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1.Introduction
1.1. When and why did the 3He-MRI get started?

O Since the late 1970s,W. Happer (Princeton) had been investigating
spin-exchange optical pumping as a means of polarizing nuclei with
thought to practical things one might do with large collections of
nuclei thus polarized.

O Among them, they are the enhancement of fusion in tokamaks, the
creation of new kinds of polarized targets for high-energy physics,
and the improvement of clinical magnetic resonance imaging.

O In 1991, when he stayed in Washington as a director of DOE, he
ruptured a disk and an MRI scanning was done for his spines.

O Since he was in great pain, and that concentrated his mind
wonderfully.

O Thus began the effort by W. Happer, G. Cates and collaborators to do
clinical magnetic resonance imaging with noble gases.

O In 1994, W. Happer’s Princeton group, working with colleagues at the
Univ. of New York, Stony Brook published MRI images of the excised
heart and lungs of a mouse made with nuclear polarized '*°Xe.



1.2.

Polarization in thermal equilibrium
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Why is highly polarized *He gas needed for MRI?
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Expected NMR signal is proportional to N, - N_

Protonsin 1.5 T

Polarization 5.2 - 10
N,-N = 3.5-10™ in 1 W of water
P - (N,+N)

at room temperature, in
thermal equilibrium



1.3. Short history of NUIR/MRI

® 1933 Stern et al. discover the magnetic moment of proton.
® 1938 Rabi discovers Nuclear Magnetic Resonance (NMR) on molecular
beams.

® 1946 F. Bloch and E. Purcell independently describe NMR on condensed
matter.
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HE nuclear magnetic moments of a substance in a
constant magnetic field would be expected to give
rise to a small paramagnetic polarization, provided thermal




1950 Proctor and Yu discover chemical shift due to molecular
environment of protons. NMR becomes an essential tool of
analytical chemistry.

1971 Damadian proposes how some cancerous tissues
respond differently to magnetic fields than normal tissue, i.e.,

1973 P. C. Lauterbur realized that if a nonuniform magnetic field was
used, then the radio signals would come from just one slice of the

sample, allowing a two-dimensional image to be created.

1975 R. Ernst et al. establish the concept of
Fourier transform imaging nowadays
widely used.

1977 Sir P. Mansfield took a first image on
a finger of human being.

1979 Moor et al. took the first images in
multiple orientations of human brain

Paul C. Lauterbur  Sir Peter Mansfield
Nobel Prize in Medicine 2003



P. C. Lauterbur’s first imaging for Difference
proton in water

When he submitted his paper to Nature, the

journal editor rejected publication. Then, he %]
persuaded the editor to accept his paper.

test tube test tl.lbe filled
filled with pure water with pure water
plus MnSO, test tube filled j
with D,0

Fig. 3 Proton nuclear magnetic resonance zeugmatograms of
Fig.1 Relationship between a three-dimensional object, its two- SLSCUNIRY N et T, reuotion. thees.
dimensional projection along the Y-axis, and four one-dimen-
sional projections at 45° intervals in the XZ-plane. The arrows

indicate the gradient directions.



©1994 M. Albert et al. succeed observation of a lung image of a mouse with
a hyperpolarized X gas (published in Nature).
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1995 H. Middleton (Duke), and W. Happer (Princeton) took a lung MRI
shot of a Guinea pig with a hyperpolarized *He gas. (Physics Today,
June 1995). —

01996 Otten, Heil et al. (Mainz) took the first
human lung images at the
Krebsforschung Zentrum, Heidelberg.

o i
protons helium



*  Production of polarized *He gas

A number of methods to polarize *He were proposed
including the latest development of the DNP (Dynamic
Nuclear Polarization) at Yamagata University.

However, the methods which enable to produce a
large amount of highly polarized 3He gas are rather
limited, only (Metastability Exchange Optical
Pumping) and (Spin Exchange Optical Pumping)
are potentially used.

