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Abstract

Object The PASADENA method has achieved hyperpolari-
zation of 16-20% (exceeding 40,000-fold signal enhance-
ment at 4.7 T), in liquid samples of biological molecules
relevant to in vivo MRI and MRS. However, there exists
no commercial apparatus to perform this experiment conve-
niently and reproducibly on the routine basis necessary for
translation of PASADENA to questions of biomedical impor-
tance. The present paper describes equipment designed for
rapid production of six to eight liquid samples per hour with
high reproducibility of hyperpolarization.

Materials and methods Drawing on an earlier, but unpubli-
shed, prototype, we provide diagrams of a delivery circuit,
a laminar-flow reaction chamber within a low field NMR
contained in a compact, movable housing. Assembly ins-
tructions are provided from which a computer driven, semi-
automated PASADENA polarizer can be constructed.
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Results Together with an available parahydrogen generator,
the polarizer, which can be operated by a single investi-
gator, completes one cycle of hyperpolarization each 52 s.
Evidence of efficacy is presented. In contrast to competing,
commercially available devices for dynamic nuclear pola-
rization which characteristically require 90 min per cycle,
PASADENA provides a low-cost alternative for high
throughput.

Conclusions This equipment is suited to investigators who
have an established small animal NMR and wish to explore
the potential of heteronuclear ('*C and >N) MRI, MRS,
which harnesses the enormous sensitivity gain offered by
hyperpolarization.

Keywords Hyperpolarization - PASADENA polarizer -
13Carbon - Parahydrogen - Hydroxyethylacrylate - PHIP

Introduction

Several promising methods of improving NMR signal,
including high field, rapid gradients, parallel r.f. excitation
and acquisition, super-cooled r.f.-coils, rapid imaging and
magnetization transfer sequences, as well as paramagnetic
contrast agents, all operate within the constraints of thermal
nuclear spin polarization (P ~ 1076 at ambient tempera-
tures), described by the Boltzmann distribution, and the-
refore provide only incremental improvements in signal to
noise ratio (SNR), varying from 2—-10-fold [1]. A family of
hyperpolarization techniques on the other hand, addresses the
issue of low SNR by developing polarization several orders
of magnitude greater than the polarization at thermal equili-
brium, and use a variety of physical and chemical methods to
approach polarization of unity (P = 100%). Hyperpolarized
noble gas imaging of the lungs is the most familiar to in vivo
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MR scientists and clinicians since human studies have been
in progress with helium for more than 10 years, and with
xenon for two or more years [2]. Hyperpolarized heteronu-
clear NMR with '>C and 1SN became available for in vivo
applications through the systematic improvement and exploi-
tation of dynamic nuclear polarization (DNP) [3] and para-
hydrogen induced polarization (PHIP), a.k.a. PASADENA
(parahydrogen and synthesis allow dramatically enhanced
nuclear alignment) after its original inventors [4]. DNP,
although restricted to license-holders, is nevertheless more
available to investigators as a result of two commercial deve-
lopments (Oxford Biotools—HyperSense; GE Healthcare).
PASADENA, on the other hand, is available to only very few
laboratories, each of which has constructed unique equip-
ment and for which no designs are published. This has the
disadvantage of limiting studies to improve on and examine
the merits of these methodologies and limits another future
objective, multi-site comparison which will suffer the handi-
cap of comparing different equipments.

The present paper is written to overcome this barrier.
We describe construction of a simple polarizer which will
provide low-cost access to PASADENA hyperpolarization,
allow a systematic comparison between DNP and PASA-
DENA and encourage avenues which appear to offer great
promise for in vivo hyperpolarized MR studies not readily
amenable to DNP or hyperpolarized noble gases. While the
ground breaking early discoveries, and some of the sub-
sequent evolution of the PASADENA method [5] required
only an NMR spectrometer, an unsaturated molecule and
a supply of parahydrogen gas, levels of hyperpolarization
reported were generally around 1%, insufficient for biolo-
gical, pre-clinical or clinical studies. A polarizer interface
is needed to allow for rapid mixing and chemical reaction
of parahydrogen, '3C (or 'N) enriched precursor in a cata-
lyst solution under the correct conditions, within a low field
NMR unit. The high spin order inherent in parahydrogen is
quantitatively transferred to the precursor, with subsequent
generation of the hyperpolarized '>C imaging reagent for
injection into an animal or biological test system held within
a conventional NMR spectrometer. With this device, high
levels of hyperpolarization permitted early in vivo studies,
which proved the potential of hyperpolarized '3C MRI in
biology [6]. Ideally, and within a few minutes, the process
is repeated, with the same or very comparable volume and
hyperpolarization of the product. The PASADENA pola-
rizer to be described advances upon the prototype descri-
bed briefly by Axelsson et al. [6] (GE/Amersham, Malmo,
Sweden). It is re-designed to be reliable, low cost and to pro-
duce hyperpolarized biomolecules in solution quickly and
efficiently in amounts re-defined for small animal use. Unlike
the previous design, which required the constant attention
of 4-5 dedicated and highly trained individuals and was
variable in its performance, a single person can operate this
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apparatus after a single demonstration. Quality Assurance
(QA) procedures (described elsewhere) are developed which
ensure reproducible hyperpolarization of biomolecules of
P =[153£1.9]% [7].

