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(57) ABSTRACT 

The invention provides a method of magnetic resonance 

investigation of a sample, said method comprising: reacting para-hydrogen enriched hydrogen With a hydroge 

natable MR imaging agent precursor containing a non 
hydrogen non-Zero nuclear spin nucleus to produce a hydro 
genated MR imaging agent; (ii) administering said 
hydrogenated MR imaging agent to said sample; (iii) expos 
ing said sample to radiation of a frequency selected to excite 
nuclear spin transitions of said non-Zero nuclear spin 
nucleus in said hydrogenated MR imaging agent; (v) detect 
ing magnetic resonance signals of said non-Zero nuclear spin 
nucleus from said sample; and (vi) optionally, generating an 
image or biological functional data or dynamic ?oW data 
from said detected signals. 
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PARA-HYDROGEN LABELED AGENTS AND 
THEIR USE IN MAGNETIC RESONANCE 

IMAGING 

[0001] This invention relates to a method of magnetic 
resonance imaging (MRI), in particular to non-proton mag 
netic resonance imaging, especially of nuclei With I (nuclear 
spin)=1/z, e.g. 13C, 15N and 29Si. 

[0002] Magnetic resonance imaging is a diagnostic tech 
nique that has become particularly attractive to physicians as 
it is non-invasive and does not involve exposing the patient 
under study to potentially harmful radiation such as X-rays. 

[0003] In order to achieve effective contrast betWeen MR 
images of different tissue types, it has long been knoWn to 
administer to the subject MR contrast agents (eg paramag 
netic metal species) Which affect relaxation times in the 
Zones in Which they are administered or at Which they 
congregate. By shortening the relaxation times of the imag 
ing nuclei (the nuclei Whose MR signal is used to generate 
the image) the strength of the MR signal is changed and 
image contrast is enhanced. 

[0004] MR signal strength is also dependent on the popu 
lation difference betWeen the nuclear spin states of the 
imaging nuclei. This is governed by a BoltZmann distribu 
tion and is dependent on temperature and magnetic ?eld 
strength. HoWever, in MR imaging contrast enhancement 
has also been achieved by utilising the “Overhauser effect” 
in Which an esr transition in an administered paramagnetic 
species is coupled to the nuclear spin system of the imaging 
nuclei. The Overhauser effect (also knoWn as dynamic 
nuclear polarisation) can signi?cantly increase the popula 
tion difference betWeen excited and ground nuclear spin 
states of the imaging nuclei and thereby amplify the MR 
signal intensity. Most of the Overhauser contrast agents 
disclosed to date are radicals Which are used to effect 
polarisation of imaging nuclei in vivo. There is very little 
reported Work on techniques Which involve ex vivo polari 
sation of imaging nuclei prior to administration and MR 
signal measurement. 

[0005] US. Pat. No. 5,617,859 (SouZa) discloses a mag 
netic resonance imaging system employing a small, high 
?eld polariZing magnet (eg a 15T magnet) to polariZe a 
froZen material Which is then Warmed up and administered 
to a subject placed Within the imaging apparatus. The 
material used may be Water, saline, a ?uorocarbon or a noble 
gas such as He or Xe. Since the magnetic ?eld in the 
polariZing magnet is greater than that inside the imaging 
apparatus and since polariZation is effected at loW tempera 
ture, an increased population difference betWeen the nuclear 
spin states (ie polariZation) should result in a stronger MR 
signal from the polariZed material. 

[0006] In US. Pat. No. 5,611,340 (SouZa), a someWhat 
similar MR imaging system is disclosed. Here hoWever 
liquid hydrogen is polariZed by the polariZing magnet and 
thereafter it is heated up and reacted With oxygen to produce 
polariZed Water Which is administered to the subject. The 
resulting enhanced MR signal Will be an enhanced 1H MR 
signal. 

[0007] US. Pat. No. 5,545,396 (Albert) discloses an in 
vivo MR imaging method in Which a noble gas (e.g. 129Xe 
or 3He) having a hyperpolarised nuclear spin is inhaled into 
the lungs and a representation of its spatial distribution 
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therein is generated. MR imaging of the human oral cavity 
using hyperpolarised 129Xe Was also reported by Albert in J. 
Mag. Res., 1996: B111, 204-207. 

[0008] The use of hyperpolarised MR contrast agents in 
MR investigations such as MR imaging has the advantage 
over conventional MR techniques in that the nuclear polari 
sation to Which the MR signal strength is proportional is 
essentially independent of the magnetic ?eld strength in the 
MR apparatus. Currently the highest obtainable ?eld 
strengths in MR imaging apparatus are about 8T, While 
clinical MR imaging apparatus are available With ?eld 
strengths of about 0.2 to 1.5T. Since superconducting mag 
nets and complex magnet construction are required for large 
cavity high ?eld strength magnets, these are expensive. 
Using a hyperpolarised contrast agent, since the ?eld 
strength is less critical it is possible to make images at all 
?eld strengths from earth ?eld (40-50 MT) up to the highest 
achievable ?elds. HoWever there are no particular advan 
tages to using the very high ?eld strengths Where noise from 
the patient begins to dominate over electronic noise (gen 
erally at ?eld strengths Where the resonance frequency of the 
imaging nucleus is 1 to 20 MHZ) and accordingly the use of 
hyperpolarised contrast agents opens the possibility of high 
performance imaging using loW cost, loW ?eld strength 
magnets. 

