Real-space imaging of macroscopic diffusion and slow flow
by singlet tagging MRI
Giuseppe Pileio*?, Jean-Nicolas Dumez?b, lonut-Alexandru Pop?, Joseph T. Hill-Cousins,?
and Richard C. D. Brown?
aSchool of Chemistry, University of Southampton, SO17 1B], Southampton, U.K.
binstitut de Chimie des Substances Naturelles, CNRS UPR 2301, Avenue de la Terrasse,
91190 Gif-sur-Yvette, France

Abstract

Magnetic resonance imaging can be used to study motional processes such as flow and
diffusion, but the accessible timescales are limited by longitudinal relaxation. The
spatially selective conversion from magnetization to long-lived singlet order in designer
molecules makes it possible to tag a region of interest for an extended period of time, of
the order of several minutes. Here we exploit this concept of “singlet tagging” to monitor

diffusion over a macroscopic scale as well as very slow flow.
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Highlights
* Diffusion can be monitored in real space and over a macroscopic scale with
singlet tagging
* Singlet tagging makes it possible to measure slower flow compared to
magnetization tagging with identical hardware

* Designer molecules can be used for 1H and 3C based singlet tagging
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1. Introduction

Beyond anatomical images, magnetic resonance can provide detailed information
on motional processes, over a large range of temporal and spatial scales[1-3]. Many
techniques rely on the concept of “time-of-flight” imaging, which consists of tagging a
region of interest and tracking its subsequent evolution. Alternatively, various forms of
motion can be characterized, sometimes quantitatively, with reciprocal-space (q-space)
imaging techniques[3], which are applicable on spatial scales smaller than the accessible
imaging resolution. The time scales that can be probed with magnetic resonance are,
however, constrained by the longitudinal relaxation time, T1. A region tagged through its
magnetization will become indistinguishable from the rest of the sample within several
periods of Ti. The study of slow processes thus requires general strategies to extend
NMR timescales.

Long-lived states[4] allow spin magnetization to be stored for a considerably
extended period of time, typically at least an order of magnitude longer than T for the
same molecule. Long-lived states act as repositories of polarization (and
hyperpolarisation) that survive the presence of high magnetic fields and are insensitive
to radiofrequency fields and field gradient pulses, unless these are played in a very
selective manner[5]. This ability to selectively manipulate long-lived states offers the
potential for a smart probe that can be activated on demand. To date, several strategies
have been proposed to manipulate long-lived states[6-10], including highly selective
approaches that can be applied in high field and therefore retain all the advantages of a
smart probe[8,11]. Recently, we have demonstrated the possibility to convert
magnetization to and from singlet order - the prototypical long-lived state formed by a
spin pair - in a spatially selective manner, in the high field of a NMR/MRI magnet[12].
These techniques are the basis of “singlet tagging”, which consists of converting a
portion of a sample into long-lived singlet order, to be revealed at a later time or at a
different position in space. Singlet tagging is analogous to spin labeling[13,14], with the
advantage that the probe can be followed for a much longer time.

In this communication, we exploit the concept of singlet tagging to access
extended timescales in MRI and monitor slow motional processes. For these
experiments we make use of two recently synthesized molecules, capable of supporting

singlet states with lifetimes of a few minutes. We first study an example of very slow



flow and, subsequently, show how diffusion can be monitored in real space and over a

macroscopic distance, once molecules can be tracked for several minutes.

2. Methods
Imaging experiments. All experiments were run on a Bruker 11.7 T Avance III

NMR instrument. Two custom molecules (Scheme 1) were used for demonstration

purposes.
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Scheme 1. Molecular schemes of I) 1,2,3,4,5,6,8-heptakis(methoxy-d3)-7-((propan-2-yl-d;)oxy)-
4a,8a-13Cz-naphthalene and II) 1-(Ethyl-ds) 4-(propyl-d;)(Z)-but-2-enedioate

