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Abstract

The presented data clearly demonstrate that multinuclear MRI has a great potential
in research and clinical fields. The biomedical value of many heavy nuclei that are
part of drugs, contrast agents, and molecular complexes in live tissues emphasizes
the need for creating and using MRI scanners tuned to the Larmor frequencies of
such nuclei. This article discusses a number of specific problems solved with the
use of multinuclear MRI. Since the sensitivity of the MRI on heavy nuclei, as a
rule, is insufficient for obtaining images of satisfactory quality, it is proposed to use
hyperpolarization techniques for preparing objects for the MRI diagnostics. How-
ever, bearing in mind the high cost of hyperpolarization techniques, alternative
approaches using contrast agents normally absent in tissues can be more suitable
in certain situations. For instance, due to the absence of fluorine in the body, 1p
MRI allows for successful diagnostics of the respiratory tract and lungs filled with
fluorine-containing gas, detecting the location of the blood substitute Perftoran® in
the body, monitoring the transport along the gastrointestinal tract of a capsule filled
with a preparation containing fluorine-19 nuclei, etc. The possibility of non-invasive
local measurements of the concentration of sodium-23 in the body, which, in case of
a deviation from the norm, is linked to such pathologies as diabetes, hypertension,
renal failure, and many others, is also demonstrated. Reported as well is the crea-
tion of transmitting and receiving infrastructure that makes possible effective MRI
measurements at low fields (of about 0.5 T) at 10 Larmor frequencies correspond-
ing to the nuclei of hydrogen, deuterium, fluorine, boron, chlorine, sodium, carbon,
phosphorus, silicon and oxygen.
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1 Introduction

Magnetic resonance imaging (MRI) is the most effective method of medical diag-
nostics due to the high information content and safety of the study. This is the
only imaging method that, unlike PET, computed (X-ray), acoustic, or microwave
tomography, does not require solving the inverse problem for obtaining the differ-
ential distributions of tissue density within the body. The use of direct algorithms
makes MRI the most reliable way of biomedical diagnostics. Currently, popular
optical and terahertz approaches are limited in imaging depth to only the very
thin superficial layers (hundreds of micrometers thick) due to the strong attenu-
ation of radiation within the tissue. Unlike them, MRI allows studying the char-
acteristics of a live tissue at any depth within the body. But perhaps the most
significant advantage of MRI over other noninvasive techniques is its ability, in
combination with the local NMR spectroscopy, to study in real time the molecu-
lar structure of tissues and the behavior of drugs induced into the body in the
course of therapeutic procedures. Although this approach is not fully mastered
yet, it positions MRI as an advanced theranostics modality.

In clinical settings, the MRI signal is usually recorded only from hydrogen
nuclei ('H, protons). The high content of protons in soft tissue allows visualizing
effectively its anatomical structure, which is hard to achieve with, e.g., computed
tomography due to the transparency of soft tissue to X-ray radiation. However,
some tissues have relatively low content of hydrogen atoms and produce weak
MRI signal. For that reason, it is difficult to visualize airways, lungs, gastrointes-
tinal tract, etc., using only the conventional proton MRI. Trying to visualize the
location of administered drugs within the body is even more problematic, as some
of them, like the blood substitute Perftoran®, completely lack hydrogen atoms.
Therefore, the task of developing MRI methods tuned to the frequencies of not
only protons, but also heavier nuclei, so-called multinuclear magnetic resonance
imaging, has become highly relevant. This article presents the results of the stud-
ies in the area of multinuclear MRI performed in the last decade by the interdisci-
plinary team of the Center for Magnetic Tomography and Spectroscopy (CMTS)
of the Moscow State University (MSU). This Center was created by order of the
Rector of the MSU, Academician Viktor Sadovnichy, exactly 25 years ago on
March 19, 1996, as an independent interdepartmental and interdisciplinary divi-
sion of the Moscow University.

With the support of the Rector, the Center was equipped with modern research
equipment from the BRUKER company (Fig. 1). Due to the universal purpose of
these devices, it began to act as a Center for Collective Use (CCU) and a complex
of unique scientific instrumentation (USI), registered in the Ministry of Education
and Science of the Russian Federation under the name “Biospectrotomography”.