2.1. MEOP (Metastability Exchange Optical Pumping)

O In 1963, The “Metastability Exchange Optical Pumping” was
discovered by Colegrove, Schearer, and Walters (Texas
Instruments) and later applied to a polarized *He* ion source at
Rice/Texas A &M.
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Polarization of He® Gas by Optical Pumping
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Principe of MEOP e
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a) b)

1 |

23p T 3He(23S,) +3He(11S,) —3He(11S,) + 3He(23S,)
L aser at 1.083 m H‘[ ﬁ

circularly polarized

N > @
23S1T m.s.

rf-transition

([ ——, X




0 Large 3He polarization is obtained only at low gas pressures,
whereas there is a serious depolarization during optical pumping

Influence of pressure on M,

2%p

He(2P) +2He 12X 107 g 235 +) + He

He,(2°%,*)

1.6 % 1074 cm®

He(23S,) + 2He > He, (2%, %) + He

Various mechanisms at work:
Penning collisions: 2 He (2°S,) give
Creation of He,(2°X,") molecules

OP laser

S

He + Het + -

at high gas

pressure. To
avoid this
difficulty, OP is
performed at
low gas

Then, low
pressure
gas is
compressed.
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2.2. SEOP (Spin Exchange Optical Pumping)
A significant step to SEOP

HUCLEAR POLARIZATION TN He® GAE TNDUCED BY OPTICAL

° F i rst 3 H e _Rb PUMPING AND DIFOLAR EXCHANGE®
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Although almost eamplete polarization of alkali laxation of a saturated paramagnetic impurity
metal nuclel can be produced by optical pumping toward a polarized equilibriam, but by the re-
utilizing a buffer gas and a [ilter to remove the laxation of an optically polarized impurity toward
D, resomance light,'s* the number of atoms polar- a nearly depolarized equilibrium. We have ob-

1 First dense
sample with high
polarization (10%)
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1987 First targets

PHYSICAL REVIEW C YOLUME 36, NUMBER &

DECEMBER 1937 collisional mixing

Polarized, high-density, gaseous 'He targets
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The technique of spin exchange between laser oprically pumped alkali-metal vapor snd ‘He can
provide several atmem " (= 107 stoms in & volume of focm’) of nearly 100% pelarized 'He, We
have recently praduced 4% polarization of 197" aroms of *He (3 atm in 1.3 cm't. Tt should there-
fore be Ir\-os'ii'hi-r .I" produce us-_eful polarized e targens r!:, rll'm. Iw".""".ur .-”T rc.a]imlu_'m of o radia“ﬂnless
proctical target is limated by the contrbution 1o depolarization by ionization during bkombard- , H
mend. This has been studied with o 360-nA, 18-MeV a-particle beam with encosraging resulis. A quenr:hlng h'om N 2
"He targer with S0-%0% polarization and a thickness of 107 atoms em is fessibde, This paper
presents the principles of the technique, the recent progress on spin exchange with aptically
pamped alkali-metal vapor, and stedies of ionization-induced depolanization
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The origin of *He nuclear spin relaxation

O 3He-*He dipolar relaxation in the bulk
O Wall relaxation

- Ferromagneitc sites

- Other unwanted surface

contamination

O Magnetic field inhomogeneities
O Other relaxations
O Hysterisis relaxation:

- large change in wall relaxation due solely to

previous exposure to a large magnetic field



1 Kadlecek et al. discovered a
strong magnetic field
dependence in the Rb relaxation
which is due to the formation of §
triplet Rb, dimers as an ! N, pressure (Torr)

ey TOHIE DADD 2THKE

important sources of
relaxation

1000 2000 30060 4000 5000 GO0
B ()

1 Baranga et al. showed
that relaxation due to
Rb - 3He collisions often

accounts for a least half
the relaxation.