Materials and methods

The functional components of the polarizer presented are a
hydrogenation compartment (laminar flow reaction cham-
ber), a coil to transmit r.f. pulses (Bj), and an electromagnet
to generate the static field (Bo) (Fig. 1a, b). A computer inter-
face controls the experimental sequence of fluids and NMR.
The entire apparatus is contained in a mobile housing located
(7.6 = 0.1) m distant from an unshielded 4.7 T magnet (stray
field 0.1 mT). With appropriate r.f. and magnetic field shiel-
ding, this distance could be further reduced, with the aim of
minimizing the delivery time from the polarizer outlet to the
imaging target within the MR system.

A second aspect of the instrumentation is the parahydro-
gen generator unit, necessary for the discontinuous produc-
tion of parahydrogen of high purity (97-100%). This unit can
be located off-site, with only sufficient gas held in a transport
cylinder on site, for a full day of operation of the polarizer.

Components of PASADENA polarizer

The equipment to be described is illustrated and summarized
under five headings: (1) fluid control unit, (2) low field NMR
unit, (3) process control unit, (4) parahydrogen generator
unit, (5) chemicals and ancillary equipment, to prepare the
precursor and catalyst solution (Tables 1, 2, 3, 4, and 5).

A diagram of the functional elements is shown in Fig 1b.
In the following text, curved brackets refer to the valves in
this figure. Suppliers of all components listed in Tables 1,
2, 3, 4, and 5 are identified in the Appendix. In brief, the
13C-enriched precursor-molecule together with the catalyst
(in aqueous or deuterium oxide solution) is prepared, and
brought to the injection port { V2} of the polarizer. A desired
volume is then injected and resides briefly in a heating coil
(ante chamber), before it is injected to the laminar flow reac-
tor, which was filled previously with the second reactant,
parahydrogen, via port{V1}. After a short reaction period,
while substrate, parahydrogen, and catalyst are held in the
reactor, a series of pulses played out in the B coil enacts
a spin-order transfer sequence specific to the product of the
hydrogenation reaction. The hyperpolarized product is ejec-
ted from the reaction vessel under the pressure of gas, filte-
red to remove catalyst and injected into an animal, organ or
cell preparation previously mounted in the bore of a detec-
ting high-field NMR spectrometer. A trigger encoded by the
polarizer initiates in vitro or in vivo acquisition. Each cycle
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Fig. 1 PASADENA Laminar flow polarizer. a Photograph and b sche-
matic view of the experimental setup. a Low-pass filter, r.f. amplifier,
gauss meter, By power supply and reaction compartment, on top of the
rack for the computer and synthesizer, parahydrogen (left) and nitrogen
(right) gas tanks (fop to bottom). b Functional elements in the reaction
compartment: By coil, Bj coil, and reactor. The valves for fluid control

of generation, delivery and detection of hyperpolarization is
completed in 55 s, which is less than 5 x T7(77: longitudi-
nal spin relaxation, lifetime of the hyperpolarization) of the
injected hyperpolarized contrast reagent. The entire proce-
dure including hyperpolarization, imaging, rinsing and reloa-
ding the polarizer with precursor, occupies 182 s (Table 6).