[0009] The present invention is based on a method of MRI 
of a sample Which relies on ex vivo nuclear polarisation of 
selected non-hydrogen, I¢0 imaging nuclei (e.g. 13C, 15N 
and 29Si nuclei) of an MR imaging agent by reaction of a 
precursor to said agent With para-hydrogen enriched hydro 
gen gas. 

[0010] Thus vieWed from one aspect the present invention 
provides a method of magnetic resonance investigation of a 
sample, preferably a human or non-human animal body (eg 
a mammalian, reptilian or avian body), said method com 
prising: 

[0011] reacting para-hydrogen enriched hydrogen 
With a hydrogenatable MR imaging agent precursor 
containing a non-Zero nuclear spin nucleus other than 
1H to produce a hydrogenated MR imaging agent; 

[0012] (ii) administering said hydrogenated MR imag 
ing agent to said sample; 

[0013] (iii) exposing said sample to radiation of a 
frequency selected to excite nuclear spin transitions of 
said non-Zero nuclear spin nucleus in said hydroge 
nated MR imaging agent; 

[0014] (iv) detecting magnetic resonance signals of said 
non-Zero nuclear spin nucleus from said sample; and 

[0015] (vi) optionally, generating an image or biological 
functional data or dynamic ?oW data from said detected 
signals. 

[0016] The MR signals obtained in the method of the 
invention may be conveniently converted into 2- or 3-di 
mensional image data or into functional, ?oW or perfusion 
data by conventional manipulations. 

[0017] Hydrogen molecules exist in tWo different forms, 
namely para-hydrogen (p-H2) Where the nuclear spins are 
antiparallel and out of phase (the singlet state) and ortho 
hydrogen (o-H2) Where they are parallel or antiparallel and 
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in phase (the triplet state) At room temperature, the tWo 
forms exist in equilibrium With a 1:3 ratio of para:ortho 
hydrogen. At 80K the ratio is 48:52 and at 20K it approaches 
100:0, i.e. 99.8:0.2. Reducing the temperature still further is 
not bene?cial since hydrogen freeZes at about 17K. The rate 
of equilibration is very loW in pure hydrogen but in the 
presence of any of several knoWn catalysts (such as Fe3O4, 
Fe2O3, or activated charcoal) an equilibrium mixture is 
rapidly obtained and remains stable at room temperature for 
several hours after separation from the catalyst. Thus by 
“enriched hydrogen” above is meant hydrogen in Which 
there is a higher than equilibrium proportion of para-hydro 
gen, for example Where the proportion of para-hydrogen is 
more than 25%, preferably more than 30%, preferably 45% 
or more, more preferably 60% or more, particularly prefer 
ably 90% or more, especially preferably 99% or more. 
Typically the preparation of enriched hydrogen, an optional 
initial step in the method according to the invention, Will be 
carried out catalytically at loW temperatures eg at 160K or 
less, preferably at 80K or less or more preferably at about 
20K. 

[0018] The parahydrogen thus formed may be stored for 
long periods, preferably at loW temperature, eg 18-20° K. 
Alternatively it may be stored in pressuriZed gas form in 
containers With non-magnetic and non-paramagnetic inner 
surfaces, eg a gold or deuterated polymer coated container. 

[0019] Generally speaking, if a p-H2 molecule is trans 
ferred to a host molecule by means of catalytic hydrogena 
tion (optionally at elevated pressure (e. g. 50 to 100 bar)), the 
proton spins remain antiparallel and begin to relax to ther 
mal equilibrium With the normal time constant T1 of the 
hydrogen in the molecule (typically about one second). 
HoWever during relaxation some of the polarisation may be 
transferred to neighbouring nuclei by cross-relaxation or 
other types of coupling. The presence of, for example, a 13C 
nucleus With a suitable substitution pattern close to the 
relaxing hydrogen may lead to the polarisation being con 
veniently trapped in the sloWly relaxing 13C nucleus. An 
enhancement factor of 2580 has been reported in the litera 
ture (Barkemeyer et al, 1995, J Am Chem Soc 117, 2927 
2928). A 13C nucleus in a carbonyl group or in certain 
quaternary carbons may have a T1 relaxation time typically 
of more than a minute. 

