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In NMR, MT (magnetization transfer) is a general term that describes the process of magnetization transfer from one 

spin population to another

Ç In MRI, MTC (Magnetization Transfer Contrast) denotes saturation transfer contrast originating from semi-solid

macromolecules (large protein, collagen, myelin) or bound water protons with broad lineshapes (short T2 10-100 µs)

Ç In MRI, CEST (Chemical Exchange Saturation Transfer) denotes saturation transfer by chemical exchange originating

from mobile proteins (long T2 > 10 ms) and metabolites (or exogeneous contrast agents)

MAGNETIZATION TRANSFER: THEORY

Å Selective magnetic labeling of a proton pool that is stored as a change in 

longitudinal magnetization

Å Transfer of this label to a water proton pool

Å Accumulation of the label for the pupose of water signal reduction

Since both MTC and CEST use molecular proton saturation and water 
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proton pool
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Å Labelling proton pools of the 
semisolid macromoleular
component (spin-diffusion or cross-
relaxation) followed by transfer to 
solvent water protons by means of 
bound water (dipolar coupling or 
chemical exchange)

Å Labelling of mobile 
protons downfield
from water 
(chemical exchange)

Å Labelling of 
aliphatic proton in 
mobile proteins
upfield from water 
(relayed NOE)



4% agar phantom

Applications:
Å magnetic resonance angiography (MRA) to enhance signal contrast between the 

blood and other tissue
Å Characterization of white matter disease in the brain, principally demyelination 

disease (multiple sclerosis) or for assessing knee cartilage

Limitations:
Å sensitivity, specificity, and reproducibility of MTR measures can be influenced by 

various experimental parameters and field strength
ÅMTR measures tend to reflect a complex combination of sequence details and 

relaxation parameters

MAGNETIZATION TRANSFER CONTRAST



7T, RF @20 ppm, 820° x 12ms

Å Obstructive nephropathy is a primary source of renal 
impairment in infants and children

Å The Unilateral Ureteral Obstruction (UUO) model in mice 
induces serial changes in renal structure and recapitulates 
key features of tubular damage, apoptosis, and renal fibrosis

Å The decreased MTR values suggest reduced macromolecular 
content, which could be related to apoptosis, tubular 
atrophy and urine retentionUrine accumulation
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16.4T, RF @2.1 ppm, 10 µTx80ms 

Å Renal artery stenosis (RAS) decreases renal blood flow (RBF) 
and causes a progressive loss of renal mass and function. 

Å Kidney undergoes a progressive deposition of extracellular 
matrix components (fibronectin and collagen type I, III, and IV) 
which may evolve into tubulointerstitial fibrosis.

trichrome staining       Sirius red staining MTR map
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Henkelman-Ramani’s model:
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Å Diabetic nephropathy (DN) is a major diabetic complication
Å Renal fibrosis is a hallmark of progressive kidney disease, 

including DN
Å db/db mice that lack the eNOS gene exhibit advanced DN 

similar to that found in human DN

Cortex(dark orange)
OM (light orange)
IM+P (yellow)

Cortex: increasedfibrosis

OM , IM+P: urine 
retention

F = relative size of the macromolecular pool (PSR)

7T, RF @3-266 ppm, 820°x20ms 



NCRP: non-cystic renal parenchyma
patients (18-30 years old)

ADPKD: autosomal dominant 
polycystic kidney disease patients 
with normal renal function

3T, RF @12 ppm

test–retest reproducibility



CEST (CHEMICAL EXCHANGE SATURATION TRANSFER)
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CEST: HOW IT WORKS

Adapted from Magn Reson Med 2011, 65, 927

duration: 1-5 s



Urea phantom
500 mM, pH 6

Normal subject kidney

calyx

CSF
SON@2.3ppm

SOFF@-2.3ppm SOFF-SON

Collecting
system

Renalpapillae

1.5T, RF @2.3 ppm, 240W, 20x175ms 



Å Diabetic kidney disease is associated with changes in tissue
metabolites (glucose, glycogen)

Å Db/db mice (carry leptin receptor deficiency for type 2 diabetes) 
and db/db eNOS-/- show advanced nephropathy

Nondiabetic db/m mouse (16 weeks) diabetic db/db mouse (16 weeks) 7T, RF @1.2 ppm, 1 µTx5s 

db/db
mice

Increasedglucose
in urine

Increasedglycogen
deposition

Increasedglucose
uptake



Ç The kidneys play a major role in the regulation of acid-base balance by reabsorbing bicarbonate filtered by the 

glomeruli and excreting titratable acids and ammonia into the urine

Ç Decline in kidney function will result in derangements in acid-base homeostasis with reduced ammonia excretion, 

inability to reabsorb bicarbonate and failure of acid excretion when kidney function is severely impaired

Ç In chronic kidney disease (CKD), with declining kidney function, acid retention and metabolic acidosis occur

ÇDegree of acidosis approximately correlates with severity of renal failure and usually is more severe at a lower GFR

ÇSeveral adverse consequences have been associated with metabolic acidosis, including muscle wasting, bone disease 

and progression of renal failure

reabsorption of HCO3
- in 

blood
Secretion of H+ in tubules 

and excretion

KIDNEY REGULATION OF ACID-BASE HOMEOSTASIS

Renal pH mapping may represent a novel biomarker for detecting (early) renal damage