The equipment operates around the clock and is used for numerous research
projects conducted not only by the MSU subdivisions but also by many Rus-
sian and international academic and industrial laboratories working jointly with
the MSU scientists. Suffice to say that 3% of all publications by the MSU scien-
tists in top-rated journals of the 1st and 2nd quartiles report the scientific results
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Fig. 1 The instrumentation of the CMTS MSU. a AV-400WB: 10-T solid-state NMR spectrometer at
400 MHz; b AV-600: 14.5-T 600 MHz spectrometer; ¢ Tomikon S50: 0.5-T MRI clinical scanner; d Bio-
Spec 70/30 USR: 7-T biospectral scanner for the study of small laboratory animals

obtained on the equipment of the MSU CMTS. In 2010, the CMTS became a part
of the Department of Fundamental Medicine of the MSU as an interdepartmental
and interdisciplinary laboratory, keeping the same, well known by then, brand.
Academician Aleksey Khokhlov is the head of this laboratory, as well as of the
Center for Collective Use and the USI “Biospectrotomography” complex.

The staple tomographic device in the Center is a clinical low-field MRI scanner
Tomikon S50 (Bruker, Karlsruhe, Germany), on which the main multinuclear stud-
ies were performed. Despite its relatively low magnetic field (0.5 T), this device is
absolutely unique. Thanks to the permission of the BRUKER company, the research
group of physicists led by Dr.Sci. Nikolay Anisimov got access to the software and
infrastructure of this scanner and modified its for their research goals. The result was
a whole series of new MRI methods dramatically improving the imaging not only
at the Larmor frequency of protons (21 MHz), but also at nine other resonance fre-
quencies—of deuterium, fluorine, sodium, oxygen, boron, carbon, chlorine, silicon,
and phosphorus. The created multinuclear infrastructure of the receiving and trans-
mitting channel (Fig. 2) made this MRI scanner the only one in the world operating
at 10 Larmor frequencies [1-7].

Presented here are some examples of the multinuclear techniques developed at
the CMTS, starting with the proton one (Fig. 3), followed by others tailored for the
detection of heavy nuclei. To scan with the simultaneous suppression of the sig-
nals from normal (healthy) tissues (e.g., water and fat, the major constituents of the
body), the MRI signal from the tissue of interest should be acquired when the longi-
tudinal magnetization of the normal tissues in the “inversion-recovery” mode passes
through zero in the course of relaxation, thus providing zero contribution of those
tissues to the signal.

We developed algorithms for suppressing signals from up to five different types
of tissue that may cover the area of interest (as in the case, for instance, of small
neoplasms that are practically invisible against the background of a strong signal
from normal tissues). Using these techniques, we were able to obtain effectively fil-
tered MRI images. The image of the semicircular rings and axonal bundle connect-
ing the equilibrium receptors with the neurons of the brain is presented in Fig. 3a
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Fig.2 Radiofrequency (RF) coils designed for multi-nuclear channels of 0.5-T and 7-T scanners
[4-7]. The coils operate at the Larmor frequency of the following nuclei: a 3Cl at 28.1 MHz; b ?D at
46.1 MHz; ¢ *D at 3.2 MHz; d °C at 5.3 MHz; e *'P at 8.5 MHz

Fig.3 MRI image of the vestibular apparatus (a) and extracted (virtually) from the spine by suppressing
signals from all normal tissues of the spinal cord stem with neurinoma (b) [8]

after being isolated from the image of the whole vestibular system. Figure 3b shows
the MRI image of a spinal neurinoma obtained after the suppression of the signals
from surrounding normal tissues.

Unfortunately, the amplitudes of the MRI signals from heavy nuclei are mostly
low, which necessitates the use of special means for increasing them. The most
effective method for it is nuclear hyperpolarization [9—11], when nuclear mag-
netic moments predominantly populate the ground energy level, with the excited
states being almost empty. In this case, the noise responses become negligible,
and the signal-to-noise ratio (SNR) can be 4-5 orders of magnitude higher than
in the regular (at room temperature) state of a magnetized nuclear ensemble. The
hyperpolarized state can be created through laser pumping, microwave irradiation
of a nuclear ensemble at helium temperatures, and other special methods. For
example, filling lungs with hyperpolarized noble gases He-3, Xe-129 or Kr-83
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and using MRI at Larmor frequencies of these heavy nuclei allows for clear visu-
alization of lung structures. The researchers from the University of Oxford, UK
have recently published the MRI images of the lungs of a healthy patient and of
a COVID-19 patient that were filled with hyperpolarized xenon-129 [11]. Unlike
widely used computed (X-ray) tomography, in the hyperpolarized MRI images
the healthy (bright) areas of the lung tissue and the affected (dark) alveolar areas
are clearly separated.