[0020] The hydrogenation step should preferably be per 
formed in the liquid or gaseous phase, preferably in the 
absence of materials Which Would promote relaxation. If in 
the liquid phase, then the catalyst can be removed by 
?ltration through, for example, an ion-exchange resin. If in 
the gas phase, then separation of a solid catalyst is trivial and 
the MR imaging agent formed can simply be passed into a 
suitable solvent, preferably a physiologically tolerable sol 
vent, most preferably Water, and used according to the 
invention. 

[0021] Thus the present invention is based on the recog 
nition that polarisation of certain nuclei (e.g. 13C nuclei) in 
a host molecule using enriched hydrogen represents a means 
for performing ex vivo polarisation of an MR imaging agent 
prior to its administration into a subject and conventional 
MR imaging. The term “MR imaging agent” used herein 
refers to an agent containing nuclei (MR imaging nuclei) 
capable of emitting magnetic resonance signals. Such MR 
imaging nuclei are non-Zero nuclear spin nuclei capable of 
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emitting magnetic resonance signals, preferably I=1/z nuclei 
(other than hydrogen itself), such as eg 19F, 3Li, 1H, 13C, 
15N, 29Si or 31F nuclei, but preferably are 13C or 15N nuclei, 
most preferably 13C nuclei. In other Words, the MR imaging 
agent precursor should preferably contain a non-hydrogen 
I=1/z nucleus. 

[0022] The non hydrogen non Zero nuclear spin nucleus in 
the MR imaging agent may be present in its naturally 
occurring isotopic abundance. HoWever Where the nucleus is 
a non-preponderant isotope (e.g. 13C Where 12C is the 
preponderant isotope) it Will generally be preferred that the 
content of the nucleus be enriched, ie. that it is present at a 
higher than normal level. 

[0023] Thus vieWed from a further aspect the present 
invention provides the use of hydrogen (e.g. para-hydrogen 
enriched hydrogen) in MR imaging of a sample (eg a 
human body), preferably 13C, or 15N MR imaging of a 
sample. 

[0024] VieWed from an alternative aspect, the invention 
provides the use of para-hydrogen enriched hydrogen for the 
manufacture of an MR imaging agent for use in a method of 
diagnosis involving generation of an MR image by non 1H 
MR imaging of a human or non-human animal body. 

[0025] VieWed from a still further aspect the invention 
provides use of a hydrogenatable compound containing a 
non hydrogen non-Zero nuclear spin nucleus in the manu 
facture of an MR imaging agent for use in a method of 
diagnosis involving generation of an MR image by non 
proton MR imaging, said manufacture involving hydroge 
nation of said compound With para-hydrogen enriched 
hydrogen. 

[0026] By imaging, it Will be appreciated that not just 
production of tWo or three dimensional morphological 
images is covered: the images produced may be represen 
tations of the value or temporal change in value of a 
physiological parameter such as temperature, pH, oxygen 
tension, etc. Morphological images hoWever Will generally 
be produced. 

[0027] MR imaging agent precursors suitable for use in 
the present invention are hydrogenatable and Will typically 
possess one or more unsaturated bonds, e.g. double or triple 
carbon-carbon bonds. For in vivo imaging, the hydrogenated 
MR imaging agent should of course be physiologically 
tolerable or be capable of being presented in a physiologi 
cally tolerable form. 

[0028] The MR imaging agent should preferably be 
strongly polarisable (for example, to a level of greater than 
5%, preferably greater than 10%, more preferably greater 
than 25%) and have a non-hydrogen MR imaging nucleus 
With a long T1 relaxation time under physiological condi 
tions, e.g. 13C, 15N or 29Si. By a long T1 relaxation time is 
meant that T1 is such that once polarised, the MR imaging 
agent Will remain so for a period suf?ciently long to alloW 
the imaging procedure to be carried out in a comfortable 
time span. Signi?cant polarisation should therefore be 
retained for at least is, preferably for at least 60 s, more 
preferably for at least 100 s and especially preferably 1000 
s or longer. 

[0029] There Will preferably be nuclear spin:spin coupling 
in the imaging agent betWeen the MR imaging nucleus and 