Flow imaging experiments were carried out on a 0.8M sample of 1,2,3,4,5,6,8-
heptakis(methoxy-ds)-7-((propan-2-yl-d;)oxy)-4a,8a-13Cz-naphthalene[15] (Scheme 1,
I) dissolved in (CD3)2CO. The longitudinal relaxation decay constant of this sample was
measured with a standard saturation-recovery experiment and is T1= 9 * 0.1 s. The
singlet order decay constant for the same sample was measured as described in Ref. [11]
and is Ts= 260 + 16 s,at 11.7 T and in an undegassed solution (estimated [02]~2mM at
293.15 K and P02=19 kPa). To achieve stationary flow the setup shown in Fig. 1 was
used. It consists of a glass chamber (20 mm long, 5 mm OD, 4.2 mm ID) connected
through a PTFE hose (0.3 mm ID) to a 2ml injection syringe and a 2 ml recovery syringe
(Fig. 1). The injection syringe is mounted on a syringe pump (KD Scientific Inc., USA),
which can provide flow rates of up to 120 pl/min for the chosen syringe. The glass
chamber sits in the MRI probe. The chamber volume is 280 pl while the dead volume of
the connection hose is 200 pl. Prior to flow experiments the injection syringe, the glass
chamber and the connection hose were filled with a solution of I.

Diffusion imaging experiments were carried out on a 1M sample of 1-(ethyl-
d5),4-(propyl-d7)(Z)-but-2-enedioate[12] (Scheme 1, II) dissolved in CD3CN. The

sample was degassed by 4 pump-thaw cycles (to remove paramagnetic oxygen and



therefore increase T1and Ts) and sealed into a 5 mm OD J-Young valve NMR tube. The
longitudinal relaxation decay constant of this sample is T1= 19.6 = 0.2 s; its singlet

order decay constant is Ts= 360 + 30 s.

recovery
syringe
Cs
11.7T
sample
chamber ">~~_|
L
o
L
o
injection
syringe —
paanann .
syringe pump connection
hose

Figure 1. Equipment used for imaging of slow flow.

All MRI experiments were performed on a micro-imaging probe coupled to a
gradient system delivering up to 150 G/cm, using a 10 mm 'H coil for diffusion
measurements and a 10 mm 'H/13C coil for flow measurements. 2D images were
obtained with a RARE MRI pulse sequence[16]. Vendor-provided sinc-3 pulses with
duration of 1 ms were used to select sagittal and axial slices in the sM2S (Fig. 2b) for the
macroscopic diffusion and slow flow experiments, respectively. Custom Paravision
(Bruker, Billerica, MA) pulse sequences were used and the experimental data were
processed with custom Mathematica (Wolfram Research Inc., Champaign, IL) routines.

Simulation of diffusion. Numerical simulations of diffusion were performed with
Mathematica. A configuration of 100,000 molecules, initially confined in a sagittal slice
of 0.9 mm thickness and 20 mm height was allowed to undergo random walk diffusion
to reach a final configuration after a diffusion time of 10 ps, 1, 2, 3 and 5 minutes, in
separate runs. Diffusion was confined within a cylinder of 4.2 mm diameter and 20 mm
height that mimic the sample used in the diffusion experiments below. Pseudo-images
were obtained as 2D arrays by counting the number of molecules in each voxel, with
voxel geometry chosen to match the experimental one. Simulated images include
randomly generated noise to match the experimental signal-to-noise ratio and an
exponential decay of intensity, with a decay rate constant of 360 s, to account for singlet

relaxation.



3. Results and Discussion

Singlet tagging. Singlet tagging refers to the spatially selective conversion from
magnetization to long-lived singlet order (sM2S) in a solution of singlet-bearing
molecules[12]. The pulse sequence used for singlet tagging experiments is shown in Fig.
2a. During the sM2S block, longitudinal magnetization is converted into singlet order
only in a selected slice of the sample - the geometry of the selected slice is chosen
through the parameters of the selective pulses and field gradients. After creation of
singlet order, a variable time interval t is left, during which the tagged molecules may
move. Because of the long lifetime of singlet states in suitable molecules such as I
(Ts~260 s) and II (Ts~360 s), t can be up to several minutes and still yield images with
suitable signal-to-noise ratio. After the delay ¢, a singlet filter[17] is used to destroy
magnetization or any term other than singlet order (up to rank 3) that may have been
created during t. A non-selective singlet-to-magnetization sequence (Fig. 2c) is run to
reconvert singlet order into longitudinal magnetization. At this point, the spatial
configuration of the tagged molecules can be interrogated by any suitable imaging
technique. Here we have used a single-shot version of the RARE[16] pulse sequence,
which provides both high sensitivity and a high robustness against field inhomogeneity.
Although RARE is not typically used as a single-shot technique, the long transverse
relaxation times of the two compounds studied here are compatible with very long echo

times.

