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ABSTRACT: Magnetic resonance imaging (MRI) provides unique information about the internal
structure and function of living organisms in a non-invasive way. The use of conventional proton
MRI for the observation of real-time metabolism is hampered by the dominant signals of water and
fat, which are abundant in living organisms. Heteronuclear MRI in conjunction with the
hyperpolarization methods does not encounter this issue. In this work, we polarized 15N nuclei of
[15N1]fampridine (a drug used for the treatment of multiple sclerosis) to the level of 4% in nuclear
magnetic resonance (NMR) experiments and 0.7% in MRI studies using spin-lock-induced
crossing combined with signal amplification by reversible exchange. Consequently, three-
dimensional 15N MRI of the hyperpolarized 15N-labeled drug was acquired in 0.1 s with a
signal-to-noise ratio of 70. In addition, the NMR signal enhancements for 15N-enriched fampridine
and fampridine with a natural abundance of 15N nuclei were compared and an explanation for their
difference was proposed.

Magnetic resonance imaging (MRI) is widely employed
for structural, functional, and dynamics studies,

including studies of chemical reactions in situ.1−5 The interest
in using MRI methods is driven by medical diagnostics centers,
which utilize a non-invasive MRI technology due to its rich
information content.6 Now, with the help of MRI, it is possible
to study the pathologies of organs, the structure of tissues, and
various biological processes occurring inside living organ-
isms.7−11 The most frequently used nuclei in MRI studies are
1H, 31P, and 19F with high natural abundance (99.9885% for
1H and 100% for 31P and 19F)12 and high gyromagnetic ratios
[γ(1H) ≈ 42.6 MHz/T, γ(31P) ≈ 17.2 MHz/T, and γ(19F) ≈
40.1 MHz/T]. As a result of the favorable nuclear spin
properties, the signals of these nuclei can be readily observed
in a typical in vivo MRI examination.6,13−18 However, MRI
methods do not reveal their full potential due to their relatively
low sensitivity in comparison to computed tomography (CT)
and optical imaging methods. Over the years, MRI technology
has been considerably improved to remedy the sensitivity
limitations. Despite the substantial technological advances such
as the widespread use of 3 T MRI scanners and the clinical
advent of 7 T MRI scanners, clinical applications have been
largely limited to 1H detection. However, heteronuclear MRI
can fundamentally yield complementary or even unique
information about metabolism and drug distribution in living
organisms, primarily because of the zero- or low-background
signals of heteronuclei such as 19F, 13C, 15N, etc. An additional
favorable property of heteronuclei (e.g., 19F, 13C, and 15N) is
their large chemical shift dispersion,19 which can further
expand the range of possible MRI applications such as the

differentiation of metabolites. The main reason for the lack of
15N biomedical studies, in particular, is the low detection
sensitivity caused by the 15N isotope natural abundance of only
0.364% and its low γ(15N) of −4.32 MHz/T (note that
conventional MR sensitivity scales approximately as γ3).20
Both of the sensitivity-limiting factors discussed above (a

low natural abundance of some nuclear isotopes and low
sensitivity) can be remedied. First, 15N isotopic labeling of an
endogenous contrast agent can be readily applied21 to
[15N2]imidazole,22,23 [15N1]nicotinamide,24,25 [15N2]- and
[15N3]metronidazole,26 and many others. The partial solution
for the second challenge is the use of hyperpolarization
methods. In recent years, several hyperpolarization techniques
opened new opportunities for the MRI community because
they make it possible to enhance nuclear spin polarization [and
correspondingly nuclear magnetic resonance (NMR) signal]
by ≤5 orders of magnitude.
All hyperpolarization methods are based on creating a non-

