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The Plan
1. Revisiting Relaxation contrast (T1, T2 and T2*)

a. BOLD and ASL
2. Diffusion-weighted MRI
3. Contrast Mechanisms for MRI

a. Relaxation based (small and large molecules) 
b. Chemical Exchange Saturation Transfer 
c. Magnetic Resonance Spectroscopy/Spectroscopic Imaging
d. Multi-nuclear MRS/MRI

• Isotope tracing
• Hyperpolarization



Discussion Papers and Background
Background paper:

• James, M. L. & Gambhir, S. S. A molecular imaging primer: modalities, imaging 
agents, and applications. Physiological reviews 92, 897-965 (2012). 

2 Discussion Papers:

• Day, S. E. et al. Detecting tumor response to treatment using hyperpolarized 
13C magnetic resonance imaging and spectroscopy. Nat Med 13, 1382–1387 
(2007).

• Choi, C. et al. 2-hydroxyglutarate detection by magnetic resonance 
spectroscopy in IDH-mutated patients with gliomas. Nat Med 18, 624–629 (2012).



• Nuclear magnetic dipole – charged particle 
spinning around an axis => small circular 
current…faster the nucleus spins => bigger the 
current

– Magnetic moment μ, spin angular momentum I, 
gyromagnetic ratio γ

• When you put the nucleus in a field B, since the 
nucleus is spinning you have Larmor 
precession…

– Spins precess perpendicular to the plane

• Typically we have a static field B0 and define 
angular velocity of the precession and 
frequency (Larmor freq)…
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Signal depends on the Boltzmann Distribution (k), gamma, field, and temperature

BoBo

∝ e
−γB0
kT

5

Magnetic Resonance



Revisiting Relaxation contrast (T1, T2 and T2*)



• Problem…if the magnetization is on Z (main field) we 
can’t observe it…

• RF Excitation
– Tip M away from Z with B1 
– Then M precesses around the new field (B0+B1)
– Since we would need a lot of power to generate a static B1 that 

would actually influence the overall B field…
– We let the B1 field rotate around B0 with the same frequency as 

M…=> we excite at the frequency of M

• Flip angle
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Magnetic Resonance



• Immediately after excitation, precession can’t go on forever…
• Relaxation

– T1 – spin-lattice, restores Boltzmann => Mz regrows
– T2 – spin-spin, a result of an ensemble of different magnetic dipoles => Mxy decays

• Define the cross product in xyz.. And substitute our excitation scheme, B0 and these relaxation 
coefficients…
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• T1 relaxation – spin-lattice
– Spins exchange energy via “on resonance” fluctuations with the lattice
– More fundamental…⎜α〉 and ⎜β〉 need to go through transitions to re-establish equilibrium

– For this to happen, spins have exchange energy with the surroundings…lattice
– This is dependent on the local field the spin experiences
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Magnetic Resonance – T1



• Immediately after excitation, precession can’t go on forever…
• Relaxation

– T1 – spin-lattice, restores Boltzmann => Mz regrows
• Spins exchange energy via “on resonance” fluctuations with the lattice

– T2 – spin-spin, a result of an ensemble of different magnetic dipoles => Mxy decays
• Spins “feel” magnetic fields from other molecules and become off frequency with respect to B0 

and other spins
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Magnetic Resonance - Relaxation



T1-weighted imaging

Dark on T1-weighted image:
• increased water, as in edema, tumor, infarction, inflammation, infection, hemorrhage
• low proton density, calcification
• flow void
Bright on T1-weighted image:
• fat
• subacute hemorrhage, protein-rich fluids
• paramagnetic substances: gadolinium, manganese, copper
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T2-weighted imaging

Bright on T2-weighted image:
• increased water, as in edema, tumor, infarction, inflammation, infection, subdural collection
• methemoglobin (extracellular) in subacute hemorrhage
Dark on T2-weighted image:
• low proton density, calcification, fibrous tissue
• paramagnetic substances: deoxyhemoglobin, methemoglobin (intracellular), iron
• protein-rich fluid
• flow void
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So then what is T2*
The local magnetic field is actually not homogenous causing 
additional relaxation
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T2*-weighted imaging
Susceptibility weighted imaging (SWI)

Blood causes local T2*



BOLD?

Breathing 100% oxygen

Breathing normal air

Signal decay as a 
function of echo time in 
gradient echo images

Ogawa et al. MRM 1990



BOLD ➡ fMRI
• Oxyhemoglobin is diamagnetic while 

deoxyhemoglobin is paramagnetic relative to 
surrounding tissue

• Deoxyhemoglobin causes a reduction in signal 
by creating microscopic field gradients within 
and around the blood vessels

• Stimulation of a brain area cause increased 
cerebral blood flow to an area, increase in 
blood oxygen, decrease in deoxyhemoglobin 
and thus increase in local MR signal…we call 
this BOLD



Can you use BOLD to read out other mechanisms?