*He density (10" eni* )



 The T, hysterisis and correlation with presence of

Rb atom was discovered by the group from Utah
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* Application to the medical research
3. 1, Network PHIL : centralised gas production and delivery

Technical support to the clinical study Institute of Physics [T
BXAKT

Polarised Helium to Image the Lung

I
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http: //www.phil.ens.fr Quality of life

Storage
Transport

A European endeavour

+ 9 partners, 6 countries .... w/o pre-existing know-how in SHe-MRI

* born at the 1999 ‘hyperpolarized gases in MR’ meeting in Les Houches

Administration
Objectives : validate, develop and disseminate 3He MRI

Now called Shielded box for transport of polarized helium
Polarized Helium Lung B from Mainz
Imaging Network s 1] to Sheffcd

and Copenhagen

Innovative, non-invasive lung MRI
technlques for cllnlcal diagnosis and W
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3.2. Presentresearch on lung imaging

Measurable quantities of polarized 3He are
1) static distribution

2) gas diffusion - ADC

3) nuclear spin relaxation - pO,

Most of them are ready for use in clinical application,
such as diagnosis of (Chronical Obstructive
Pulmonary Disease) on the basis of a plenty amount of
data accumulation so far.

To comprehensively talk about them is, of course,
beyond my scope. Therefore, | will confine my talk only
on some of them from my personal interest.



3.2.1. Static distribution

Obtained by Holding a respiration Anatomic cuts (Icm thick)




3.2.2. Diffusion

Structure of , which is an end tissue of lung

.MefmBraneg dre™- .
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"‘Emphysema”

Principle to measure the diffusion coefficient:
The concept of

is frequently used. The ADC is defined as a diffusion

coefficient ignoring the temperature difference and
density difference.

The method uses a pulse sequence of 90°pulse followed
by 180°pulse under the magnetic field with field gradient
as shown in the next slide.



Phase broadening due to diffusion
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Ventilation Image ADC Map
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3.2.3. pO, (partial pressure of O,)

The partial pressure of oxygen (pO,) and its depletion rate are
important parameters in lung function assessment. Aeveolar pO, can

be used as a marker of ventilation efficiency, and the oxygen
depletion rate, which is related to oxygen uptake, can be used to
characterize perfusion. It has been shown that measuring the time
evolution of pO, enables differentiation between normal and diseased

lungs in pulmonary embolism, ghbli
disease, and COPD.

Use of relaxation time in the
Presence of Oxygen

T, ~10-20 sec.
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1. Future prospect

4.1. 3He — MRI at very low field —
(ENS/Paris at first, later, Kracow/Poland, etc.)

Most MRI S/N is proportional
to B, while *He-MRl is

independent of B. Therefore, =y ] &.
there is no benefit for *‘He-MRI L AT \(I B

3 mT-*HeMRI ‘at;ENS/
pr/ dlir— * )
. *-u. -

D B
‘cllNEl@DlﬂlcT!

Jourmal of Magneic Resonance |62 (20033 122132

In vivo NMR of hyperpolarized “He in the human lung at very
low magnetic fields

Christopher P. Bidinosti,” Jamal Choukeife, Pierre-Jean MNacher,

Foeywordle: Hyperpalansed halivm; Limg amagag: Diffusion; ADC



Low field *He-MRI is advantageous from the following view
points:

a) Local field gradients, which are due
to spatial variations in tissue suscep-

tibility, decrease in going to a lower
imaging field.

b) Working at a reduced frequency
reduces the RF power absorbed by
the body, thereby allowing the use

of rapid pulse sequences without
exceeding safety limits.

Very important
for future MRI

c) Cost is greaty reduced. No need for
superconducting magnet



4.2. Project at RCNP/Osaka

A brute force method:

Low Temperature and
high magnetic filed

=
o

—
P
E
e
=

Is this true for 3He ?

This is not true as far as
liquid *He is concerned.

*He polarization never obeys this
graph, because 3He is a Fermi
particle.




Only a minor part of *He near the Fermi Energy can be
polarized even if the temperature is lowered than 1 mK.

In other words, the polarization can never be increased
beyond the value at the Fermi temperature ( ).

On the other hand, the solid
SHe does not obey this rule
because the overlapping of
wave function for 3He is
Only 3He of limited due to the long lattice

this region

can be polarized. a4 ration.

In consequence, *He
behaves as a paramagnetic
substance for which the graph
Level of liquid 3He shown in the previous slide is

valid.