equilibrium state with the difference between nuclear spin
sublevel populations much greater than that at thermal
equilibrium. Signal amplification by reversible exchange
(SABRE)27 is one of these revolutionary hyperpolarization
methods. It is based on the use of parahydrogen (p-H2) as a
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source of nuclear spin order. In SABRE, hyperpolarization is
continuously created as a result of a reversible exchange of a to-
be-hyperpolarized substrate molecule and p-H2 between the
catalytic complex and the bulk “free” solute.27 The SABRE
technique was pioneered in 2009,27 and it gained popularity
over the years because of its simplicity, efficiency, and low cost
compared with other hyperpolarization techniques such as spin
exchange optical pumping (SEOP)28,29 or dissolution dynamic
nuclear polarization (d-DNP).30,31 To date, SABRE demon-
strated its power to hyperpolarize, among many other targets,
the FDA-approved drug metronidazole with a 15N polarization
level of >50%.32 An additional beneficial feature of SABRE is
that the molecular structure of the to-be-hyperpolarized
exchangeable substrate molecule does not change as a result
of the process of hyperpolarization. However, it should be
noted that for in vivo applications of SABRE, the catalytic
polarization transfer complex has to be removed from the
hyperpolarized solution before its administration.33−37

While SABRE was originally developed as an efficient 1H
hyperpolarization method,38,39 approaches to transfer spin
order from p-H2-derived hydrides to heteronuclei such as 13C
or 15N were promptly developed.40−42 An additional benefit of
heteronuclei in hyperpolarization studies is alonger T1
relaxation time compared to those of 1H nuclei. There are
two main strategies for the spin order transfer from p-H2-
derived hydrides to the heteronucleus of choice: “spontaneous”
polarization transfer by free evolution at a given field and spin
order transfer by radiofrequency (RF) pulse sequences. In the
first case, the spins are exposed to ultralow magnetic fields,
where spin order is spontaneously distributed among all
coupled spins (μ-metal magnetic shields are employed to
create desired fields on the order of nano- or microteslas).43−46

Then the sample is transferred from the magnetic shield to an
NMR or MRI instrument for signal detection. In the second
approach, sequences of RF pulses induce the desired spin order
transfer, while the sample is residing within the probe of an
NMR or MRI instrument. There are many demonstrated pulse
sequences for achieving this polarization transfer, for example,
LIGHT-SABRE,41 SABRE-INEPT,23 QUASR-SABRE,47,48

and SLIC-SABRE.49,50 These pulse sequences allow enhance-
ment of 15N polarization by several orders of magnitude.
In this study, we used 15N-labeled 4-amino[15N]pyridine51

[fampridine, [15N1]FAM (Figure 1A)] as a model for
hyperpolarized 15N molecular imaging. FAM has therapeutic
value for controlling symptoms of demyelinating diseases and
disorders of neuromuscular transmission.52 It restores
conduction in demyelinated axons through blockage of
potassium (K+) channels and enhances neuroneuronal or
neuromuscular transmission in normally myelinated neurons
through an increase in calcium (Ca2+) influx.52,53 [15N1]FAM
is thus attractive as a potential novel probe for molecular MRI.
In our previous studies, we demonstrated the possibility of

using SLIC-SABRE to hyperpolarize the 15N nucleus of FAM54

at the natural abundance of the 15N isotope. The SLIC-SABRE
(Figure 1B) pulse sequence is based on the effect of spin-lock
induced crossing (SLIC), pioneered by DeVience et al.55 The
SLIC-SABRE pulse sequence is similar to that of LIGHT-
SABRE (low-intensity generation of high-tesla SABRE),41

where a low-power continuous wave pulse causes polarization
transfer. However, SLIC-SABRE represents an improved
variant, where the influence of singlet−triplet spin state mixing
on the catalyst complex is taken into account.50 This feature
makes SLIC-SABRE more robust and efficient than LIGHT-