US 2004/0024307 A1 

at least one of the hydrogens introduced as a result of 
hydrogenation With para-hydrogen. The coupling constant is 
preferably betWeen 1 and 300 HZ, more preferably betWeen 
10 and 100 HZ. This is preferably achieved by placing the 
MR imaging nucleus no more than 3, more preferably no 
more than 2 bonds aWay from the para-hydrogen derived 
hydrogen. Desirably the nmr signal from the MR imaging 
nucleus (hereinafter occasionally referred to as the reporter 
nucleus), is sharp, preferably With a lineWidth (at 37° C. in 
blood or tissue) of less than 100 HZ, more preferably less 
than 10 HZ, even more preferably less than 1 HZ. Accord 
ingly, the MR imaging agent Will preferably contain as feW 
non-Zero nuclear spin atoms (besides the reporter nucleus 
and the tWo protons from the p.H2) as possible Which can 
couple With the reporter nucleus. Desirably therefore the MR 
imaging agent contains no more than 10, more preferably no 
more than 5, still more preferably no more than 2, even more 
preferably no more than 1, and especially preferably no 
non-Zero nuclear spin nuclei Within 3 bonds of the reporter 
nucleus, and still more preferably Within 4 bonds. Most 
preferably the only non-Zero nuclear spin nuclei in the MR 
imaging agent are the reporter nucleus and the protons from 
the p.H2. Quadrupolar nuclei (e.g. 14N, 35Cl and 79Br) 
should preferably not be included in the MR imaging agent 
although they may be present in counterions or other dis 
solved components of a contrast medium containing the MR 
imaging agent. Avoidance of undesired nuclei may involve 
use of deuterium in place of protons in the MR imaging 
agent. Thus Where the unsaturated bond to be hydrogenated 
is a C=C bond, this may desirably be in a —CD=CD 
structure. In this Way the polariZation transfer to the reporter 
nucleus, e.g. 13C in a —13C—C=C— structure may be 
increased. The MR imaging agent should preferably be 
relatively small (e.g. molecular Weight less than 500D, more 
preferably less than 300D (e.g. 50-300D) and more prefer 
ably 100 to 200D) and also preferably should be soluble in 
a liquid solvent or solvent mixture, most preferably in Water 
or another physiologically tolerable solvent or solvent miX 
ture. The MR imaging agent precursor likeWise is preferably 
soluble in such solvents or solvent miXtures and desirably is 
capable of undergoing rapid catalysed hydrogenation, e. g. at 
a conversion rate of at least 1 g precursor/min using 2 mole 
% or less of catalyst. Furthermore, the chemical shift, or 
even better the coupling constant of the nmr signal from the 
imaging nucleus in the MR imaging agent should preferably 
be in?uenced by physiological parameters (eg morphology, 
pH, metabolism, temperature, oXygen tension, calcium con 
centration, etc). For eXample, in?uence by pH can be used 
as a general disease marker, Whilst in?uence by metabolism 
may be a cancer marker. Alternatively, the MR imaging 
agent may conveniently be a material Which is transformed 
(eg at a rate such that its half life is no more than 10><T1 of 
the reporter nucleus, preferably no more than 1><T1) in the 
subject under study to a material in Which the reporter 
nucleus has a different coupling constant or chemical shift. 
In this case the subject may be inanimate or animate, eg a 
human or animal, a cell culture, a membrane-free culture, a 
chemical reaction medium, etc. Thus for eXample the 
reporter nucleus may provide information on the operation 
of the biochemical machinery of an organism Where that 
machinery transforms the MR imaging agent and in so doing 
changes the chemical shift or coupling constant of the 
reporter nucleus. It Will be appreciated that the imaging 
process used in this case may be an nmr spectroscopic 
procedure rather than (or in addition to) an imaging proce 
dure Which generates a morphological image. 
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[0030] The MR imaging agent should preferably be 13C or 
5 N enriched, particularly preferably 13C enriched, in posi 
tions close to the hydrogenation site, eg a double or triple 
bond, and Where relaxation is sloW. Preferred MR imaging 
agents according to the invention also eXhibit the property of 
loW toxicity. 

[0031] Generally speaking, to increase the MR signal from 
the hydrogenated MR imaging agent, it may be desirable to 
incorporate more than one unsaturated bond in each mol 
ecule of the precursor, eg in a conjugated unsaturated 
system. HoWever due consideration must be given to the 
need to keep molecular Weight relatively loW to prevent 
di?iculties in administration of the agent. The presence of 
one or more CEC bonds in the hydrogenatable MR imaging 
agent precursor increases the reaction rate and may therefore 
be preferred. Also preferred are compounds With an unsat 
urated carbon-carbon bond With one or more carbonyl 
substituents, eg an (x6 unsaturated carbonyl compound. 
Particularly preferred are compounds comprising disubsti 
tuted unsymmetric alkylene or acetylene groups With a 
carbonyl-unsaturation-carbonyl moiety. Such compounds 
are of high reactivity and may alloW tWo or more 13C atoms 
to be incorporated to utiliZe the polarisation more e?iciently. 

[0032] Precursors that match as many of the above design 
parameters as possible have been found to form eXcellent 
MR imaging agents once reacted With parahydrogen. Such 
agents have both in vitro and in vivo usage. 