(b) N>

Reactor

Detection

are indicated with number {V1}-{V5}. During a PASADENA expe-
riment, / the reactor is filled with parahydrogen to a pressure of 10 bar,
2 the precursor molecule is injected through the center of the injection
cap, and 3 the r.f. spin order transfer sequence is applied after a reaction
time of 3 s. Thereafter, the hyperpolarized agent is withdrawn through
the end cap and delivered to the detecting MR unit

Fluid control unit

Valves and lines: fluid flow is controlled by electromagne-
tic solenoid valves, connected by chemical resistant poly-
tetrafluoroethylene (PTFE, Teflon) tubing. A PTFE sleeve
was added to the valves to prevent liquids from coming into

Table 1 Fluid control unit

Function Part Description Commercially available (Y = Yes)?
Transportand ~ Tubing PTFE tubing Y!
reaction
Valves Electromagnetic solenoid Y234
and manual valves
Ante chamber PTFE tubing Y!
Reaction chamber  Injection cap, reactor body, -
end cap
Auxiliary T control Heater, fan, controller, relay Y3
Injection timer On-delay relay Y6
a . .
See Appendix for suppliers Intake precursor Rubber piston syringe Y’

1-39
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Table 2 Low field NMR unit

Description Commercially available

Saddle-shaped coil -

DAC analog-out Y8
Audio amplifier Y?
150kHz low-pass filter Yo
Oscilloscope Yyl
Coaxial cable RG58 Y2
Solenoid coil -
DC power supply YB3
Gauss meter Y4

Function Part
B field B coil
Synthesizer
Amplifier
Filter
Monitoring
Cables
By field By coil
Power supply
Monitoring
Table 3 Process control unit
Function Part Description
Software Platform LabView Y
Program PASADENA -
control V1.1
Hardware Synthesizer DAC analog-out Y8

Valve, trigger control DAC digital-out y!o

Relays YV
Table 4 Parahydrogen generator
Function Description
Low T unit Helium two-stage cold head y!s
Pressure gauge Y
Vacuum shroud Y20
Helium compressor/cryodrive yY?!
Vacuum pump Y22
Valve Y23
Flow limiter Y
Relay Y%
Pressure display Y20
Water cooler Y%
Tubing connectors Y28
Regulator for Hy supply Y%
Tubing at ambient T Y30
Flow meter 3!
Catalytic converter Low T conversion container Y32
Catalyst Y33
Storage Cylinder y3#

contact with metal, allowing for a wide range of pH usage
(Table 1).

Ante chamber: PTFE tubing with a inner volume of 5mL
is coiled within the heated compartment, leading from the
injection port {V2} to the intake valve {V4} of the laminar
flow reaction chamber.
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The laminar flow reaction chamber is machined from
PSU 1000 polysulfone (tensile strength: 11,600 psi, maxi-
mum service temperature: 150°C) to hold the pressure and
temperature in excess of 15bar and 70°C, respectively
(Fig. 2). It consists of three sections: the injection cap, reac-
tor body and extraction cap. The injection cap is disc-shaped
with one inlet for each parahydrogen, and nitrogen/precursor
solution. An outlet at the funnel-shaped floor of the reactor
allows for the ejection of the hyperpolarized agent. O-rings
are employed to complete the seal. This design avoids metal
parts and optimizes flow and mixing of reagents and gases,
as well as to allow rapid evacuation and complete rinsing
between each use of the polarizer. Details of auxiliary equip-
ment, heater, fan, injection port and delivery system are given
in Table 1.

Low field NMR unit of the polarizer

The purpose of the low field NMR unit of the polarizer is to
perform the spin order transfer sequence [8,9] right after the
hydrogenation of the precursor molecule with parahydrogen.
The coils for the static (Bg) and r.f. (B;) field are therefore
located around the laminar flow reaction chamber (Fig. 2),
listed in (Table 2).

R.f. transmission: the saddle shaped B; coil consists of
two loops, each with six turns of gauge 22 magnet wire

(10 cm x 20 cm), centered on an acrylic tube (O.D. = 10 cm,
length = 35 cm) connected to the r.f. source by a BNC
connector on top (based on a design from Promech lab AB,
Malmo, Sweden). Two acrylic discs on the inside of the tube
hold the reactor at iso-center of the By coil (Fig. 3).

