…

Is multimodal imaging able to detect tumor microenvironment response during therapy ?

Paratibial Swarm rats follow-up during 5 weeks (n=20) with treatment*

* Zoledronic acid (Aclasta®): inhibitor of bone resorption (osteoclast inhibition)
* TH-302 (Evofosfamide): hypoxia-activated prodrug
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Is multimodal imaging able to detect tumor microenvironment response during therapy ?

Paratibial Swarm rats follow-up during 5 weeks (n=20) with treatment*

* Zoledronic acid (Aclasta®): inhibitor of bone resorption (osteoclast inhibition)
* TH-302 (Evofosfamide): hypoxia-activated prodrug

 Measurements:
• Twice a week

 Zol. A. treatment :
• 0.1mg/kg
• SC
• Twice a week

 Measurements:
• Twice a week

 TH-302 treatment :
• 50mg/kg
• IP
• Five times a week

 Miot-Noirault E. et al., 2013, EJNMMI  Harms J. et al., 2019, Cells

Future work



Preliminary results: 99mTc-NTP 15-5

14

D+19D+5 D+33
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Knee joint
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Control rat OR cage C
Anesthesia: Isoflurane 2,5%
IV injected mid-dose: 30 MBq
Scan time: 30 min post-injection
SPECT imaging duration: 20 min



 Supuran C. et al., 2017, Metabolites

Hypoxia = ↗ pHi and ↘ pHe
Hypoxia + HIF = oncogene transcription

Context: Hypoxia and pH



Methods: Study design and animal model

Rat arrival (n=1)
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Rat tumor 
transplant

S-5

Mice arrival
(n=10)

S-1

Mice tumor 
transplant with Rat 
Swarm fragments 

(n=10)
S0

IRM CEST
(n=10)

S+2

99mTc-NTP 15-5
(n=10)

S+3

18F-FMISO
(n=10)

S+3

Sacrifice & 
sampling

(n=10)
S+4

IF / Staining
+ 

sGAG assay

Female NMRI Nude mice (n=10)
SWARM tumor with subcutaneous growth (Grade II chondrosarcoma)

M
o

d
el

 
im

p
le

m
en

ta
ti

o
n

In
 v

iv
o

m
u

lt
im

o
d

al
 

im
ag

in
g

Ex
 v

iv
o

 
ex

p
er

im
en

ts

☢ ☢🧲

🔬



99mTc-1-[(triethylammonio)propyl]-1,4,7,10,13-pentaazacyclopentadecan
Patent WO/2001/000621/PCT/FR2000/001731

 radiations

Principle

T1/2 = 6,0058 h
Scan time : 30min post injection

10 sec / projection

bi-fonctionnal:
- One macrocycle 99mTc for imaging
- One quaternary ammonium for proteoglycans targeting

Tumor
Joint

- Selective localization for heathy joints 
and tumor

- Excellent contrast for imaging

Miot-Noirault et al. 2009

99mTc-NTP 15-5



18F-Fluoromisonidazole

18F-FMISO

+ radiations

Principle

Rajendran et al. 2015

T

Chondrosarcoma H-EMC-SS on NMRI Nude mouse

T1/2=  109 min
Scan time : 4h post injection

15 min / bed position



CEST MRI

Chemical Exchange Saturation Transfer MRI



Chemical Exchange Saturation Transfer MRI

CEST MRI

Receiving antenna



Principe

Sequences:
RARE WASSR: B1 = 0,1 µT for 1 sec, Δωsat=±1000Hz, Δ20Hz
RARE CEST Z-spectra: B1 = 1.5 μT for 4s, Δωsat=±2500Hz, Δ50Hz

Wu et al. 2016
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Moieties with exchangeable protons

ProteoglycansHypoxia

O2

pH

Moieties Frequencies

Hydroxyles (-OH) 10 - 600 Hz

Guanidyl (-NH2) 800 - 1200 Hz

Amides (-NH) 1700 - 1900 Hz

Chemical Exchange Saturation Transfer MRI

CEST MRI



Guanidyl

(1,4-2,7 ppm)
Amides

(3,25-4,1 ppm)

RARE CEST : Intensité 3 µT ;  3000 Hz ; Δ50 Hz ; TE: 4,756 ms ; TR: 4500 ms ; TS: 3948.651 ms et RARE factor: 16

15mg/mL + 0,15 mM de MnCl2 – different pH

GuanidylAmides

CEST MRI : In vitro on protamine phantom
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CEST MRI : In vitro on phantom



GAGGuanidylAPT

CEST MRI : In vivo



Surgery on 
donor rats (n=6)

• Paratibial
transplant of 

frozen SWARM 
tumor fragments 

(1mm3)

Tumor growth
(4  weeks)

Sacrifices & 
fragment 

preparation

Surgery on 
recipient rats 

(n=20)

• Paratibial
transplant of 

reactivated SWARM 
tumor fragments 

(1mm3)

Follow up by 
multimodal 

imaging

Sacrifices and 
sampling for ex 
vivo analyses

Tumor reactivation StudyModel preparation

d-30 d0 d+39

Ethical commission approval: #20398

Paratibial Swarm rat model
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Scan time: 60 min post-injection
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Previous results: 18F-FDG



One way ANOVA then Tukey’s testp o s t-o p e ra tiv e  d a y s
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Alcian Blue
Nuclear red
X20, Zeiss AxioScan Z1
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Anesthesia: Isoflurane 2,5%
IV injected mid-dose: 40 MBq
Scan time: 150 min post-injection
PET imaging duration: 20 min

18F-FMISO
Tumor / Muscle ratio = 1,83
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Previous results: Pimonidazole immunofluorescence