[0033] Such MR imaging agents and their precursors 
Which are reporter nucleus enriched, ie. have greater than 
natural isotopic abundance of the reporter nucleus, are novel 
and form further aspects of the invention. VieWed from a 
?rst of these aspects the invention provides a precursor 
compound: 

[0034] containing a hydrogenatable unsaturated 
bond; 

[0035] (ii) containing a non-hydrogen non Zero 
nuclear spin nucleus at greater than natural isotopic 
abundance; 

[0036] (iii) having a molecular Weight preferably 
beloW 1000D, more preferably beloW 500D; and 

[0037] (iv) Which folloWing hydrogenation has an 
nmr spectrum for said non-hydrogen non Zero 
nuclear spin nucleus Which is a multiplet having a 
coupling constant relative to one of the hydrogens 
introduced by hydrogenation of 1 to 300 HZ and 
having a lineWidth of less than 100 HZ, preferably 
beloW 10 HZ, more preferably beloW 1 HZ. 

[0038] The hydrogenatable precursor compound of the 
invention preferably contains as said non-hydrogen non Zero 
nuclear spin nucleus a I=1/z nucleus such as 13C, 15N or 29Si, 
especially 13C. Preferably it also has some or all of the 
desired properties discussed earlier, e.g. solubility, pavcity 
of other I-O nuclei (although these may be present in a 
counterion component of the compound if it is ionic), 
reactivity to hydrogenation, etc. 

[0039] VieWed from a further aspect the invention also 
provides a reporter compound: 

[0040] containing at least tWo protons; 
[0041] (ii) containing a non-hydrogen non Zero 

nuclear spin nucleus at greater than natural isotopic 
abundance; 

[0042] (iii) having a molecular Weight preferably 
beloW 1000D, more preferably beloW 500D; and 
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[0043] (iv) having an nrnr spectrum for said non-hydrogen 
non Zero nuclear spin nucleus Which is a rnultiplet having a 
coupling constant relative to one of said at least tWo protons 
1 to 300 HZ and having a lineWidth of less than 100 HZ, 
preferably beloW 10 HZ, more preferably beloW 1 HZ. 

[0044] Once again, the reporter compounds of the inven 
tion, Which are obtainable by hydrogenation of the precursor 
compounds of the invention Will desirably possess some or 
all of the desired properties referred to earlier, e.g. solubility, 
narroW lineWidths, coupling constants in the 10 to 100 HZ 
range, coupling constant sensitivity, chemical shift sensitiv 
ity, isotopic make up, etc. 

[0045] Preferred precursor compounds for MR imaging 
agents for use according to the invention desirably contain 
the folloWing rnolecular sub-units: 

[0046] at least one C=C or CEC bonds; 

[0047] (ii) a C, N or Si atorn separated by one or tWo 
bonds from a C=C or CEC bond, bound only to 
atoms the naturally most abundant isotope form of 
Which has a nuclear spin I=0, and not coupled by a 
series of covalent bonds to any atoms the naturally 
most abundant isotopic form of Which has I>1/z; and 

[0048] (iii) at least one Water-solubiliZing rnoiety, ie. 
a functional group Which irnparts Water solubility to 
the molecule, e.g. hydroXyl, arnine or oXyacid (e.g. 
carboXyl) groups. 

[0049] Correspondingly, preferred MR imaging agents for 
use according to the invention desirably contain the folloW 
ing molecular sub-units: 

[0050] at least one CH—CH or CH=CH rnoiety; 

[0051] (ii) a C, N or Si atorn separated by one or tWo 
bonds from a CH—CH or CH=CH rnoiety, bound 
only to atoms the naturally most abundant isotopic 
form of Which has I=0, and not coupled by a series 
of covalent bonds to any atoms the naturally most 
abundant isotopic form of Which has I>1/z; and 

[0052] (iii) at least one Water-solubiliZing rnoiety, ie. 
a functional group Which irnparts Water solubility to 
the molecule, e.g. hydroXyl, arnine or oXyacid (e.g. 
carboXyl) groups. 

[0053] While cornpounds meeting these criteria can be 
used according to the invention Without enrichment in 13C, 
15N or 29Si, it is preferred that they be enriched and in 
particular that there be such isotopic enrichment of the 
atoms de?ned by criterion (ii). 

[0054] Speci?cally preferred hydrogenatable MR imaging 
agent precursors for use in the method of the invention 
include sirnple unsaturated acids (eg acrylic acid, crotonic 
acid, propionic acid, furnaric acid, rnaleic acid and 
HOOC.CEC.COOH), especially Where a carboXyl carbon 
separated by tWo or more favourably one bond from the 
unsaturated bond is 13C or 13C enriched, 

a all my: 
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-continued 

O 

O OH O OH 

OH 

OH II II 
O 

HO O 

[0055] unsaturated quaternary carbon compounds where 
the quaternary carbon is separated by tWo or more preferably 
one bond from the unsaturated bond and preferably Where 
the quaternary carbon is 13C or 13C enriched, e.g. 