= sM2S filter S2M | RARE =

sM2S =

S2M

Figure 2. a) Pulse sequence used for singlet tagging experiments; b) details of the sM2S block; c)
details of the S2M block. Asterisks indicate a composite 180° pulse built as 90x180,90. The



phase ¢ is cycled as [x,X,-X,-X,X,X,-X,-X,-X,-X,X,X,-X,-X,X,X| within the trains of 180° pulses. The total
echo time is given as 7, = 7, + 2A = 1/(2+/J? + (Av)?) with 7, the duration of the composite
180° pulse. n; = nJ/(2Av) and n, = ny/2. For the experiments below n; = 12 and 16,A =
4.55 and 20.8 ms, 1, = 86 and 64 s, for compound I and II, respectively; the duration of the
sM2S/S2M blocks are therefore 171.9/169.9 ms for I and 1022.7/1020.8 ms for II; the filter
duration is ~19.9 ms and the duration of the RARE sequence is 607 ms for I and 567.5 ms for II.

Slow Flow Imaging. The singlet tagging approach can be used to study slow flow
with time-of-flight imaging techniques. A stationary flow was obtained here with the
equipment shown in Fig. 1 where the flow speed is controlled by a syringe pump. The
experiment started by filling the injection syringe, the glass chamber and the connection
hose with a 0.8M solution of I dissolved in (CD3)2CO. A 2D single-shot RARE image of a
10 mm thick sagittal slice of the sample is shown in Fig. 3a, in the absence of flow, to

reveal the geometry of the sample.
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Figure 3. Measurement of slow flow with singlet tagging in a 4.2 mm ID x 20 mm H glass
chamber containing a 0.8M solution of I in (CD3)2CO. a) singlet-shot RARE image in the absence
of flow. (b-e) Images obtained with the pulse sequence in Fig. 2, with the sM2S selective pulse
that selects an axial slice of 3.9 mm placed 3 mm away from the bottom edge of the glass. The
delays were t = 10ps (b), 1 minute (c), 2 minutes (d) and 3 minutes (e) and under stationary
flow of 0 pul/min, 120 pl/min, 60 pl/min and 40 pl/min, from (b) to (e) respectively. f) Difference
between image (b) and (e) showing a displacement of 8.6 mm achieved in 3 minutes and

corresponding to a net speed of about 50pm/s. All images have FOV = 50 x 25 mm?2, matrix size =
64 x 32, sagittal slice thickness = 10 mm, TE = 18.3 ms, acceleration factor 64.

a f

The pulse sequence in Fig. 2 was then used to monitor the flow, with the sM2S block set
to tag as singlet order only molecules present in an axial slice of 3.9 mm thickness, offset
from the bottom edge of the sample by about 3 mm. Fig. 3b shows a reference image,
obtained under static conditions. Flow experiments were performed with three different
delays t: 1, 2 and 3 min, with the resulting images shown in Fig. 3c, 3d and 3e,
respectively. The difference between images in Fig. 3b and Fig. 3e, reported in Fig. 3f,
highlights the displacement of the region of interest. In each case, the syringe pump was

set with a flow rate such that the region of interest would always move by the same



amount (120, 60 and 40 pl/min for the 1, 2 and 3 min experiments, respectively). The
pump was started 15 s before the NMR experiment, in order to reach stationary flow
conditions. In all three experiments the tagged molecules have moved up in the glass
chamber by 8.6 mm. Their velocity is slower by a factor of 2 in Fig. 3d compared to Fig.
3¢, and a factor of 3 in Fig. 3e. The flow speed is readily calculated as 142, 71 and 48
um/s for cases in Fig. 3¢, 3d and 3e, respectively. For comparison, flow speeds in the
human body can be of the order of 500 um/s and below, e.g., in blood capillaries and
ischemic tissues. Slow flow measurements are also relevant in porous media where flow
rates depend on many parameters and can be as slow as 10-100 um/s for water in
sandstone and layered clay or slower than that in limestone and other impervious
materials. In porous materials the insensitivity of singlet states to susceptibility

gradients may result as an advantage over, for example, phase-contrast methods.

Macroscopic Diffusion Imaging. Diffusion is usually studied in NMR with “reciprocal
space” approaches, in which the signal attenuation of a gradient or spin echo is
measured as a function of gradient amplitude[2,18-20]. Measurements of slow diffusion
coefficients by singlet state spectroscopy have already been reported[21] where singlet
state preparation is combined with pulsed field gradients to investigate diffusion
constants in reciprocal space. The long lifetime of singlet spin states has also been used
to demonstrate the enhancement in g-space imaging of macroscopic pores[22].