SABRE. In the previous work, we were able to demonstrate
15N polarization p(15N) ∼ 8% using SLIC-SABRE, which
allowed us to perform two-dimensional (2D) 15N MRI with a
spatial resolution of 0.3 × 2.4 mm2/pixel in <1 s. However,
despite the significant improvement of signal intensity, three-
dimensional (3D) 15N MRI was not achieved. In this work, we
extended the frontiers of 15N MRI further by demonstrating
the feasibility of subsecond 3D 15N MRI using hyperpolarized
[15N1]FAM. Using 99% 15N-labeled [15N1]FAM and SLIC-
SABRE, we achieved 0.7% 15N polarization with a 9.4 T
microimaging NMR spectrometer and 4% 15N polarization
with a 7 T NMR spectrometer.
In all experiments, an iridium N-heterocyclic carbene

complex [Ir(COD)(IMes)Cl] [IMes = 1,3-bis(2,4,6-
trimethylphenyl)imidazole-2-ylidene, and COD = 1,5-cyclo-
octadiene] was used as a SABRE precatalyst. This complex was
prepared from commercially available precursors, [Ir(COD)-
Cl]2 and [IMes]+[BF4]−, according to the previously described
method.56 [15N1]FAM was synthesized according to the
procedure reported elsewhere.51 NMR spectra were recorded
using a 300 MHz (B0 = 7 T) spectrometer equipped with a 10
mm probe or using a 400 MHz (B0 = 9.4 T) microimaging
instrument equipped with a 25 mm two-channel probe (1H
and 15N) and a gradient strength of ≤150 G/cm. A 0.1 M
solution of [15N1]FAM with 5 mM [Ir(COD)(IMes)Cl]
precatalyst was used for SLIC-SABRE.
Two important elements in the SLIC-SABRE pulse

sequence are (i) spin order transfer and (ii) signal acquisition.
Spin order transfer utilizes a 90° 1H RF pulse followed by a
continuous wave (CW) pulse tuned to the 15N resonance of
the bound equatorial [15N1]FAM (Figures 1B and 2). The CW
pulse has the following parameters: duration (tcw), amplitude
(A), and an offset from the frequency of the bound substrate
(Δν = νrf − νbound). The polarization transfer block was
repeated n times to attain a higher 15N polarization of free
[15N1]FAM. The signal of hyperpolarized [15N1]FAM was

Figure 1. (A) 15N NMR signal as a function of the number of spin
order transfer cycles n in the SLIC-SABRE sequence. The inset shows
the chemical structure of [15N1]FAM. (B) Schematics of the SLIC-
SABRE pulse sequence. (C) Single-scan 15N NMR spectrum of
hyperpolarized 0.1 M [15N1]FAM in methanol-d4 at a 9.4 T magnetic
field. (D) 15N NMR spectrum of thermally polarized 0.7 M
[15N1]FAM in methanol-d4 at 9.4 T MRI using 170 signal
accumulations acquired with a 5 min repetition time.
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obtained by applying a 90° RF pulse on the 15N channel
followed by a free induction decay acquisition for an NMR
spectroscopy experiment or by using an imaging pulse
sequence for an MRI experiment. During SLIC-SABRE, p-H2
was continuously supplied during spin order transfer and the
bubbling was terminated shortly before signal acquisition to
prevent the sample inhomogeneity and concomitant spatial
distortions of the magnetic field.
In the previous studies, we optimized 15N SLIC-SABRE

performance by changing the following parameters: A, Δν, tcw,
n, the rate of p-H2 gas supply (Q), and the sample temperature
(T).49,54 It was shown that all studied heterocyclic compounds
([15N]pyridine, [15N1]nicotinamide, and fampridine) had the
same optimal CW pulse amplitude (A = 5 Hz) and duration
(tcw = 1.17 s).49 However, the frequency offset depends on the
experimental conditions and has to be optimized each time
before the experiments; the common offset was approximately
17−18 Hz. The other optimized parameters were the same as
in the previous study.54 For a proper comparison, we list here
all essential parameters of the SLIC-SABRE experiment: tcw =
1.17 s, A = 5 Hz, n = 40, Q = 80 sccm, and T = 293 K. The
sample was loaded into a standard 5 mm NMR tube and
placed into a 7 T NMR spectrometer before the experiment.
The 82% enriched p-H2 gas was bubbled through the sample at
a pressure of 4.4 bar.
Using these parameters, we achieved a 15N signal enhance-

ment ε(15N) of ∼16000 corresponding to a 15N polarization
p(15N) of ∼4%. Interestingly, this value is 2 times lower than
that previously obtained for nonlabeled FAM [p(15N) = 8%,
and ε(15N) ∼ 32000] under similar experimental conditions.54