Magn Reson Med 2011, 65, 202
Magn Reson Med 2013, 70, 859
Phys Med Biol. 2014, 59, 4493
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Iopamidol
(pH-responsive contrast agent)
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Ratiometric approach:
rule out the concentration term
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Intramuscular injection
8 ml/kg (50% glycerol)
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Å rhabdomyolysis is one of the leading causes of acute renal 
failure, initiated by acute disruption of skeletal muscle due 
to physical or chemical damage from crush injury, surgery, 
or toxins that may result in a rapid deterioration of renal 
function

Å glycerol-induced AKI model show multiple ischemic, toxic, 
and obstructive tubular insults similar to acute tubular 
necrosis that occurs in humans

7T, RF @4.2/5.5 ppm, 3 µTx5s 



Moderate AKI (20 min ischemia)

Severe AKI (40 min ischemia) 

Å Ischemic renal injury is the major cause of acute 
kidney injury (AKI)

Å In the unilateral ischemia reperfusion injury (KIRI) 
model only one kidney is damaged and the 
contralateral compensate the reduced renal 
functionality

Unilateral Ischemic / Reperfusion Injury model

7T, RF @4.2/5.5 ppm, 3 µTx5s 



Proc. Intl. Soc. Mag. Reson. Med. 20 (2012)

3T scanner (Achieva TX, Philips)
RF 2.3 µT, 2x49 ms
100 ml iopamidol (Isovue 300), dose: 0.4 g I / kg 

Human bladder
CEST pH= 6.65

Urine pH = 6.72

3T scanner (Magnetom Trio A, Siemens)
RF 0.4 µT, 10x100 ms
65 min after CT examination



National grants:

EU projects:

ACKNOWLEDGMENTS

Bracco Imaging Spa
Fulvio Uggeri
Alessandro Maiocchi
Fabio Tedoldi
Sonia Colombo Serra

University of Eastern 
Piedmont
Mauro Botta
Giuseppe Digilio
Lorenzo Tei

Aspect Imaging
Uri Rapoport
Peter Bendel
Michael Glekel
Yael Schiffenbauer

Institute of Biostructures
and Bioimaging / CNR
Marcello Mancini
Giuseppina De Simone
Valeria Menchise
Sergio Padovan

Max Planck Institute 
Tuebingen
Moritz Zaiss, Rolf Pohmann

Weizmann Institute
Michal Neeman
Gadi Cohen

Technische Universitat 
Munchen
Markus Schwaiger

University of Torino /
Molecular Imaging Center
Silvio Aime
Enzo Terreno
Simonetta Geninatti
Eliana Gianolio
Daniela Delli Castelli
Walter Dastrù
Francesca Reineri
Juan Carlos Cutrin
Rachele Stefania
Francesca Arena
Enza Di Gregorio
Giuseppe Ferrauto
Eleonora Cavallari

Moffitt Cancer Center
Robert Gillies
Pedro Enriquez-Navas
Damgaci Sultan

EmoryUniversity
Phillip Zhe Sun

Istituto Ortopedico Rizzoli
Sofia Avnet
Nicola Baldini

A. Martinos Center 
for Biomedical Imaging 
Christian Farrar
Or Perlman

Universityof Copenhagen
Stine Falsig Pedersen

UniversityCollege London
Xavier Golay
Mina Kin
Eleni Demetriou
Aaron Kujawa

MedicalFacultyMannheim
Frank Gerrit Zöllner







ADVANTAGES OVER CONVENTIONAL MRI CONTRAST AGENTS

ON             OFF          ON

GADOLINIUM -based CEST -based

CONTRAST
SWITCHED ON/OFF AT WILLALWAYS ON

FREQUENCY-ENCODEDRELAXIVITY-ENCODED

-OH

-NH

-CONH

-arylCONH

-arylOH

SINGLE VISUALIZATION MULTIPLE VISUALIZATION

Gd1 or
Gd2

2*Gd1 or
Gd1+Gd2



DISADVANTAGES TO CONVENTIONAL MRI CONTRAST AGENTS

low temporal resolution (saturation module + 
multiple offsets)

SAR limitations (low/high B1, 
long/short period)

High magnetic field (>= 3T)

Specificity only for exogenous contrast agent

Low sensitivity (mM-µM range, dependent on exchange 
rate / chemical shift / number of protons)

- PRE
- POST



PRE-CLINICAL APPLICATIONS OF MRI-CEST pH-sensitive agents
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water

CEST 
agent

kex

mobile protons in exchange 
with water molecules

Δω≥kex
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water

distinct NMR signals

CEST agents generate a “frequency-encoded” MR contrast

CEST (CHEMICAL EXCHANGE SATURATION TRANSFER)

Gd-complexes and iron-oxide particles generate a relaxivity-based contrast

Gd-based / T1 agents Iron oxide nanoparticles / T2 agents



Clinical

Human bladder
Iopamidol-CEST pH= 6.65

Urine pH = 6.72



9.4 T



Control kidney

Grafted/injuried kidney

9.4 T



PRE inj. POST inj.

Semisolid 
component 
(MT)


