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APPARATUS FOR DYNAMIC NUCLEAR POLARISATION

The invention relates to DNP apparatus, that is apparatus for carrying out
dynamic nuclear polarisation on a sample prior to subjecting the sample to a
nuclear magnetic resonance (NMR) process.

Dynamic nuclear polarisation (DNP) is used to enhance the nuclear
polarisation of samples for use in applications such as nuclear magnetic
resonance (NMR) analysis including nuclear magnetic resonance imaging (MRI)
and analytical high-resolution NMR spectroscopy (MRS). MRI is a diagnostic
technique 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. Analytical high resolution NMR spectroscopy
is routinely used in the determination of molecular structure.

MRI and NMR spectroscopy lack sensitivity due to the normally very low
polarisation of the nuclear spins of the materials used. In view of this, the
dynamic nuclear polarisation technique has been developed to improve the
polarisation of nuclear spins.

In a typical DNP process, as described for example in WO-A-
2006/077361, a liquid sample is mixed with a polarising agent and placed in a
sample cup which is mounted to a sample holding tube or sample positioning
device. The sample holding tube is then inserted into the bore of a
superconducting magnet located in a cryostat so as to bring the sample to a
working volume within the bore, the working volume being located in a
microwave cavity defined by a DNP insert. The superconducting magnet
generates a magnetic field of suitable strength and homogeneity in the working
volume.

The sample is cooled and solidified by exposing it to liquid helium in the
bore and then irradiated with microwaves while it is exposed to the magnetic
field and in its frozen state.

The sample is then lifted out of the liquid helium to a position in which it is
still subject to the magnetic field although this may be less homogeneous and
remains at a low temperature.
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Hot solvent is then supplied into the sample holding tube, typically
through a dissolution tube or stick, to the working volume so as to dissolve the
polarised sample. The solution is then rapidly extracted and transferred for
subsequent use either for analysis in an NMR system or, in the case of in vivo
applications, injection into a patient.

The solvent is prepared for delivery by superheating it to a temperature
above its boiling point. During this process, the pressure on the solvent will
increase and when a desired pressure is reached, i.e. sufficient to ensure rapid
delivery, a valve is opened and the solvent released. Transfer to the NMR
apparatus is further aided by the use of a chase gas.

There are number of problems with this approach. The first is that when
the desired pressure is reached, the temperature of the solvent may not be at a
required level. A second problem is that when the superheated solvent is
released, the accompanying sudden drop in pressure can cause bubbles of gas
to form in the sample. Likewise, the use of a chase gas may lead to the
formation of gas bubbles in the solvent. The presence of gas bubbles impairs the
quality of the subsequent analysis of the sample in the NMR apparatus.

GB-A-2448054 describes a fluid path system for dissolution and transport
of a hyperpolarised material in which solvent is supplied from a syringe.

In accordance with the present invention, we provide DNP apparatus
comprising:

a cryostat within which is located a superconducting magnet and defining
a bore surrounded by the magnet;

a sample positioning device for insertion into the bore to locate a sample
at an irradiation position coupled to a microwave source, the sample positioning
device being movable to a dissolution position following DNP of the sample;

a solvent supply system comprising one or more conduits for conveying
heated solvent under pressure and is characterized in that the apparatus further
comprises a pump for causing heated solvent to be conveyed along the one or
more conduits to the sample at the dissolution position, and for conveying the
dissolved, polarised sample to NMR apparatus connected in use to the DNP

apparatus; and
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a heating system for heating solvent in the pump, and in that the conduits
of the solvent supply system extend to the dissolution position without passing
through that part of the cryostat bore through which the sample positioning
device is inserted.

With this invention, we enable the pressure and temperature of the
solvent to be controlled independently so that solvent temperature can be raised
to a desired level while the pressure applied to the solvent is controlled by a
separate pump. In addition, the use of a pump enables solvent to be supplied
under a controlled pressure and without the use of a chase gas. This reduces
the risk of gas bubble generation.

Furthermore, by extending the conduits of the solvent supply system to
the dissolution position without passing through that part of the cryostat bore
through which the sample positioning device is inserted, the pressure under
which the solvent is supplied and the temperature of the solvent can be much
more accurately controlled since most of the solvent supply system is located
externally of the cryostat. It also avoids the need for a chase gas since the
same solvent can be used to transfer the sample.