Static magnetic field: By of the low field unit is genera-
ted by a solenoid coil that surrounds the r.f. transmission
(B1) coil and the reactor (Fig. 4). It is driven by a preci-
sion DC power supply. The strength and stability is moni-
tored by a Hall sensor, located in between the B coil and
the reaction chamber. The Hall sensor is located near the
bottom of the reactor, which coincides with the iso-center
of the assembly. To improve the axial homogeneity of the
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Table 5 Chemicals and

auxiliary Function Part Description
Chemicals Precursor 1-13C FUM-d,, 1-13C HEA-d3 Y35:36
Catalyst Rh-complex and ligand Y3738
Solvent D,0, H;O0, buffer Y¥
Aux. lab. equipment Schlenk line with vacuum, N,
in fume hood Y3
Glassware Y3
Precision scale Y3
Table 6 Workflow of the (a) (b) (c) (d)
PASADENA experiment: Step Time point Description Duration
manual preparation for cleaning,
preheating and automated 1. Manual preparation
procedure for precise timing
clean polarizer:
(1) Os flush lines and reactor with 14 bar N, gas, valve {V2}, 10s
{V3}, {V4]}, {V5).
preheat precursor solution:
2 10's transfer 3.5 mL of precursor into the injection line {V2). 120
total duration of manual preparations: 130 s
2. Automated procedure
) hydrogenation reaction: .
) 0s fill reaction chamber with parahydrogen {V1). 10's
) 10s inject the precursor zntf) the reactor {V3, V4}. Ap 3
r.f. 'H decoupling sequence.
hyperpolarization:
) 13 apply r.f. spin order transfer sequence. >1s
) delivery and detection:
©) 14 expel hyperpolarized agent {V5). Zs
7 19s delivery to the detection system 28's
) 52s send trigger signal 3s

Total duration of hyperpolarization, delivery, and detection: 55s
The numbers in curved brackets

refer to valves in Fig. 1b

coil, the solenoid is divided into three separate circuits (1:2:1
in length) with variable power resistors in parallel, to allow
for independent adjustment of the current flow through each
section (based on a design by Promech lab AB, Malmo,
Sweden). A field map was performed to quantify the homo-
geneity of the static field. The axial component of the field
was found to differ within the volume of the reactor by
0.022 mT (axial), and 0.011 mT (planar), at a field strength of
1.800 mT in the center of the volume. For hyperpolarization
experiments, the strength of the static field was optimized
on-site (1.763 mT) [7].

Process control unit

A custom program on the LabView platform was develo-
ped, to control the valves for mechanized mixing, delivery
and recovery of imaging reagents and application of the r.f.
sequence in the correct order with precise timing. The event-
sequence the r.f. pulse-sequence for the specific experiment
are saved in separate files, and reloaded to the program as
necessary.

R.f. transmission: the pulses necessary for the spin order
transfer [8,9], were delivered from a synthesizer mounted in
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Fig. 2 a Engineering drawing and b photograph of the laminar flow
reaction chamber, to hold the hydrogenation reaction. The reactor is
placed within the By and By coils. Dimensions are in mm

the polarizer cabinet. The pulses were digitized at an update
frequency of 298.15 kHz, with four sample points per per-
iod at the 'H frequency (74.62 kHz), and >16 samples per
period at the '3C frequency (18.76 kHz). The signal then
passed through a 150 kHz low-pass filter to an amplifier and
was applied to the un-tuned Bj coil. To facilitate r.f. calibra-
tions, the amplitude of pulses is variable (Table 3). The r.f.
optimization (center frequency, flip angle calibration) was
performed as described elsewhere [7]. The amplitudes and
pulse widths for 'H and '3C square inversion pulses were
found to be 50 V and 115 us for hydrogen and 25 V and
230 us for carbon.

Valve control: the digital input/output channels of the digital
to analog card (DAC) card were connected to relays to control
opening and closing of the electromagnetic solenoid valves
of the fluid system (Fig. 5, Table 3).

Parahydrogen generator
The complete parahydrogen generator unit is represented dia-

grammatically in Fig. 6, with details of the components listed
in Table 4. A similar setup was published by Tam and Fajardo
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Fig. 3 NMR unit of the PASADENA polarizer. a Engineering drawing
and b photograph of Bj r.f. transmission coil. The reaction chamber
(Fig. 2) is held in place by two mountings in the coil at the isocenter.
The tip of the gauss meter probe, which is introduced from the top of
the coil assembly is located outside the reaction chamber and close to
isocenter. A BNC connector at the top of the NMR unit connects the
cable delivering r.f. to the coil. Dimensions are in mm

[10]. Since the amounts of parahydrogen in the gas tank of
the polarizer are relatively small (7 L at 33 bar), and the US
Safety regulations apply to hydrogen 400 L and above, there
are no mandatory safety guidelines applicable to a PASA-
DENA polarizer. Precise rules will vary by location and local
regulations.

