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Superconducting magnet
Loop in liquid Helium at
4K. More than 1000 liters
of Helium inside!

I
B

Current without current
supply (good for
electricity bill)
Maximum field strength
for clinical use is 3T
Whole body scanners
limited to 11T
Signal in MRI originates
from water protons, that
emit RF waves.
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Magnetic susceptibility
B

magnetic flux density

H

magnetic field applied from outside

M

material magnetic moment

χ

magnetic susceptibility

µ

magnetic permeability

µ0

magnetic permeability of vacuum

 Magnetic moment inside material
induced by an external magnetic field
can either oppose or increase the
external field.
 χ<0: diamagnetic material
 χ=0: nonmagnetic material
 χ>0: paramagnetic material
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 Most biological tissues are diamagnetic
 χ ~ between -10-3 and -10-6

Blood
 Contains plasma (mostly water)
 White blood cells
 RBCs containing hemoglobin for oxygen
supply to tissue

Magnetic properties of blood
 Diamagnetic: oxyhemoglobin, no
unpaired electrons, zero magnetic
moment
 Paramagnetic: deoxyhemoglobin,
hemosiderin, methemoglobin, χ about
40 times larger
 Discovered by Linus Pauling in 1936
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Intermezzo: why does the brain needs
oxygen?

Magnetic forces in blood?
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 Magnetic force depends on
the static field and its
gradient
 Magnitude of force thus
critically depends on
dimensions of the magnet
 Modern magnets tend to
have very homogeneous
B0 field, fortunately…

Back to basic theory
 In MRI effects are much more subtle,
but results can still be breathtaking.
 Susceptibility differs between veins and
arteries/normal tissue (diamagnetic vs.
paramagnetic)
 This difference plays an important role
in MRI and can be exploited in several
ways

Local B0 depends on oxygenation level
amount of deoxyhemoglobin

Bandettini and Wong. Int. J. Imaging Systems and Technology. 6:133 (1995)
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Vessels modelled as magnetic dipoles

-Distortion not very local,
mainly extravascular (has
consequences for spatial
specificity of BOLD
-Depends on direction of veins

Deoxyhemoglobin distorts MRI signal
deoxygenated oxygenated

spin echo

gradient echo
MRI experiment with
oxygenated and deoxygenated
blood

-gradient echo very sensitive
to extravascular effect
-spin echo not sensitive to
extravascular effect of large
vessels

Blood oxygenation affects T2 and T2*

Thulborn et al., 1982
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Intermezzo: T2 or T2* decay
 Rate for signal decay is expressed with a time
constant T2.
 T2 decreases if more deoxyhemoglobin is present in
an imaging voxel

MRI signal upon neuronal activation

Seiji Ogawa
In 1990 Seiji Ogawa
noticed that the MR signal
originating from the
occipital lobe in rats had
higher contrast when the
room lights were on than
when the lights were off.
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BOLD: blood oxygen level dependent
Physical background BOLD:
 Deoxyhemoglobin is paramagnetic and
results in B0-field inhomogeneity.
 B0-field inhomogeneity causes reduction of
T2* (comparable to T2)
 Increased blood flow causes local reduction
of deoxyhemoglobin (very counter intuitive!).
 MRI-signal will be larger during activation due
to T2* increase.

Mind: decrease of [Hbr] is counter intuitive!

What influences amount of
deoxyhemoglobin in the brain?
 CBV: blood volume
 CBF: blood flow
 CMRO2: rate of oxygen consumption
(aerobic glycolysis: conversion of
glucose and oxygen into ATP)
 All factors play a role in the BOLD
effect, thus BOLD is not very
quantitative.
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Neurovascular coupling
-after a stimulus, neuronal
response will occur and
neuronal activity will increase
-metabolic demand will
increase likewise in general
after 1-2 seconds
-hemodynamic activity reflects
underlying neuronal processes
-but: anaerobic glycolysis may
occur as well, coupling is not
very local

A closer look to BOLD: what happens?
 OGI: oxygen to glucose index.
 For aerobic glycolysis: 6:1
 Remember: aerobic glycolysis yields 36 ATPs,
anearobic only 2 ATPs (witthout use of oxygen)

 Sokoloff 1970: 5.5:1, Fox & Raichle 1988
1:10!
 (Small) fraction of glucose may be
metabolised anaerobically
 This would have important consequences on
neurovascular coupling!

Watering the garden
 Malonek & Grinvald used
optical imaging to measure
Hb and dHb separately
during visual stimulation
 ∆dHb spatially focal and
co-located to neuronal
activity
 ∆Hb more widely
distributed
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 Rapid increase in dHb
implies oxidative
metabolism initially
 High spatial
correspondence between
initial dHb increase and
neuronal activity
 Coarse spatial
correspondence and
greater extent of delivery
of Hb

Mismatch between CBF and CMRO2
explains BOLD
 On activation CBF increase is much
higher than CMRO2 increase
 Apparently more oxygen is supplied to
the brain than consumed
 Oxygenated hemoglobin replace
deoxygenated hemoglobin
 Watering the garden for the sake of one
thirsty flower
 Has consequences for spatial accuracy
of BOLD.

HRF
 Hemodynamic Response Function
 Definition:
MRI signal that results from a brief (<1
second) intense period of neural
activity.
 Question: how would you measure a
HRF for a single subject?
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BOLD and HRF
Initial dip: Transient
increase in oxygen
consumption, before
change in blood flow

CMRO2

CBF + CBV

CBV

Changes in CBF and CBV
following neuronal activity: CBF
returns quickly to baseline; CBV
much slower.

HRF
 Shape varies across subjects
 Evidence exists that shape varies from
one region of the brain to another
But:
 Consistent measurement within a
subject is possible, even across days to
months
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BOLD effect depends on MRI
 Intravascular vs. extravascular
 Ratio between the two depends on
sequence and field strength
 1.5T: 60* IV vs 9.4T: 90% EV

 Capillaries vs. draining veins
 Draining veins do not reflect activation

BOLD effect depends on MRI
 T2 vs T2* effects
 EV and IV signal has both T2 and T2*
 Can be manipulated by SE: SE has no
extravascular effect of large veins and is
more constrained to capillaries

 Solution seems: BOLD at 9.4 T and with
SE: IV from capillaries. But this reduces
sensitivity enormously.
 Workhorse of fMRI: GE EPI
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