Typically, the conduits of the solvent supply system extend through a side
wall of the cryostat. This minimizes the length of conduit which will be cooled by
the cryostat and consequently minimizes the time for which solvent is cooled as
it is supplied to the dissolution position. Alternatively, the conduits could extend
through the remote part of the bore of the cryostat to that through which the
sample positioning device is inserted since typically this will be relatively short in
length and again will minimize the amount of cooling.

Preferably, the pump comprises a piston/cylinder device, the piston being
controllable to apply pressure in a controlled manner to solvent in the cylinder.
This is similar to using a syringe.

Movement of the piston can be controlled by a mechanical device utilising
a pressure monitor to maintain constant pressure on the solvent but more
conveniently the piston is coupled to a control means such as a source of fluid or

gas pressure, for example a pneumatic actuator.
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The solvent supply device may be replenished with solvent by simply
regularly filling it, for example by withdrawing the piston in the case of
piston/cylinder arrangement.

‘Preferably, however, the apparatus further comprises a solvent reservoir
which can be selectively coupled to an outlet of the pump whereby reducing the
pressure applied to solvent by the pump causes fresh solvent to be delivered
from the solvent reservoir to the pump. This provides a particularly convenient
way to fill the pump without physically decoupling the device.

In some cases, the dissolved sample can be supplied to separate NMR
apparatus in a conventional manner but in the preferred approach, NMR
apparatus having a cryostat within which is located a superconducting magnet
and defining a bore surrounded by the magnet is located adjacent the DNP
apparatus, the bore of the NMR apparatus being coupled to the bore of the DNP
apparatus. This minimises the time for the dissolved sample to lose polarisation
before it reaches the NMR apparatus. Typically, the same cryostat is used for
both DNP and NMR apparatus to minimize heating of the dissolved sample as it
passes from one to the other but this may not be necessary in some cases.

In a typical embodiment, the apparatus further comprises a dissolution
docking device in the bore at the dissolution position which can be sealingly
engaged by the sample positioning device, the solvent supply system
comprising:

a solvent supply conduit having an outlet connected to an inlet port of the
dissolution docking device and an inlet connected to an output port of a first
valve, an inlet port of the first valve being connected to the pump; and

the dissolution docking device having an outlet port through which
dissolved sample is conveyed,

whereby when the first valve is opened, solvent is delivered via the input
port to the sample at the dissolution position, at least a portion of the sample
dissolves in the solvent, and the dissolved sample portion is delivered to the
outlet port.

This provides a relatively simple system for delivering solvent under

controlled pressure and temperature.
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In some cases, the dissolved sample is supplied to NMR apparatus and
simply passes through that apparatus in an uncontrolled manner. Preferably,
however, the apparatus further comprises a second valve downstream of the
NMR apparatus through which solvent and dissolved sample can flow; and a
control system for controlling both valves in synchronism. With this preferred
arrangement, the dissolved sample can be incremented through the NMR
apparatus enabling several NMR pulse sequences to be carried out on different
portions of the sample thus allowing a variety of NMR experiments to be
executed during a single dissolution. An example of this approach is described
in more detail in WO-A-2007/104975.

This is a significant improvement on the more conventional use of a
chase gas by instead utilising a pump to apply pressure to the solvent.

Some examples of DNP apparatus according to the present invention in
combination with NMR apparatus will now be described with reference to the
accompanying drawings, in which:-

Figure 1 is a schematic overview of a combined DNP NMR apparatus;

Figures 2A and 2B are schematic longitudinal sections through the
dissolution dock of the Figure 1 example with the sample cup in the DNP
working volume and the docking position respectively; and,

Figure 3 illustrates the solvent supply system.

Figure 1 illustrates a cryostat 1 of conventional form. Typically this will
have a number of radiation shields and coolant containing vessels defining a
central, elongate bore 2. A first superconducting magnet 3 is located in the
cryostat 1 surrounding an upper portion of the bore 2 for use in dynamic nuclear
polarisation while a second superconducting magnet 4 of NMR apparatus 74 is
located in the cryostat 1 below the first magnet 3 and surrounding the bore 2 for
use in an NMR process. The NMR apparatus will be of conventional form and
also include gradient coils, rf coils and a control system (not shown).

Within the upper portion of the bore 2 is located a variable temperature
insert (VTI) assembly 10 which can be evacuated in use. A sample positioning
device 14 can be removably inserted into a first end 16 of the VTI 10 (and bore
2), the device 14 carrying a sample cup 18 at its leading end within which a
sample to be hyperpolarised is located in use.
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In operation, the sample positioning device 14 is inserted into the VTl 10
to bring the sample in the sample cup 18 to a working region 12. Liquid helium
or other coolant is then supplied through the bore 2 to cool the sample in the
sample cup to a very low temperature and it is then irradiated with microwaves
to achieve hyperpolarisation in a conventional manner.