Such a difference can be rationalized using a simple
mechanistic model of SABRE (Figure 2). When FAM with a
natural abundance of 15N nuclei is employed in SABRE
experiments, the probability that two or three substrate
molecules in the SABRE complex have a 15N label is rather
small. Therefore, the spin system relevant for spin order
transfer can be approximated by three spins [AA′X (Figure
2A)]: two 1H nuclei of p-H2-derived hydrides and one 15N
nucleus.44 At the same time, when 15N-labeled [15N1]FAM is
used, all three Ir metal-coordinated substrate molecules
contain a 15N nucleus; i.e., there are three 15N nuclei in the
SABRE complex. Note that the J coupling network and
chemical exchange favor spin order transfer from p-H2 to only
two substrate molecules at equatorial positions, while the axial
substrate is almost SABRE-inactive due to negligible spin−spin
couplings of its nuclei to hydrides and extremely slow exchange
with the pool of free substrate molecules. Hence, in this case,
the spin order is transferred from p-H2-derived hydrides to two
15N nuclei in the four-spin AA′XX′ system (Figure 2B).45

For a quantitative analysis of SLIC-SABRE for the substrates
with a natural abundance of 15N and those enriched with 15N
isotopes, we used a “quantitative SABRE model”,57 which was
successfully applied in our previous SLIC-SABRE studies.49,58

According to this model, the SABRE process is reduced to a
two-stage exchange:49

+MH S MH S
k

2 2 2 2
d

(1)

* +MH S MH S
k

2 2 2 2
a

(2)

where M is the core of the organometallic complex [e.g.,
Ir(IMes)S], MH2 is a short-lived intermediate with two
equatorial substrates missing, and MH2 immediately converts
to MH2* with H2* being pure p-H2. This model was employed
to describe spin dynamics in the case of isotopically labeled
[15N1]FAM. For the case of unlabeled FAM, we used a
different model

+MH ZS MH Z S
k

2
/2

2
d

(3)

* +MH Z S MH ZS
k

2 2
a

na

(4)

where Z and S are [14N1]FAM and [15N1]FAM, respectively.
We note that these models simplify the SABRE processes, but
these simplifications are inevitable because the more realistic
models are dramatically more time-consuming (see the details
in the Supporting Information). The differences between the
two models were introduced to account for the differences in
spin dynamics in the cases of labeled and unlabeled substrates
(see the Supporting Information).
Using this model, we simulated SLIC-SABRE and

equilibrium p(15N) for the corresponding AA′X and AA′XX′
spin systems described above, and the details are presented in
the Supporting Information. The ratio of p(15N) levels reaches
2 for the fast exchange rates kd ∼ 50 s−1 (i.e., in good
qualitative agreement with experimental observation), and this
ratio is close to 1 for the slow exchange with kd ∼ 1 s−1. We
employed the parameters listed in Table 1 to obtain the
simulation results shown in Figure 3. We note that kd values
used in simulations cannot be directly compared with
dissociation rate constants measured using EXSY. It is
noteworthy that in the previous study51 the dissociation rate
constant for FAM was estimated to be 3.4 s−1 at room

Figure 2. Simple mechanistic model of SABRE chemical exchange
and spin order transfer to (A) FAM with a natural abundance
(0.364%) of 15N nuclei and (B) 15N-enriched FAM. In the first case,
98.9% of Ir complexes have three [14N1]FAM ligands and only 0.73%
of Ir complexes have at least one equatorial [15N1]FAM ligand. Only
the latter complexes are responsible for the spin order transfer from p-
H2 to 15N. When a substrate is 99% enriched in 15N, the spin order is
distributed in almost every Ir complex including two 15N nuclei.
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temperature, while the simulations reported here predict that
when kd = 3.4 s−1 the levels of 15N polarization of labeled and
unlabeled FAM should be almost similar. The simulations are
detailed in the Supporting Information. The overall discrep-
ancy between the simulations and the experiments is readily
explained by less than perfect experimental conditions. In the
simulations, it was assumed that the reservoir of p-H2 is
unlimited, while experimentally p-H2 mixing and flow rate may
be insufficient to reach the full potency of the polarization