HO OH HO OH 

Ij< 0 OH 
OH | | 
OH 

OH 

HO OH O OH 

I I OH I I o 

[0056] 
such as 

compounds With more than one hydrogenation site 
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-continued 

HOOC COOH 

% % 
COOH 

[0057] especially Where a carbon separated by tWo or 
more preferably one bond from an unsaturated bond is 13C 
or 13C enriched and other compounds such as: 

o NH2 

HOOC NH2 

COOH 
COOH 

NH; 

HOOC 

R 

R1 R1 
COOH 

— CH — O n and 

R R1 

R1 

[0058] (Where R1 is 

COOH 

0 

Avg 
[0059] R3 is alkyl, hydroXyalkyl, arnino, hydroXyl etc, R is 
CONHR2 and R2 is a conventional hydrophilic group knoWn 
to be useful in X-ray contrast media such as a straight chain 
or branched C1_1O-alkyl group, preferably a C1_5 group, 
optionally With one or more CH2 or CH rnoieties replaced by 
oXygen or nitrogen atoms and optionally substituted by one 
or more groups selected from OX0, hydroXy, arnino, carboXyl 
derivative, and OX0 substituted sulphur and phosphorus 
atorns). 
[0060] 13C enriched MR imaging agents have 13 C at one 
particular position (or more than one particular position) in 
an amount in eXcess of the natural abundance, i.e above 

3 
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about 1%. Preferably such a single carbon position Will have 
5% or more 13C, particularly preferably 10% or more, 
especially preferably 25% or more, more especially prefer 
ably 50% or more, even more preferably in eXcess of 99% 

(eg 99.9%). 

[0061] In all these hydrogenatable compounds represented 
by forrnulae herein, protons are preferably replaced by 
deuterons, eXcept perhaps protons Which are labile on dis 
solution (e.g. carboXyl protons). 

[0062] In addition, compounds which on hydrogenation 
yield compounds which are or are analogous to naturally 
occurring biornolecules (e.g. amino acids, rnetabolites, neu 
rotransrnitters, etc) are possible MR imaging agent precur 
sors for use in the method of the invention. 

[0063] For studies of biochemical reactions, it may also be 
interesting to use succinic acid (Which occurs in the citric 
acid cycle), especially 13C enriched succinic acid: 

13cooH 
13cooH 13cooH 

P-H2 I P-H2 
—> 

catalyst catalyst 
COOH COOH 

COOH 
Maleic acid Maleic acid 

P-H2 
catalyst 

J/BCOOH 
HOOC 

Furnaric acid 

[0064] For studies of peptide/protein synthesis, Whether 
natural or arti?cial, it may likeWise be interesting to use 
amino acids, produced by pHZ hydrogenation of a [3 carbon-y 
carbon unsaturated bond, especially Where the carboXyl 
carbon is 13C enriched. 

HOOBC COOH 
/ P-H2 

—> 

catalyst 
NH2 

HOOBCWCOOH 
NH; 

Glutarnic acid 

13 
HZN / COOH p_H2 

—> 

catalyst 
NH2 
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-continued 

H2No13c COOH / P-H2 
catalyst 

NH; 

HZNOBCWCOOH 

Lysine 

Glutamine 

[0065] Amides, amines, cyanides and nitroXides or other 
nitrogen containing MR imaging agents are particularly 
suitable for 15N reporter nuclei as are compounds Which 
comprise a ring nitrogen containing heterocycle. One 
eXample of a 15N reporter nucleus imaging agent is acetyl 
choline, Which is biologically modi?ed and so may be used 
to study metabolic processes. This imaging agent may be 
produced by pH2 hydrogenation of corresponding ethyleni 
cally or acetylenically unsaturated precursors, preferably 
ones enriched in 15N: 

15 + 

15NMe3+ 15NM63+ NMe3 

-H -H P 2 \ OAc P 2 
catalyst H catalyst 

OAc 
H . 

OAC Acetyl choline 

P'H2 
catalyst 

15NMe3+ 

\ H 
H 

OAc 

[0066] Likewise amino acids, especially deuterated ver 
sions thereof may be used as vehicles for 15N. Silane and 
silicone compounds may similarly be used as vehicles for 
29Si. 

[0067] Due to their biotolerability, compounds With qua 
ternary carbons may be preferred. Cationic compounds may 
also be used, eg quaternary ammonium salts. 
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[0068] One especially preferred hydrogenatable or hydro 
genated MR imaging agent is maleic acid dimethyl ester 
Which is the hydrogenation product of acetylene dicarboXy 
lic acid dimethyl ester. 

[0069] Another useful MR imaging agent Would be 
methionine, and thus an unsaturated methionine precursor 
may advantageously be used as the precursor compound. 

[0070] Other interesting precursors include acetylenic 
compounds such as the folloWing 

no 
HOOC%C15N 15N— 

\\ 
H 

lSN — 

\ HOO13CT R1 

COOR 

OH 

%\O HO ‘(\O 
lSN :\ ISN — 

COOR COOR 

O 

O / 
O 

l5N— 

COOR 

[0071] Where R is H or CL6 alkyl and Ri is hydroxylalkyl, 
or a sulphone or sulphoXide. 