An example of suitable apparatus is described in more detail in EP-A-
2028505.

Following hyperpolarisation, the frozen, hyperpolarised sample in the
sample cup 18 is moved further down the bore 2 using the sample positioning
device 14 until the sample cup engages a dissolution dock or docking device 20
to be described in more detail below.

Heated solvent under pressure is then supplied to the dissolution dock 20
via a conduit 70 of a solvent supply system to be described below, the conduit
70 extending through a side wall of the cryostat 1 so as to dissolve the
hyperpolarised sample, the dissolved sample then being conveyed into a
working region 22 defined by an NMR probe 24 of the NMR apparatus. An NMR
experiment can then be performed on the sample.

As can be seen in Figure 2A, the sample cup 18 is located on the end of
the sample positioning device 14. The sample cup 18 has a lower wall 34
provided with inlet and outlet ports 36, 38.

The dissolution dock 20 has a main body 44 through which extends
solvent inlet and outlet conduits 40,42. The dissolution dock is sealed in the end
of the VTI 10 by an O-ring vacuum seal 114.

Figure 2B illustrates the apparatus when the sample cup 18 has been
docked with the dissolution dock 20. To achieve this, the sample cup 18 is
pushed down to engage the dissolution dock 20, and is received within a
cylindrical spigot portion 32 of the dissolution dock 20. As can be seen, the inlet
port 36 is aligned with the inlet conduit 40 and the outlet port 38 is aligned with
the outlet conduit 42. A seal 116 seals between the dissolution dock 20 and the
sample cup 18 to isolate the solvent inlet and outlets while a seal 118 isolates
the solvent outlet from the VTI sample space.

Figure 3 illustrates the solvent supply system. Solvent is provided in a
pump defined by a 20m! syringe 50 formed by a cylinder 52 and piston 54.
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- Typical solvents are water and methanol. The syringe 50 is surrounded by a

heater coil 56 whose temperature is sensed by a sensor 58. A second sensor
(not shown) senses the temperature of the solvent in the syringe 50 and feeds
back to a heater controller 60. In this way, the temperature of the solvent can be
tracked and controlled. A typical temperature is close to the boiling point of the
solvent, for example 90°C in the case of water.

The pressure under which the solvent is maintained is controlled by the
piston 54 from a pneumatic actuator 62 using an electronic pressure regulator
(not shown). v

Independent control of temperature and pressure of the solvent is
achieved by allowing sufficient room for expansion in the syringe 50 and actuator
62.

The syringe 50 is connected to an inlet port of a first valve 64 whose
outlet is connected to a double flowpath valve 66. In the position shown in
Figure 3, the outlet of the first valve 64 is coupled through the valve 66 to a
further double flow path valve 68 and from there to a conduit 70. Conduit 70
delivers the solvent to the dissolution dock 20 via inlet 40.

The outlet 42 from the dissolution dock 20 passes through a one-way flow
valve 72 and from there to the NMR apparatus 74 via a conduit 112 (see also
Figures 2A and 2B). The output from the NMR apparatus 74 is connected to a
second flow control valve 76 whose outlet is connected to a waste 78 or sample
collection device.

The positions of the flow control valves 64, 76 are controlled by a
controller 80 which turns each valve on and off together so as to increment
solvent through the dissolution dock 20 and NMR apparatus 74.

In use, therefore, when a sample has been hyperpoiarised and the
sample cup 18 has been located at the dissolution dock 20 (Figure 2B), solvent
in the syringe 50 which is maintained under pressure, is suddenly released by
opening the first flow control valve 64 and, when provided, the second flow
control valve 76. The solvent passes through the conduit 70 under pressure
controlled by the pneumatic cylinder 62 into the dissolution dock at a typical
speed of 5mi/sec, dissolves the sample, and then passes out of the dissolution
dock with the dissolved sample to the NMR apparatus 74.
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In order to replenish solvent in the syringe 50, the double flow path valve
66 can be adjusted to connect a solvent reservoir 100 to the outlet of the first
flow control valve 64. The piston 54 is withdrawn by suitably controlling the
pneumatic actuator 62 so that solvent is drawn from the reservoir 100 into the
syringe 50. When the syringe 50 is full the first flow control valve 64 is closed
and the double flow path valve 66 moved back to the position shown in Figure 3.