Probability




The procedure to obtain highly polarized *He
gas at room temperature — Idea of G. Frossati

*  Formation of a solid 3He cooled
down to 1 mK by means of the

* Polarization by means of the
1.e.B=17Tand T =1mK

expected solid polarization > 95%

3) Rapid melting by decompression and
gasification in a time shorter than the
relaxation time.



Principle of Pomeranchuk cooling

Clausius-Clapeyron
equation
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Therefore, the temperature would be lowered by
solidification of liquid *He by pressure since the
solidification brings an increase of entropy.
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Strage dumps
for

3I-le-‘He mixture

Under design
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Quick melting by decompression
in a few seconds keeps the
polarization almost at the solid
polarization.
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4.3. NMR/MRI of other hyperpolarized nuclei
4.3.1 '2Xe-MRI promising
® Lipophilia:

Unlike helium or water, it is readily absorbed by fatty tissue.

® Large chemical shifts:
Chemical shifts larger than H can be exploited to identify
biochemical details in magnetic resonance imaging.

® Method of polarization - SEOP

But, significant difference of SEOP exists between 3*He and #°Xe.

Assume 10 Amagats of noble gas

|
=

Ratio

| Rb spin destruction rate:

A
=1

Spin-exchange constant
| Kge = Yse / [RB]
Photon efficiency

® Rb is much harder to polarize in the presence of Xe
® 29Xe polarizes much more promptly than 3He



4.3.2. Hyperpolarized 3C, °N, and ?°Si NMR by
(Dynamic Nuclear Polarization)

1973 CERN group ( W. de Boer, T. O. Niinikoski et al.)

Dynamic Polarization of Protons, Deuaterons, and Microwave
Carbon-13 Nuclei: Thermal Contact Between Energy

Nuclear Spins and an Electron Spin—Spin
Interaction Reservoir

W. de Boer, M. Borghini, K. Morimoto,* T. . Niinikoski,t and F. Udo
CERN, Gemea, Swivzerlangd

{Received Cotoker 29, 1975)

Hydrogen, deuterium, and carbon-13 auclear spin systems have been studied in
partially deuterated I 2-ethanediol (CDL.OH),, doped with paramagnetic Cr®
complexes, bepween 0.0 and 0.3 K, using the rechnigue of dyramic polarization.
Varipus steady-stare and rransient measurements demonsirate the exisrence of
a thermal contact between the different spin species of thizs sample and the
electror spin-spin intevaction reservoir. The lowest spin temperature attained
was about J.2mK in a magnetic field of 25 kG, which corresponds to a proton
polarization of 7%, to a dewteron polarization of 0%, and to a carben-13
perlarization of 485

A partially deuterated doped
with paramagnetic CrV was dynamically polarized

withB=25T.andT=1.2 mK



1 Dutch and Swedish group (J. H. Andenkjaer-

Larsen et al.) showed a striking result.

Increase in signal-to-noise ratio of >10,000 times in
liquid-state NMR

lan H. Ardenkjeer-Larsen®, Bjom Fridlumd, Andreas Gram, Georg Hansson, Lennart Hamssom, Mathilde H. Lerche,
Folf Servin, Mikkel Thaning, and Klaes Golman

izl (DNP) 4,
e creste nontherm: l|
nlltrll-.'llf Fll-li'.l ur'li-lhlhunlli. hutlﬂul i) I’Irlufl I'| I'DNP‘IF ﬂ.r rrli:I'g | ol rizatio || ..I . ¥ ':l At |:-||||._ of the noble |._|

Aqueous [*C] urea quickly dlssolved from the solld phase hyperpolarlzed by
the DNP method has open up a new frontier, where an enhanced NMR signal
can be acquired, or a high sensitive agent for in vivo imaging or spectroscopy

is required. with B=3.35T, T=4.2K

Hyperpolarized
sample

—+<— Polarization
Production rate

140 120 120

Non treated
sample
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e Conclusion

O The history of hyperpolarized *He- and '°Xe-
MRI is very short. Actually, it started only 10
and a few years ago.

O However, their great validity has been proven
particularly in the biomedical field.

O Their great success encourages in
enhancing NMR signals of heavier isotopes
such as *C and >N for biomedical use too.

Thanks for your
patient attention