The hyperpolarization method provides a very high quality of images based on
the MRI response of heavy nuclei, but at the same time has serious drawbacks.
Firstly, the procedure for preparing a hyperpolarized nuclear ensemble is very
complicated and requires the use of specialized equipment, with a cost compa-
rable to that of an MRI scanner. Secondly, the required for measurements hyper-
polarization state does not last long, for several minutes at best. Therefore, we
tasked ourselves with finding such methods of multinuclear MRI diagnostics that
would allow, without the use of hyperpolarization, to obtain in limited time clear
MRI images of human and animal internal organs and tissues [1-3].

2 The Most Suitable for This Application Are Substances Containing
Fluorine-19 Atoms ('°F)

An almost complete lack of '°F in the body tissues allows detecting even the
smallest amounts of these substances induced into the body on the negligible
background of '"F-MRI response from the surrounding tissues. Besides, fluo-
rine-19 nuclei are very similar in their MR properties to protons (Table 1): their
Larmor frequency is only 6% lower than that of proton, and their natural abun-
dance is close to 100%. Thus, after slight frequency adjustment, one can use com-
mercial proton coils of the transmit-receive channel of conventional MRI scan-
ners for '°F detection (Fig. 4).

Using the approach of detecting MRI signals from fluorine-19 nuclei, we were
able to find novel solutions to a number of fundamental and applied biomedical
problems [12—18].

Table 1 Parameters of nuclei of

h L  for bi dical Nucleus  Gyromagnetic Spin quan-  Natural Relative
the most interest for biomedica relation (MHz/T) tum number content sensitivity
research .
in %

'H 426 12 99 1.0

B¢ 10.7 172 1.1 0.016

70 5.8 512 0.1 0.029

YE 40.0 12 100 0.83

2Na 1.3 312 100 0.093

3p 17.2 172 100 0.07
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Fig.4 RF coils for '°F MRI studies [12—14] operating at 19.83 MHz in 0.5 T (a-d) and at 283 MHz in
7T (e)

2.1 Detecting the Location of Intravenously Injected Blood Substitute Perftoran®

The Perftoran® molecules do not contain protons and thus cannot be imaged with
regular clinical MRI scanners. Therefore, prior to our experiments, neither the loca-
tion of the blood substitute within the body nor its elimination time was known.
Experiments on small laboratory animals performed using both the clinical 0.5-T
MRI scanner and the 7-T biospectral scanner showed that on the first day after the
intraperitoneal or intravenous administration of Perftoran®, the drug circulates in
the bloodstream, and on the second day it concentrates in the liver and in the spleen
(Fig. 5). We also found that Perftoran® is retained in the body for quite a long time,
at least a week, and then is excreted naturally, without causing any toxic effects.
Since Perftoran® is an even more effective oxygen and carbon dioxide absorber
than blood, it can be used for liquid “breathing” by partially filling the lungs with
oxygenated Perftoran®, a method of artificial respiration alternative to the use of
ventilators for patients with severe coronavirus fibrosis of the alveolar system of the
lungs.

2.2 Visualization of the Airways and Lung Structure
As we already mentioned, the fluorine-19 nucleus is highly sensitive to NMR.

Out of all body parts, only bones and teeth enamel contain fluorine naturally, but
their solid structure does not allow imaging it by MRI. At the same time, soft
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Fig.5 '°F MRI images of rats in 3 h (a, f), and then in 2 (b, g), 3 (c, h), 6 (d, i), and 35 (e, j) days after
intraperitoneal (a—e) and intravenous (f-j) injections of Perftoran®; k the selected 'H MRI slice of a rat.
The dashed red box on "H MRI image corresponds to the field of view for the presented '°F MRI images.

The color scale corresponds to the SNR values in '°F MRI images. The images were obtained in 7 T
scanner [3-5]

[\]

tissues completely lack fluorine and do not produce any MRI signal when scan-
ning is performed at the Larmor frequency of the fluorine-19 nucleus. Thus, the
use of various fluorine-containing compounds as contrast agents makes it possi-
ble to obtain '°F MRI images without background and only from those organs or
tissues, where the agents (e.g., Perftoran®) accumulate.

An excellent alternative to hyperpolarization methods of lung imaging is the
use of fluorine-containing gases as a contrast agent, as they do not require any
special preparation before inhaling them. The '°F MRI diagnostic procedure is
inexpensive, easy to perform, and provides good images of the airways. Figure 6
shows '°F MRI images of the rat lungs obtained on a 7-T scanner [12, 14], and
Fig. 7 images of the lungs of a volunteer obtained with a 0.5-T scanner [17].