[0072] Typically the hydrogenatable MR imaging agent 
precursor Will undergo hydrogenation in the presence of a 
suitable catalyst, optionally at elevated temperature or pres 
sure. The hydrogenation catalyst used in the method of the 
invention need not be a homogeneous catalyst but during 
hydrogenation the entire hydrogen molecule should be trans 
ferred to the host molecule. Some examples of catalysts that 
are able to ful?l this criterion are shoWn in Table 1. 
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TABLE 1 

Hydrogenation catalysts that transfer 
dihydrogen to a double or triple bond 
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TABLE l-continued 

Hydrogenation catalysts that transfer 
dihydrogen to a double or triple bond 

Water Water 
Solu- Com- Solu- Com 

Catalyst Synonym bility ment Catalyst Synonym bility ment 

(PPh3)RhCl Wilkinson’s — Active 
When 

catalyst bound 

to Zeo- /\/\/\/\ lite P COONa 

(12A) 
[(NBD)Rh + Cationic OCTNa 
(Arnphosbl3+ 
(TPPMS)3RhCl + Anionic 
(HEXNa)2RhCl + Anionic 
(OCT Na)2RhCl + Anionic 
IrCl(CO)(PPh3)2 Vasca’s complex — 
(bicyclo[2.2.1]hep 
ta—2,5—diene 1,4- _ bis(diphenyffEhosphino)butane] P/\/N(CH3)3 
rhodium(I) 
tetra?uoroborate 

Amphos 

(ll; 
/ NBD : Norbornadiene @ 
[0073] It has been found that rhodium catalysts are par 
ticularly useful in the hydrogenation step, most particularly 

O Q those rhodium catalysts comprising phosphine groups. 
P [0074] The reaction mechanism of hydrogenation of eth 

ylene With Wilkinson’s catalyst is shoWn by Way of example 
TPPMS in FIG. 2. Reversibility of reaction is found to be loW With 

such catalysts containing cyclic phosphines. 

503_ [0075] A further catalytic cycle is shoWn by Way of 
example in FIG. 3. The oxidative addition of enriched 

SO_ SO_ hydrogen to the catalyst is generally an equilibrium step 
3 3 - . . . 

WhlCh means that certain catalysts Wlll also mterconvert 
p-H2 and o-H2. It is therefore desirable that the chosen 
hydrogenatable MR imaging agent precursor is highly reac 
tive. 

P [0076] It is highly desirable to carry out the hydrogenation 
TPPTS step in a very loW magnetic ?eld. Preferably this very loW 

magnetic ?eld is loWer than the magnetic ?eld of the earth 
itself, that is loWer than 50 pT, more preferably less than 10 

S03. pT, even more preferably less than 2 pT, eg 0 to 1 pT, 
especially 0.3 to 1 pT. It is possible to create such loW 
magnetic ?elds using, for example, commercially available 
magnetic shielding, for example p-metal. The effect of the 
magnetic ?eld on the degree of polarization of a reporter 

PWCOONa nucleus (in this case a 13C nucleus) is shoWn in FIG. 1. 

HEXNa [0077] It Will be apparent that the degree of solubility of 
the hydrogenated MR imaging agent Will determine hoW 
rapidly it can be dissolved in administrable media and 
subsequently administered and, given the ?nite lifetime of 
the polarisation, the importance of these factors Will be clear. 
Thus hydrogenation is conveniently performed in aqueous 
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media and preferred catalysts for use in the invention should 
operate ef?ciently in Water and conveniently not facilitate 
the exchange of hydrogen atoms betWeen Water and the 
enriched hydrogen, otherWise the polarisation is quickly 
lost. A Water soluble rhodium catalyst is one preferred 
example. 
[0078] In order to facilitate rapid separation of catalyst and 
hydrogenated MR imaging agent after hydrogenation, the 
catalyst may preferably be one Which is immobilized on a 
solid material eg a polymeric material Which alloWs the 
catalyst-bound solid material to be rapidly ?ltered off after 
reaction. KnoWn examples useful for the present method 
include catalysts covalently linked to a support or adsorbed 
on silica. 

[0079] An alternative Way to remove catalyst from an 
aqueous solution is to run the reaction in the presence of a 
Water-soluble catalyst (eg a rhodium catalyst) Which may 
then be removed by ?ltration through an ion-exchange resin 
or any other sort of ?lter that can retain the catalyst and 
alloW the product to pass. In the preferred case of a cationic 
catalyst, ?ltration may be carried out through a cation 
exchanger. Particularly preferred catalysts are cationic 
rhodium catalysts Rhodium catalysts transfer hydrogen as a 
unit to one substrate molecule and therefore avoid problems 
of HZ/D2 scrambling. One such embodiment makes use of an 
ion-exchange resin bound cationic complex such as [(NB 
D)Rh(Amphos)2]3+. The aqueous solution of an anionic or 
neutral product is obtained-in the ?ltrate. The opposite 
procedure may of course be used for anionic catalysts but 
these are generally less preferred. A neutral catalyst may be 
separated from the MR imaging agent by making use of 
physical characteristics such as lipophilicity. For example, a 
lipophilic catalyst (e. g. Wilkinson’s catalyst) may be used in 
a biphasic system such as Water/C18-derivatised silica or 
even tWo immiscible liquids such as Water/heptane. 