Chemicals and auxiliary equipment

A clean chemistry laboratory with ventilation hood is essen-
tial, as is an exhaust route for the gaseous products of the pola-
rizer itself, since, while parahydrogen presents little hazard,
reagents, solvents and catalysts employed in PASADENA
are associated with a variety of volatile toxins. For operation
within a hospital, the local safety officer should be consul-
ted. Table 5 lists the reagents, catalyst and solvents routinely
employed.

The procedure for the preparation of the catalyst and the
protocol of conducting a hyperpolarization experiment has
been described briefly in published work from the GE/
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Fig. 4 NMR unit of PASADENA polarizer. a Engineering drawing
and b photograph of the solenoid coil for the generation of the static
field (Bp) and ¢ photograph of the complete assembly of the parts des-
cribed in Figs. 2 and 3. For improved homogeneity, the coil (shown in

polarizer control

By : static field

B : transmission coil

unit unit

DC: By power supply
A: amplifier

F: filter

AO: analog output
DO: digital output

C: computer

D: on-delay relay

Tr: trigger for MR unit

MR trigger : : R: relay box
| R '

I
1
T control |

Tp: heater and thermocouple

Tc: temperature controller

Fig. 5 Process control unit of the PASADENA polarizer. The sequence
of the PASADENA experiment (fluid control: valves /-5, and spin order
transfer Bj) is controlled by one central computer (C). The static field
(Bp) and the temperature of the reaction compartment (7p) are set by
separate controllers (DC, Tc, respectively)

Amersham, Malmo, Sweden laboratory [8,9,11]. A brief
overview is given here of the use of the polarizer in practice,
more details can be found in [7]. The bisphosphine ligand,

z‘
|
|
|
i
!

(c) Input;
parahydrogen  PASADENA precursor
nitrogen gas

1

Saddle coil
(rf. field)

Solencid coil
(static field)

Outlet:
Hyperpolarized
PASADENA agent

b) is constructed in three sections, which allow for individual control
of the magnetic field (resistors in parallel to each section). The current
is provided by a precision power supply, which is adjusted to the field
determined with the gauss meter probe. Dimensions are in mm

1,4-bis-[(phenyl-3-propane sulfonate) phosphine] butane
disodium salt, was dissolved in H,O/D>O to yield
2.5-3.0 mmol/L concentration followed by removal of
oxygen by alternating exposure to vacuum and nitrogen
connected via a manifold. A rhodium catalytic moiety was
then introduced to the reaction mixture under nitrogen atmos-
phere as a solution of bis(norbornadiene)rhodium (I) tetra-
fluoroborate in acetone with 5% molar excess of the ligand
with respect to rhodium. The resulting solution was vigo-
rously shaken and acetone was removed under vacuum. For
demonstration of hyperpolarization, 2—5 mg of the available,
but toxic PASADENA reagent, hydroxyethyl acrylate 1-13C
(99%), 1-13C, 2,3,3-d3 (98%) (HEA), is added to the catalyst
solution under nitrogen atmosphere. The completed PASA-
DENA solution of precursor and catalyst was drawn into a
plastic syringe and connected to {V2} of the PASADENA
polarizer, to allow the injection of a desired amount of ima-
ging reagent for each experiment (3.5 mL unless otherwise
noted). When prepared in these proportions, hydrogenation
of the precursor was carried to completion until no residual
precursor (HEA) could be detected by 13C NMR (not shown
here).
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8 9 (a) hyperpolarized 1-"°C, 2,3,3-D, HEP (2.7 mM)
P ,(t=338)=(94+086)%
P, (t=0)=(18.1% 1.8) %
H2 - — (b) ethanol at thermal polarization (188 mM)
P, (4.7 T) = 0.00041 %
vacuum shrout m
1. stage cold head | Il
.‘_ : x512

catalyst at ~20K

|
2. stage cold head |
IR
I

vacuum pump

Fig. 6 Schematic of a parahydrogen unit for the PASADENA
polarizer. Commercially available hydrogen gas (25% parahydrogen,
75% orthohydrogen) is cooled to ~ 20 K and passed through a catalyst
(granular ferric oxide, A) for >97% conversion to parahydrogen. The
two stages of the cold head are surrounded by copper tubing packed with
the catalyst: / Pressure regulator for incoming hydrogen; 2 flow meter; 3
flow controller; 4 pressure gauge; 5 pressure display; 6 relay; 7 vacuum

pump valve; 8 helium compressor; 9 water cooler. A setup similar to
the one published by Tam and Fajardo [10] is available commercially