2.3 "°F MRI of a Fluorine Capsule Within the Gastrointestinal Tract (GIT)

If a patient takes orally a capsule filled with a fluorine-containing drug (perfluoro-
decalin in our experiments), its 3D location within the GIT can be easily traced with
F MRI, with no background signal from the surrounding fluorine-lacking tissues
[18] (Fig. 8). Such non-invasive method allows obtaining a three-dimensional image
of the GIT structure, studying the motility and patency of the intestines, and, most
importantly, performing targeted delivery of drugs packed in the same capsule to
the area of intestinal pathology. At the moment when the capsule approaches a neo-
plasm (say, a cancerous tumor) detected by proton MRI, it is possible, by tracking its
passage through the gastrointestinal tract in '°F MRI mode, to destroy the capsule
shell (for example, by focused ultrasound) and release the drug at the tumor site.
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Fig.6 '°F MRI of rat lungs filled with breathing gas mixture of 70% octafluorocyclobutane C4F8 and
30% oxygen. a The overlay of 1°F and 'H MRI images in coronal projection; b 3D reconstruction of '°F
MRI images. The arrows point to trachea and bronchia. The images were obtained in 7-T scanner [12, 14]
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Fig.7 F and 'H MRI of human lungs filled with breathing gas mixture of 70% octafluorocyclobutane
and 30% oxygen. Top row: 'H MRI images; middle row: '°F MRI images; bottom row: the overlay of
'H and '°F MRI images. The color scale corresponds to the SNR values in '°F MRI images. The images
were obtained on the medical 0.5-T scanner [17]

Another important task in the multinuclear MRI is detecting the accumulation
sites and measuring the concentration of substances containing sodium-23 nuclei
[19-21].

Lack or excess of sodium in the body, primarily NaCl salt, is the cause of wide-
spread socially significant diseases—blood pressure disorders (hyper- or hypoten-
sion), diabetes, renal failure, cholelithiasis, etc. With the help of an MRI scanner
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Fig.8 a The overlay of '’F and 'H MRI images of a volunteer abdomen obtained at different time points
(from O to 8 h) after oral administration of a capsule with perfluorotributylamine. b The overlay of the
presented separate images. The images were obtained in 0.5 T [18]
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Fig.9 2°Na (top row) and 'H (bottom row) MRI of human organs—head (a, d), liver (b, e) and foot (c,
f). The color scale corresponds to the SNR values in MRI images [21]

tuned to the resonance frequency of sodium-23 nuclei, it is possible to non-inva-
sively measure sodium concentration in various parts of the human body, as shown,
for example, in Fig. 9.

3 Conclusion

The presented examples clearly demonstrate that multinuclear MRI has a great
potential in fundamental research and in clinical fields. The biomedical value of
many heavy nuclei that are part of drugs, contrast agents, and molecular complexes
in live tissues, emphasizes the need for creating and using MRI scanners tuned to
the Larmor frequencies of such nuclei. The data obtained and partially presented
in this review were achieved jointly with our colleagues—employees and students
of some faculties of the Lomonosov Moscow State University (physical, chemical,
fundamental medicine, biological, etc.) on the equipment of the Center for Mag-
netic Tomography and Spectroscopy. The main characters and co-authors of these
multinuclear MRI studies are Nikolay Anisimov, Dr.Sci. (Phys. and Math.), Senior
Researcher at the Faculty of Fundamental Medicine (FFM), MSU; Mikhail Guly-
aev, PhD (Phys. and Math.), Senior Researcher at the FFM, MSU; Olga Pavlova,
PhD (Phys. and Math.), Researcher at the Faculty of Physics and at the FFM, MSU;

@ Springer



1704 Y. A. Pirogov

Dmitry Volkov, PhD student of the Faculty of Physics, MSU; Elnur Sadykhov,
PhD student of the Moscow Engineering Physics Institute; Lev Gervits, Senior
Researcher at the Nesmeyanov Elemento-Organic Compound Institute of Russian
Academy of Sciences. It should also be noted that the initiator of the sodium MRI
studies carried out at the CMTS was the co-author of some of our publications,
Associate Professor of the University of Nottingham (Great Britain), PhD (Phys.
and Math.) Galina Pavlovskaya, coordinator of the agreement on joint scientific and
educational activity between the Moscow State University and the University of
Nottingham.
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