process.44 Moreover, the simulations oversimplified the
SABRE chemical exchange of the substrate and p-H2 and did
not account for possible differences in relaxation times of
nuclear spins in the polarization transfer complex in the case of
labeled and unlabeled FAM. The SABRE model with fewer
simplifications that considers the chemical exchange of two
substrates was proposed before.59 However, this model is
inevitably nonlinear and hence very time-consuming and
requires more system parameters, which have not yet been
identified; therefore, only the simplified model was utilized
here.
Despite a lower signal enhancement and p(15N), the overall

15N signal intensity was greater for enriched [15N1]FAM than
for natural-abundance FAM because the molar polarization
was >100 times higher for [15N1]FAM (0.04 × 85 mM × 0.99
≈ 3.366 mM, where 0.99 is the 15N enrichment level and 0.04
is the 15N polarization achieved at 7 T NMR) than that for
FAM (0.08 × 85 mM × 0.00364 ≈ 0.025 mM, where 0.00364
is a natural abundance of 15N and 0.08 was the 15N polarization
achieved at 7 T NMR54).
While the evaluation of the 15N NMR signal enhancement

reported above was performed on a 7 T NMR spectrometer,
subsequent MRI experiments were performed on a 9.4 T MR
microimaging instrument. Thus, it was necessary to modify the
experimental setup and optimize the experimental parameters
again. As a consequence of the optimization and setup
adjustment for imaging studies, ε(15N) was decreased to
∼2000 [p(15N) = 0.7%] for a 0.1 M solution of [15N1]FAM
with 5 mM Ir precatalyst in methanol-d4 (Figure 1C,D). The
resulting 2D 15N MR image with a signal-to-noise ratio (SNR)
of 70 is presented in Figure 4B.

Such a substantial decrease in polarization was likely caused
by switching from a 5 mm NMR tube to a 10 mm NMR tube,
where solution mixing with p-H2 is less efficient even after
optimization of the p-H2 flow rate (Figure S1B) because of a
greater liquid volume and the presence of a plastic cubic
phantom in the NMR tube (Figure 4A). An additional factor is
the greater inhomogeneity of B0 and B1 magnetic fields; the
effect of the latter on the spin order transfer was discussed
recently in ref 60, and a much smaller sample size was
recommended to have a homogeneous B1 for a similar system.
The SLIC spin order transfer technique utilizes small

Table 1. SABRE System Parameters Used for SLIC-SABRE
Simulations

system chemical shift (ppm)
high-field T1

relaxation time (s)a
J coupling

constant (Hz)

H2
15N MH2ZS (−22, −22,

200)
MH2ZS (1, 1, 6) MH2ZS

S (300) S (60) JHH
2 = −7.7
JHN
2,trans = −20.9
JHN
2,cis = 0.6

H2
15N2 MH2S2 (−22, −22,

200, 200)
MH2S2 (1, 1, 6, 6) MH2S2

S2 (300, 300) S2 (60, 60) JHH
2 = −7.7
JHN
2,trans = −20.9
JHN
2,cis = 0.6
JNN2 = 0.4

aBecause the precise experimental measurement of the T1 values for
the free and coordinated substrate is hardly possible because of the
chemical exchange, the presented estimated values were utilized for
simulations.

Figure 3. Simulated 15N polarization in SLIC-SABRE spin order
transfer for (A) MH2ZS = H2

15N and (B) MH2S2 = H2(15N)2 spin
systems and (C) their ratio as a function of kd. All relevant spin
system parameters are listed in Table 1. SLIC-SABRE parameters νrf =
200 ppm + Δν, Δν = 18 Hz, A = 5 Hz, tcw = 1.17 s, and B0 = 7 T and
eq S6 (A) and eq S7 (B) were used for calculation. No additional
delays and an ideal 1H 90° RF pulse were considered. The system had
a period of free evolution of 100 s before SLIC-SABRE. The
concentration ratio was =[ ]

[ ]
MH S

S
1

17
2 2 (see the Supporting Information

for details). The numbers in the legend are the numbers of SLIC-
SABRE cycles (n = 1, 5, and 60).