[0080] Hydrogenation may take place advantageously in a 
non-aqueous media in Which the hydrogenation product is 
insoluble (i.e. from Which it precipitates). The increased T1 
of the solid MR imaging agent alloWs more time for isola 
tion and subsequent dissolution in an administrable medium. 
Hydrogenation may also take place With the MR imaging 
agent precursor being insoluble in non-aqueous media but 
With a particle siZe as small as possible to increase relative 
surface area. The use of non-aqueous media, preferably 
media With non-magnetically active nuclei (e.g. CS2 or CO2 
under supercritical conditions) advantageously reduces 
polarisation loss from the polarised MR imaging agent and 
alloWs the use of an extended range of catalysts. 

[0081] VieWed from another aspect the invention provides 
apparatus for hydrogenation comprising: 

[0082] a reaction chamber having therein a reaction 
Zone, said reaction chamber having a gas inlet and a 
gas outlet; 

[0083] a temperature controller arranged to control 
the temperature in said reaction Zone; and 

[0084] magnetic shielding arranged about said reaction 
Zone and sufficient to cause the magnetic ?eld in said 
reaction Zone to be less than 10 pT, preferably less than 1 pT. 

[0085] The reaction chamber Will conveniently be dis 
posed Within a generally cylindrical p-metal shield. This 
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shield preferably has several concentric layers, eg a p-metal 
layer of relatively high permittivity surrounded by a demag 
netiZing layer, eg of copper foil, and in turn surrounded by 
one or more layers of p-metal of loWer permittivity than the 
inner layer. The inner p-metal layer is preferably of p-metal 
of the highest available permittivity. 

[0086] At each axial end, the cylindrical magnetic shield 
preferably extends in its axial direction beyond the reaction 
Zone by at least the internal diameter of the shield. Although 
a circular cross-section is preferred, the cylindrical shield 
may be non-circular in cross-section, e.g. elliptical or 
polygonal, for example hexagonal. Where the cross-section 
is non-circular, the axial extension beyond the reaction Zone 
is preferably by at least the minimum internal “diameter” 
(e.g. face to face spacing for a hexagonal cross section) but 
more preferably by at least the maximum internal diameter 
(e.g. corner to corner spacing for a hexagonal cross section). 

[0087] The reaction Zone may be for example comprise a 
bed of beads through Which hydrogen may ?oW upWards 
from a loWer gas inlet and through Which a solution con 
taining hydrogenatable precursor and hydrogenation catalyst 
may pass doWn to be removed from the reaction chamber 
through a loWer product outlet. Alternatively, the beads may 
have the catalyst immobiliZed thereon so that the product 
solution is catalyst free and may be in a form ready to use. 
The beads are preferably formed from paramagentic mate 
rial free polymer, glass or silica or are of a non-magnetic 
metal. Selection of bead size (eg 0.5 to 5 mm diameter, 
preferably 2 mm), bed depth and choice of direction of 
hydrogen How Will determine the duration of the reaction 
(generally 10 to 60 sec.). The preferred duration and bed 
depth can be determined by routine experimentation for the 
selected precursor/catalyst combination. 

[0088] The temperature controller Will conveniently be a 
heating/cooling jacket disposed about the reaction Zone 
portion of the reaction chamber and Within the shield. 
Preferably the materials used are non magnetic. A Water- or 
gas-jacket is generally appropriate. A temperature sensor 
may be disposed in or adjacent the reaction Zone if desired. 

[0089] Conveniently, the reaction chamber has a precursor 
solution inlet above the reaction Zone and an MR imaging 
agent solution outlet beloW the reaction Zone. Thus in 
operation using this embodiment the folloWing actions are 
performed: 

[0090] a source of pH2 enriched hydrogen is attached 
to the gas inlet; 

[0091] the reaction chamber is ?ushed With the 
enriched hydrogen; 

[0092] Water of the desired temperature is ?oWed 
through the Water-jacket; 

[0093] a quantity of a solution, preferably a sterile 
aqueous solution, of the precursor compound is 
introduced into the reaction chamber and into a 
particulate bed through Which the enriched hydrogen 
is ?oWing upWardly; and 

[0094] the solution passing out of the bed is With 
draWn from the reaction chamber, optionally after 
reversal of hydrogen ?oW direction to drive the 
solution out of the bed. 
