Results

An assembled PASADENA polarizer is presented (Fig. 1),
along with detailed description of all individual parts neces-
sary (Tables 1, 2, 3, 4, 5; Figs. 2, 3,4, 5, 6).

The events and time points for its smooth operation are
presented in Table 6.
Manual preparation (Table 6): it is first necessary to ensure
chemical and sanitary cleanliness by flushing all lines, valves
and the reaction chamber with Millipore water and then to
remove the surface moisture with nitrogen (step 1). Next,
the desired amount of precursor-catalyst solution, prepared
under nitrogen as described previously, is injected to the ante-
chamber for heating (step 2).
Automated procedure (Table 6): the following steps (3-8)
which include hydrogenation reaction; transfer of spin order
from proton to third nucleus (13C,15 N), the crucial step of
hyperpolarization; delivery and detection of hyperpolarized
substrate, are controlled by the computer. The duration of step
7 represents the maximum time (19 s) currently required to
transfer the hyperpolarized reagent to the detection system.
This reduces the time available for in vivo imaging and spec-
troscopy. It is anticipated that with further automation, this
interval can be reduced to 5 s or less.
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Fig. 7 Quantification of the polarization achieved with PASADENA.
13C hyperpolarized spectrum of 2.7 mmol/L. HEP 1-13C,2,3,3 -ds at
4.7 T in vitro (a). Polarization of ~18% was achieved in this represen-
tative example. The inset spectrum shows a reference signal obtained
from natural abundance ethanol; >C concentration = 188 mmol/L per
site (b). Note that the scale of the inset spectrum was magnified by
512 times

Following these steps, a high level of hyperpolarization
(P =~ 18%) of the test reagent was readily achieved in vitro
(Fig. 7).

Discussion

The equipment described here has been in continuous use in
this laboratory for 12 months, providing hundreds of effective
hyperpolarizations with several different !3C enriched rea-
gents. In the previous two years, the prototype briefly
described by Axelsson (personal communication) was ins-
talled and operated in conjunction with a GE 1.5 T clinical
MR scanner [12]. It is instructive to compare the new device
with its predecessor, which was never in production and is
no longer accessible.

1. A metallic nozzle which sprayed reagent and parahy-
drogen into the reactor, in the belief that hydrogenation
requires a nebulized mixture of gas and liquid was remo-
ved. While the precise physics of the ‘spray’ were not
explored further, simple mixing, without contact with
metal appears to provide greater reproducibility in ope-
ration and removes a serious cause of contamination
and obstruction to flow. Removal of all metallic parts
in the liquid lines allow for a wider range of pH usage,
as needed for certain biologically relevant PASADENA
imaging reagents [13].

2. The power supply for the static field of the low field
NMR unit was replaced, providing greater stability.
A commercially available, more powerful pulse ampli-
fier allowed for greater power and shorter pulses in the
spin order transfer (SOT) sequence, so that the overall
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polarization became less sensitive to small changes in
location and ambient magnetic fields.

3. Improved control over the chemistry of PASADENA,
with mixing of reagents under nitrogen and better cataly-
sis which results from a more reliable synthesis, removes
a serious source of variability between successive ‘runs’
in the polarizer.

4. Automation, while still incomplete, removes the need
for multiple operators during a hyperpolarization expe-
riment, easing the path to effective in vitro and in vivo
experimentation.

In summary, we believe that in addition to the critical
point that a more detailed description is now provided, which
would allow construction of further PASADENA polarizers,
improvements have resulted in a more reliable instrument.
The present instrument could be constructed by any com-
petent workshop at reasonable cost. A number of features in
the PASADENA polarizer described invite comments as the
field of hyperpolarized NMR research evolves and applica-
tions diversify. This laboratory is particularly focused upon
in vivo biological events with emphasis on metabolic trans-
formations, which occur in the first hundred seconds after a
substrate challenge. Future applications are certainly envi-
saged for the clinic where '>C MRS is already a valuable
tool [14], albeit requiring longer acquisition times. For these
applications as well as many others now being considered,
we suggest a number of future advances, which are of imme-
diate interest.