Figure 4. (A) Schematic drawing of the imaging phantom, (B) 2D
15N FLASH MRI of hyperpolarized 0.1 M [15N1]FAM, and (C) 2D
1H FLASH MRI of 0.1 M H2O in D2O. The imaging phantom
consists of a 10 mm NMR tube with a methanol-d4 solution of 0.1 M
[15N1]FAM, a capillary for parahydrogen supply, and a plastic cube
attached to the capillary. For both experiments, a 10 mm NMR tube
with an inner diameter of 8.76 mm was filled with 2.5 mL of a SABRE
mixture solution and placed in the isocenter of a 9.4 T vertical bore
MRI magnet. The glass capillary inside the NMR tube is also visible in
the MR images (indicated by white circles).
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amplitude (A = 5 Hz) RF pulses; hence, the B0 magnetic field
inhomogeneity of the same magnitude or larger will result in a
substantial reduction of polarization. The full width at half-
maximum for 15N during p-H2 bubbling was 16 Hz.
Comparison of a 15N MRI scan of 0.1 M hyperpolarized

[15N1]FAM in methanol-d4 with a 1H MRI scan of a reference
0.1 M H2O in D2O showed that the SNR was only ∼3.4 times
higher for 1H MRI of H2O than for 15N MRI of [15N1]FAM
using similar pulse sequence parameters optimized for each
channel individually. This fact is particularly remarkable
because the sensitivity difference between 1H and 15N is
∼1000-fold taking into account only the difference in their γ
value.
Considering that the relaxation time of 15N nuclei in

[15N1]FAM at 9.4 T was rather long [27 ± 3 s (see the
Supporting Information)], the SNR of 70 was achieved for
only 0.7% 15N polarization, and no background signal is
present, 15N MRI of hyperpolarized [15N1]FAM has a potential
to provide more information than conventional 1H MRI and to
shed light on metabolic processes in vivo.
We have also obtained a 3D 15N MR image (Figure 5) with

a spatial resolution of 0.5 × 5 × 5 mm3/pixel and a maximum

SNR of ∼150; the SNR values for some X−Y slices are given in
Figure S3. The resulting images were zero-filled to a matrix size
of 128 × 64 × 64 for better presentation. Both the tube and
the phantom were well resolved.
In conclusion, we have reported on 15N SLIC-SABRE

hyperpolarization of 15N-labeled [15N1]fampridine. Although
the experimentally observed polarization levels for isotopically
labeled fampridine were ∼2-fold lower than at the natural
abundance of 15N nuclei (as supported by simulations), the
15N enrichment provided an overall ∼140-fold increase in
molar polarization. This strong 15N NMR signal was
successfully employed for the demonstration of the feasibility
of subsecond 3D 15N MRI. Our further plans include the
addition of spectroscopic data in each voxel, which definitely
will increase imaging time but will undoubtedly provide the
chemical shift dimension needed for future metabolic sensing
studies. Future studies will also need to address the problem of
the removal of the toxic catalyst from the solution while

preserving 15N hyperpolarization. This work expands the
opportunities for molecular imaging in biological systems, and
for instance, 15N MRI of [15N1]FAM can be potentially
employed for the detection of demyelinated regions of the
brain. Although the standard clinical MRI scanners currently
do not possess heteronuclear RF pulsing and detection
capabilities, the heteronuclear MRI technology is available
with instruments used for preclinical research and is being
successfully developed and utilized at a number of research
sites worldwide.61−64 Future developments of heteronuclear
MRI applications will facilitate the commercial availability of
the required equipment.
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on both panels A and B, and the highest SNR values in each slice are
given in panel B.
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