The unusually long timescales accessible with singlet tagging make it possible to
study diffusion in real rather than reciprocal space. This is illustrated in Fig. 4, where the
diffusion of II in CD3CN is monitored. A reference single-shot RARE 2D axial image of the
sample is shown in Fig. 4a0. The sM2S sequence was set to tag as singlet order only the
molecules located in a 0.9 mm thick sagittal slice at the center of the NMR tube. A series
of images were acquired using the pulse sequence in Fig. 2 where the diffusion interval ¢
is varied as 10 ps, 1, 2, 3 and 5 minutes (Fig. 4al-a5) in each successive run. For t = 10
us, macroscopic diffusion can be ignored and the geometry of the tagged region can be
appreciated (Fig. 4al). As the time interval t increases, diffusion takes place and, as
expected, the singlet-tagged region becomes broader and reduces in intensity (Fig. 4a2-
a5). For t = 5 minutes (Fig. 4a5) the singlet-tagged molecules have diffused a

macroscopic distance of a few millimeters to occupy all the available volume.



Figure 4. a0) axial RARE image of a 5mm OD (4.2 mm ID) NMR tube containing a degassed 1M
solution of II in CD3CN. al-a5) Real space imaging of macroscopic diffusion obtained by pulse
sequence in Fig. 2. The value of the diffusion interval ¢t is indicated. FOV = 20 x 20 mm?, matrix
size = 64 x 64, sagittal slice thickness = 0.9 mm, axial slice thickness = 15 mm, TE = 8.7 ms,
acceleration factor 64. b1-b5) Simulation of diffusion in a 5mm OD NMR tube using a random
walk model, a diffusion constant of 1.6 10-° m2s-1 and all other parameters as used in the
experiment.

A simple description of Brownian diffusion can be obtained using a mathematical
model in which molecules undergo a large number of random movements in real space
(random-walk model). In this model, the mean square displacement of a molecule is

directly proportional to its diffusion coefficient D and the diffusion time interval ¢

according to <r2> =6Dt [23] The diffusion time constant of II (1M in CDsCN at 293.15 K)

has been measured using a convection compensated DOSY sequence[24] and is Dy =
1.6x10-2 m?s-1. This value is inserted in a simulation algorithm written in Mathematica
(see Methods). Simulated 2D images, shown in Fig. 4b1-b5, are in good agreement with
the experimental images reported in Fig. 4al-a5.

Thermal convection may also contribute to motion and is a common issue in
diffusion NMR techniques. Convection effects due to thermal differences across the
sample may be partially responsible for the observed total displacement of the singlet
tag in Fig. 4. They were reduced by using a small diameter NMR tube (5mm OD) held
inside an empty 10mm OD tube. The good agreement between experiment and
simulation confirms the minimal contribution of thermal convection here.

In the two examples shown here, a high concentration of the imaged molecule is
needed in order to obtain a suitable spatial resolution. This limitation can be overcome
by the use of hyperpolarisation techniques such as dissolution-DNP[25], which leads to

a gain of up to 5 orders of magnitude in signal intensity, thus allowing the imaging of



slow flow and macroscopic diffusion in much more diluted samples and/or with a higher
spatial resolution. The availability of longer-lived singlet states - singlet bearing
molecules with singlet decay constants of tens of minutes have been reported[26-28]-
will also give access to real-space imaging of diffusion over longer distances and slower

flow rates.

4. Conclusions

In summary, we have demonstrated that singlet-tagging techniques can be used
to monitor slow displacements directly with magnetic resonance imaging. A first
example is the characterization of slow flow, in a custom-made flow chamber, with a
flow of 50 um/s. A second example is the real-space imaging of diffusion, over a
macroscopic distance of a few millimeters. Together these examples illustrate the
potential of singlet tagging, which can be used to probe macroscopic channels in
materials and, provided that biocompatible agents can be found, in vivo MRI
applications. The displacement that can be measured with singlet tagging depends on
the lifetime of the singlet order for the chosen molecule. The next generation of singlet-
bearing molecules should provide access to timescales that are longer by an order of
magnitude or more. This will give access to imaging diffusion over larger distances and

slower flow.
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