1. Sterility: sterility of the hyperpolarized agent, sterility of

the entire apparatus and fluid lines with which reagents
may come into contact before injection into an expe-
riment animal, appears to be an important next step,
once the issues of efficiency, repeatability and toxicity
had been addressed. One approach may be to replace
the present construction by one consisting of disposable
lines, reactor and isolated valves. This is common prac-
tice in the clinical MRI environment where patient com-
patibility is clearly a greater consideration than cost.
A second approach, less expensive and equally readily
achieved with the present PASADENA-polarizer design
is to substitute heat-resistant, autoclaveable components,
or items which can be sterilized by exposure to ultra-
violet or gamma ray. A second, dismountable laminar
flow reaction chamber would allow for uninterrupted
experimentation during sterilization of one reactor while
the polarizer remains operational.

2. Stray field robustness: a systematic weakness of
PASADENA in practice is the necessity for smooth and
precise spin order transfer at low magnetic field, to pro-
duce a reagent with very short lived hyperpolarization

(characteristic T of all of these methods lie between
20-70 s) detected within a high field superconducting
small-animal, clinical or high resolution NMR. This pro-
blem is common to DNP where automated delivery pro-
cedures have been developed and are provided by the
manufacturer (Oxford Instruments; GE Healthcare). For
clinical use, a PASADENA polarizer most likely will
need to be located within the r.f.-shielded room of the
human MRI suite. Indeed, current clinical diagnostic
MR angiography already employs magnet safe injectors
capable of performing this function for hyperpolarized
MRI, MRA and MRS. For the present PASADENA pola-
rizer we envisage that magnetic field shielding, active
shimming (gradient coils), passive shielding (metal) or
other well-established methods will overcome much of
the present difficulty, allowing the equipment to be posi-
tioned immediately adjacent to the NMR and simplifying
the design of automated injection.

Catalyst removal: PASADENA, unlike DNP which uses
an electron donor in form of toxic radical initiators,
necessitates use of a ‘catalyst’ which ideally would be
removed at the completion of hydrogenation, and before
r.f. spin order transfer sequences have been completed. In
the present construction, interposition of an ion exchange
filter in the outflow (beyond Valve 5 in Fig. 1a, b) seems
sufficient to remove the bulk (but not, perhaps all trace)
of the rhodium based hydrogenation catalyst currently
employed. Rigorous toxicity testing is therefore among
the improvements necessary before clinical use could
be contemplated. Ideas currently being explored include
solid-support bound catalyst [15], ion exchange filter
mounted as a column or even use of an alternative cata-
lyst. The efficiency of the present rhodium norbornadiene
complex is high but advances in catalysis seem bound,
in the near future, to offer non-toxic alternatives with
comparable efficiency.

Safety: in earlier versions of PASADENA polarizers the
use of high gas pressures, high temperatures and volatile
solvents presented many safety challenges. Most of these
have become irrelevant as non-toxic, water-soluble rea-
gents have been developed for PASADENA and as levels
of hyperpolarization climb, permitting smaller volumes
of very low, even physiological concentrations of injec-
table reagents to take the place of the massive doses
(12 mL of 500 mM for example) of reagents dissolved
in acetone which were previously employed. The minor
hazard of small batches of hydrogen in a laboratory or
clinic has been discussed.

Procedural deficiencies in PASADENA: why does this
polarizer, in common with its predecessor still not
achieve P =1, or perfect hyperpolarization? We and
other investigators [9] have speculated that shortcomings
in the equipment, inefficiency in spin order transfer r.f.
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sequences, inaccuracy of low field calibration, impuri-
ties in the chemicals, unknown J-couplings, local field
inhomogeneity due to metal ‘injection ports’, valves and
so on could all distort the result of this finely tuned pro-
cess. A simple intervention such as shut down of unne-
cessary electronics during r.f. (normally closed valves)
would reduce field distortion attributed to valves. Future
improvements in the present design can be anticipated.
We consider the use of quality assurance procedures will
significantly improve the degree of polarization and its
reproducibility. A Quality Assurance (QA) protocol sui-
ted to this advance is described elsewhere [7].