The system can also be purged when the double flow path valve 66 is in
its second position (not shown) by supplying purge gas through a conduit 102
via a valve 104.

It is also possible to supply a sample to the NMR apparatus bypassing
the DNP apparatus. This is achieved by supplying the sample to the dual
flowpath valve 68 (in the position shown in Figure 3) along a conduit 106 from
where it passes along a conduit 108 through a one-way flow valve 110 to the
conduit 112. Alternatively, solvent can be supplied from syringe 50 directly to
NMR apparatus 74, for instance to load the NMR apparatus with solvent prior to
dissolving the polarised sample. This is achieved by selecting the second
position of dual flow path valve 68 (not shown), causing the solvent to pass from
the syringe 50 via conduit 108 and 112 to NMR apparatus 74.

The presence of the one-way valve 72 prevents samples supplied along
the conduit 106 from entering the dissolution dock 20.
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1. DNP apparatus comprising:

a cryostat within which is located a superconducting magnet and defining
a bore surrounded by the magnet;

a sample positioning device for insertion into the bore to locate a sample
at an irradiation position coupled to a microwave source, the sample positioning
device being movable to a dissolution position following DNP of the sample;

a solvent supply system comprising one or more conduits for conveying
heated solvent under pressure, characterized in that the apparatus further
comprises a pump for causing heated solvent to be conveyed along the one or
more conduits to the sample at the dissolution position, and for conveying the
dissolved, polarised sample to NMR apparatus connected in use to the DNP
apparatus; and

a heating system for heating solvent in the pump, and in that the conduits
of the solvent supply system extend to the dissolution position without passing
through that part of the cryostat bore through which the sample positioning
device is inserted.

2. Apparatus according to claim 1, wherein the conduits of the solvent
supply system extend through a side wall of the cryostat.

3. Apparatus according to claim 1 or claim 2, wherein the pump comprises a
piston/cylinder device, the piston being controllable to apply pressure in a
controlled manner to solvent in the cylinder.

4, Apparatus according to claim 3, further comprising means to control the
piston to maintain a substantially constant pressure on the solvent.

5. Apparatus according to claim 4, wherein the piston is coupled to a source
of fluid pressure, for example a pneumatic actuator.

6. Apparatus according to any of the preceding claims, further comprising a
dissolution docking device in the bore at the dissolution position which can be
sealingly engaged by the sample positioning device, wherein the solvent supply
system comprises:
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a solvent supply conduit having an outlet connected to an inlet port of the
dissolution docking device and an inlet connected to an output port of a first
valve, an inlet port of the first valve being connected to the pump; and

the dissolution docking device having an outlet port through which
dissolved sample is conveyed,

whereby when the first valve is opened, solvent is delivered via the input
port to the sample at the dissolution position, at least a portion of the sample
dissolves in the solvent, and the dissolved sample portion is delivered to the
outlet port.

7. Apparatus according to any of the preceding claims, further comprising a
solvent reservoir which can be selectively coupled to an outlet of the pump
whereby reducing the pressure applied to solvent by the pump causes fresh
solvent to be delivered from the solvent reservoir to the pump.

8. Apparatus according to claim 7, when dependent on claim 6, wherein the
solvent reservoir is coupled to the pump via a selectively operable valve located
downstream of the first valve with respect to the direction of solvent flow from the
pump to the dissolution position.

9. Apparatus according to any of the preceding claims, wherein the heating
system comprises a heating coil attached to the pump.

10. Sample processing apparétus comprising apparatus according to any of
the preceding claims, and NMR apparatus for performing a magnetic resonance
experiment on a sample and having a cryostat within which is located a

superconducting magnet and defining a bore surrounded by the magnet, the

. bore of the NMR apparatus being coupled to the bore of the DNP apparatus to

enable a dissolved sample to pass from the DNP apparatus to the NMR
apparatus.

11.  Apparatus according to claim 10 when dependent on at least claim 6,
further comprising a second valve downstream of the NMR apparatus through
which solvent and dissolved sample can flow; and a control system for
controlling both valves in synchronism.

12.  Apparatus according to claim 10 or claim 11, wherein the solvent supply
system includes a solvent bypass path selectively connectable by a valve to the

NMR apparatus bypassing the dissolution position.
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13. Apparatus according to any of claims 10 to 12, wherein the cryostats of the

DNP and NMR apparatus are formed by the same cryostat.
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