Ghosh et al. Nature Neuro 2022



Arterial Spin Labeling (ASL)

• What happens if you 
invert a moving spin and 
then observe in a given 
FOV?

• Think of it as a “spin-tag”

Williams et al. PNAS 1992



Arterial Spin Labeling (ASL)

Iutaka et al. Radiographics 2023



Rotational correlation time
• Characteristic tumbling rate of a molecule, Brownian rotation diffusion of a 

particle
• Defined as time it takes a particle to rotate 1 radian
• Stoke’s approx…

η is the viscosity, r eff hydrodynamic radius
M, mass in kDa, ρ density, 
Na avagadro, rw = hydration (1-3A)

τ c =
4πηr3

3kT
r ≈ 3M

4πρNa

3 + rw

Magnetic Resonance – Molecules tumbling



What does this have to do with NMR/MRI?
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Magnetic Resonance – Correlation time



Diffusion-weighted MRI



Magnetic Resonance – Diffusion
• Brownian motion – random movement of 

particles in a liquid
• What if they run into a wall?
• What if they travel a long distance?
• Can we encode that?



Gradients dephase spins within a voxel
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Gradient pairs can be used to identify moving 
spins (spin echo sequence)
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Before 1st gradient

Gradient pairs can be used to identify moving 
spins (gradient echo sequence)
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Basic DWI sequence
• Spin-echo EPI

– Higher signal => restricted diffusion
– b value describes the amount of diffusion-weighting for a given 

spin-echo sequence
– Diffusion time (Δ) affects the range of diffusion differences 



Quantification



Magnetic Resonance – Diffusion in vitro and in vivo



• Common applications
– Ischemia
– Edema
– Cancer

• In vivo diffusion reflects
– Cellularity
– Structure (e.g., vessels, intracellular structures)
– Presence of macromolecules and organelles



Advanced Applications
• Diffusion Tensor Imaging (DTI)

– Multiple directions we calculate a tensor 
map…

– measure diffusion anisotropy
• Intravoxel Incoherent Motion (IVIM) Imaging

– separate perfusion and diffusion 
contributions

• Restriction Spectrum Imaging (RSI)
– distinguish intra-cellular and extra-

cellular components



Contrast Mechanisms for MRI
a. Relaxation based (small and large molecules) 
b. Chemical Exchange Saturation Transfer 
c. Magnetic Resonance Spectroscopy/Spectroscopic Imaging
d. Multi-nuclear MRS/MRI

• Isotope tracing
• Hyperpolarization



Contrast Mechanisms for MRI
a. Relaxation based (small and large molecules) 
b. Chemical Exchange Saturation Transfer 
c. Magnetic Resonance Spectroscopy/Spectroscopic Imaging
d. Multi-nuclear MRS/MRI

• Isotope tracing
• Hyperpolarization



T1-Based Contrast Agents
• Shortening longitudinal relaxation time of water
• “positive agent", brightening T1-weighted image 

sequences
• Gd3+ in lanthanide(Ln) family of elements

– Seven unpaired electrons in 4f orbital
– Very high magnetic moment 
– Unusual long electronic spin relaxation 

time

J Magn Reson Imaging. 2015 Sep;42(3):545-65



Perfusion – Gd3+ MRI
• Gd3+ chelates – change shorten T1 relaxation
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Perfusion – Gd3+ MRI

Tumor
Cerebral artery

Superior sagittal sinus

Ktrans
Perfusion “rate”

Vp
Blood pool volume

Ve
extracellular 
distribution 

space 

O’connor et al 2011 
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Can we exploit T2* - Super Paramagnetic Iron (SPIO)

Weissleder et al. Radiology 1990
Weissleder et al Nat Med 2000



Contrast Mechanisms for MRI
a. Relaxation based (small and large molecules) 
b. Chemical Exchange Saturation Transfer 
c. Magnetic Resonance Spectroscopy/Spectroscopic Imaging
d. Multi-nuclear MRS/MRI

• Isotope tracing
• Hyperpolarization



Chemical Exchange Saturation Transfer (CEST)

Mamoune et al. J Chem Neuroanatomy 2021
Goerke et al. MRM 2019



Endogenous Glutamate CEST

MRS confirmation for Right temporal lobe epilepsy (TLE)

Davis et al Sci Trans Med 2015



PARACEST 

Woods et al Chem Soc Rev 2006
Gilad et al. Nat Biotech 2007



Contrast Mechanisms for MRI
a. Relaxation based (small and large molecules) 
b. Chemical Exchange Saturation Transfer 
c. Magnetic Resonance Spectroscopy/Spectroscopic Imaging
d. Multi-nuclear MRS/MRI

• Isotope tracing
• Hyperpolarization



MR Spectroscopic Imaging (MRSI)
• What about detecting metabolites as opposed to structure?

– MRI - mainly water 55 M, MRSI – metabolites ~5mM
 à Signal ~ 10,000x smaller!
– End up w/ lower spatial resolution, longer scans but adds a new 

dimension

Cho Cre
NAA

3.0PPM 2.02.5Healthy Brain
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How do you localize MRS?