Conclusion

A semi-automated PASADENA polarizer capable of delive-
ring 2.5-5 mL of highly polarized biological '*C imaging
reagents in less than 1 min, and of repeated delivery every
5-8 min, is described. Tailored transfer sequences make this
equipment versatile for a variety of biomolecules capable of
undergoing reaction with parahydrogen necessary for effec-
tive PASADENA. Together these descriptions simplify the
technology for routine liquid state generation of hyperpo-
larized molecules for 3C and N subsecond imaging and
spectroscopy in vivo and advance the day when such tech-
nologies find clinical utility.
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Appendix

1. PTFE tubing, OD/ID/WT: 1/8, 1/16, 1/32 , Nalgene,
NY, USA.

2. Two-ways rocker valve, mod. 6126 (id. 431568, for
liquids), Buerkert Fluid Control Systems, Indelfingen,
Germany.

3. Addition to 6126 by Promech lab AB, Malmo, Sweden.
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11.
12.
13.
14.
15.
16.
17.
18.
19.
20.

21.
22.

23.
24.

25.
26.
27.
28.
29.
30.
31.
32.
33.

34.

35.

36.

37.

Solenoid valve, mod. H22G9DGYV (for gases), Peter
Paul Co., CN, USA.

Mod. CN132, Omega Engineering, CN, USA.

Mod. 814 Syrelec, Crouzet, TX, USA.

BD, Franklin Lanes, NJ, 07417, USA.

Mod. PXI 1042, PXI 8331, PXI 6251, National Instru-
ments, TX, USA.

Mod. 8522 TX, Onkyo, USA.

Mod. 3200, Krohn Hite, USA.

Mod. TDS 3012 B 100 MHz 1.25 Gs/s, Tectronix, USA.
Generic.

Mod. 3615A, Agilent, USA.

Gaussmeter 450 with axial probe MMA 2508 VH, Lake
shore, USA.

LabView (V. 8.0), National Instruments, TX, USA.
Mod. USB 6501, NI, TX, USA.

Mod. ER-16, NI, TX, USA.

Mod. B51907000 6130 cold head assembly, Edwards,
MA, USA.

Active pirani gauge, APG M NW 25 ST/ST, PN:
D0217200 SN: 02723484.

Generic, S.C.B., Herrmann-Cossmann-Str. 19, D-41472
Neuss, Germany.

3.0kW He cryodrive, Edwards, MA, USA.

Mod. RV3, with oil mist filter EMF 10, Edwards, MA,
USA.

Mod. LCPV2 5 EKA, Edwards, MA, USA.

Needle valve HAKE 1315G4s 5000PS1/345 bar 1 0553,
set 4.5.

Generic, 240 V.

Mod. AGD, setto~ 2x 10~* bar, Edwards, MA, USA.
Mod. Neslab Merlin M 150, Thermo Fischer Scientific,
MA, USA.

“Instrumentation-quick-connect” (SS), Swagelok, OH,
USA.

Regulator 250 bar to 68 bar, Advanced specialty gas
equipment, NJ, USA.

1/4” copper / 1/4” SS generic, 7TRSW SAE 100 R7-4
1/4 2750 PSI swagelok, OH, USA.

Mod. 7101 043001A, King Instruments, CA, USA.
1/4” copper tubing, generic.

Ionex-Type O-P catalyst (hydrous ferric oxide), Mole-
cular products, CO, USA.

7 L volume, M25x2 150, CBM produkter AB, Box
47, 131 06 Nacka, Sweden, or P2795z, Luxfer, CA,
USA.

Fumaric acid, 1-'3C (99%), 2, 3 -d, (96%), Cambridge
Isotope Laboratories, MA, USA.

Hydroxyethyl acrylate 1-13¢ (99%), 2, 3, 3, -d3 (98%),
Isotech, Sigma—Aldrich, MO, USA.
Bis(norbornadiene)rhodium(I) tetrafluroborate, catalog
number 45-0230, CAS 36620-11-8, >96%, Strem Che-
micals, MA, USA.
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38. 1,4-bis[(phenyl-3-propanesulfonate) phosphine] butane
disodium salt, Q36333, Isotech, Sigma—Aldrich, MO,
USA.

39. Generic.
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