How do you localize MRS?

Skoch et al. Euro J of Rad 2008



How do you localize MRS?



Steady state pool sizes 1H MRSI

Choi et al Nature Med 2012
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High-res 3D MRSI

Hingerl et al Invest Rad 2020
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High-res 3D MRSI – brain tumor patient

Hangel et al NeuroImage 2020



Contrast Mechanisms for MRI
a. Relaxation based (small and large molecules) 
b. Chemical Exchange Saturation Transfer 
c. Magnetic Resonance Spectroscopy/Spectroscopic Imaging
d. Multi-nuclear MRS/MRI

• Isotope tracing
• Hyperpolarization
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NMR/MRI active nuclei



pH – 31P Spectroscopy
Intracellular pH (Moon and Richards 1973) and extracellular pH (Myer et al 1985) using chemical shift

Gilles et al MRM 1994 
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Bioenergetics – 31P MR Spectroscopy

Pre-exercise Post-exercise

Fiedler et al 2015 

54



Isotope Tracing?



First isotope tracing studies
• Radioactive isotopes were first used in biological systems in the 

1920s by George de Hevesy, who won the Nobel Prize in Chemistry 
in 1943 - Traced using 212Pb into Vicia faba (horse-bean)1

• Later the first stable isotopes were used for tracing, including 2H 
tracing by Schoenheimer2

• This lead to isolated organs, particularly the heart, and to translate 
isotopic labeling data into relative or absolute metabolic fluxes3

• Used in humans since 1934, when Hevesy and Hofer used 
deuterium oxide to estimate the size of the whole-body water pool 
and rate of water elimination4

1Hevesy Biochem J 1923
2Schoenheimer et al. Science 1935, J Biochem 1936
3Chance et al. 1983, Malloy et al. 1987, Russel et al 1997
4Hevesy and Hofer Nature 1934



Pool size versus Flux

Jang et al. Cell 2018



Jang et al. Cell 2018



Early MRS leveraged isotope tracing and NMR

Eakin et al. FEBS Letters 1972 Ugurbil et al. PNAS 1978 Cohen et al. Nature 1978



13C-acetate MR Spectroscopy

Befroy et al Nat Med 2014

61



Hyperpolarized MRI
• Whats wrong with MRI? – Signal is weak!
• Multiple Methods to increase it for high SNR MRI:

– Optical pumping (3He, 129Xe)
– Chemical reduction using Parahydrogen (PHIP, SABRE)
– Dynamic nuclear polarization (dissolution DNP, solid state DNP)
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HP MRI of gases 

Roos et al. Magn Reson Imaging Clin N Am 2015 
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HP MRI of gases (HyperCEST) 

Schroeder et al. Science 2006
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HP MRI of gases (HyperCEST)  

Biosensor is only in volume 2

Schroeder et al. Science 2006
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How do we overcome the limited sensitivity of magnetic resonance 
for isotope tracing in liquids?

Overhauser 1952 Abragam and Goldman 1955
Borghini 1968

Dynamic Nuclear Polarization Parahydrogen Induced Polarization

Ardenkjaer-Larsen, Golman et al. 2003

Bowers and Weitekamp 1986,1987

Reineri, Aime et al. 2015



• HP MRI provides a mechanism to overcome the sensitivity problem of MR by aligning spins 
outside of the magnet
• Follow the conversion of HP pyruvate through many pathways in seconds! 

• Reduction to HP Lactate
• Transamination to HP Alanine
• Decarboxylation to HP carbon dioxide and later bicarbonate (pH) 
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Hyperpolarized 13C Magnetic Resonance 

Keshari and Wilson Chem Soc Rev 2014



Many probes and methods can be developed to 
interrogate metabolism

Tee and Keshari Cancer J 2015
Keshari and Wilson Chem Soc Rev 2014
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Hyperpolarized 13C NMR/MRI



Hyperpolarized 13C MRI
DHA Vitamin C

VitC

DHA

T2-weighted

Keshari et al PNAS 2011
Salamanaca-Cardona et al. Cell Metabolism 2017
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HP MRI in humans facilitates imaging isotope tracing 
It turns out tumors make lactate…
 and it might be rate limited by transport…

so do many organs (heart, brain etc)…

Miloushev et al. Cancer Res 2018
Granlund et al. Cell Metabolism 2020
Deh et al. MRM 2024
Zhang et al. JMRI 2024



Lets take a break



Paper discussion
2 Discussion Papers:

• Day, S. E. et al. Detecting tumor response to treatment using hyperpolarized 
13C magnetic resonance imaging and spectroscopy. Nat Med 13, 1382–1387 
(2007).

• Choi, C. et al. 2-hydroxyglutarate detection by magnetic resonance 
spectroscopy in IDH-mutated patients with gliomas. Nat Med 18, 624–629 (2012).


