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Abstract:- Nuclear Magnetic Resonance (NMR)
spectroscopy which originates from the scientific
pursuits of Bloch and Purcell in the 1940s is a pivotal
invention that has profoundly impacted scientific and
medical  technology. This  technique  involves
manipulating the magnetic properties of atomic nuclei
(particularly hydrogen), and analyzes their spins in
order to determine molecular structures and dynamics
of chemical compounds.

Moreover, NMR spectroscopy can be applied to a
variety of different scientific fields, such as physics
where it is rooted in the manipulation of nuclear spins
within magnetic fields, elucidating spin states through
resonance phenomena. Additionally, the chemical shift
scale is crucial in NMR spectroscopy as it distinguishes
different nuclei based on their local environments,
essential for molecular identification in chemistry.
Beyond scientific research, NMR's integration into
Magnetic Resonance Imaging (MRI) revolutionized
medical diagnostics, due to its ability to enable non-
invasive imaging of human anatomy and pathology. Its
integration into different types of MRI has allowed
medical practitioners to view various anatomical
components such as organs, bones, blood vessels,
muscles, etc., and determine various diseases and
illnesses in the body. From disease detection and
diagnosis to treatment monitoring, MRI serves as a vital
tool for disease detection and treatment planning.
Moving forward, ongoing advancements promise to
expand NMR's capabilities in fields such as materials
science, environmental studies and quantum computing,
underscoring its pivotal role in advancing knowledge
and technology across diverse disciplines.

I INTRODUCTION

“Progress in science depends on new techniques, new
discoveries and new ideas, probably in that order.” — Sydney
Brenner.

In the scientific realm, there is no shortage of
innovation and discoveries. From ancient times to modern
eras, science has played a pivotal role in the development of
our planet, assisting us in functioning as a society. From
medicinal science to engineering, the foundations that our
world today is built on stems from new technology. One
invention in particular that really stands out is NMR
(nuclear magnetic resonance) spectroscopy, which became
an integral part of physical, chemical and biological
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sciences. Moreover, its initial discovery allowed the
determination of various molecular structures of proteins,
nucleic acids and lipids, and allowed scientists to view three
dimensional structures of molecules, which was impossible
100 years ago [1]. As scientists further developed this
technology and gained a profound understanding of this
mechanism, NMR spectroscopy was later integrated into
medical machinery, such as the MRI, in order to create
pictures and images of theinner organs of the human body.
This, now, facilitates the diagnosis of illnesses, diseases and
injuries of hospital patients. Ranging from neurological
problems to cardiovascular illnesses, muscular wounds to
cancer, NMR innovation continues to expand medicinal
development.

The pioneering work of physicists Felix Bloch and
Edward Purcell in the 1940s is where the development of
NMR spectroscopy originally stemmed from. Intriguingly,
both scientists independently discovered Nuclear Magnetic
Resonance in 1946, when they observed certain atomic
nuclei behaving like small magnets when placed in a
magnetic field [2]. Through their groundbreaking and
innovative work, they shared the 1952 Nobel Prize in
Physics, paving the path for NMR spectroscopy's growth as
an efficient analytical tool [3].Previously, NMR was utilized
to investigate the magnetic characteristics of nuclei,
especially the hydrogen nuclei in organic compounds and
water. However, like most scientific and innovative
technology, this invention developed and quickly found
roles in chemistry and medicine by its aptitude for
determining molecular structures.

In order to fully comprehend the functionality behind
NMR spectroscopy, one must first explore its significant
connectionto all the natural sciences: the physics of how it
operates, the chemistry of how to analyze it, and the biology
of how to apply it.

1. THE PHYSICS BEHIND FUNDAMENTAL
NMR TECHNIQUES

> Basic Principles of NMR

In simplicity, NMR spectroscopy at its core involves
the manipulation of nucleons in a magnetic field, and takes
into account their nuclear spin states. When a stationary
magnetic field experiences an incoming disruption from an
oscillating magnetic field, it marks the start of this
phenomenon. The disturbance results in the emission of an
electromagnetic signal from the nuclei, and its frequency
correlates with the strength of the applied magnetic field.
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This occurrence takes place near resonance (the exchange of
energy between two systems at a specific frequency), where
the oscillation frequency aligns with that of the nuclei [4].
There are variousfactors such as magnetic field intensity and
chemical and isotopic composition that influence this
resonance.

Overall, the NMR process can be broken down into
three fundamental phases. Initially, the nuclear spins align
within a magnetic field. Subsequently, a radio frequency
pulse perturbsthe nuclear spins, and finally, the NMR signal
is detected after the radio frequency’s pulse. Diving deeper
into how the mechanism operates, one must first understand
the concepts of ‘spin’ and ‘angular momentum’. The spin
quantum number and the angular momentum are closely
related, as the spin is known as an intrinsic form of angular
momentum. Both of these concepts influence orbital shape
and how electrons spin around an axis [5]. As angular
momentum is a vector quantity, its relation to the Spin
Quantum Number (represented by ‘s’) deems it a vector
quantity as well, possessing both a magnitude of %2 and a
direction (+ or -).

In each orbital, it is only possible for two electrons to
be accommodated. While one electron exhibits a spin of +%,
the other showcases a spin of -% in the opposite direction,
thereby forming a pair. However, according to Hund’s rule,
before any atomic orbital is occupied with two electrons,
each orbital should be singly occupied first. Therefore, once
all the electrons of a spin in the positive direction assume
their positions in the orbitals, filling them with half
occupancy, the other half of the electrons with negative
spins then assume their position. Therefore, when two
electrons coexist within the same orbital, their spins are
oriented in opposing directions [5].

When the total number of protons and neutrons in the
nucleus is even, the overall spin is zero (S=0). The
alignment of spins among protons and neutrons leads to
lower energy states, with parallel spin alignment being
possible under the rule of the Pauli exclusion principle,
stating that no more than two electrons can occupy the same
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orbital, and two electrons in the same orbital must have
opposite spins. Moreover, the spin ground state for
deuterium, composed of one proton and one neutron, is one,
contrary to zero due to the aligned spins.

Conversely, tritium, featuring two antiparallel spin
neutrons and a proton with a spin of % results in a nuclear
spin value of ¥4, similar to that of hydrogen (*H) [5].

In the domain of non-radioactive nuclei, an overall
spin of non-zero magnitude is evident. For instance, ¥’Al
nuclei exhibit an overall spin of 5/2. This non-zero spin
correlates with a non-zero magnetic dipole moment (u).
These magnetic moments interact with external magnetic
fields, enabling the study of NMR values. Notably, nuclei
featuring an even number of protons and neutrons lack a
nuclear magnetic dipole moment and consequently do not
produce an NMR signal. For instance, *3C, 3P, 35Cl and *’Cl
nuclei exhibit NMR signals, whereas 80 nuclei do not
demonstrate this type of behavior [5].

» Resonance Phenomena

The key aspect of NMR lies in the fact that in the
absence of amagnetic field, all spin states exhibit degeneracy
(orbitals with the same energy). The orientations of spins are
entirely random and possess equal energy levels. However,
owing to the charged and moving nature of nuclei, they
inherently possess angular momentum, thereby generating a
magnetic field [5]. Consequently, the introduction of an
external magnetic field causes these states to lose their
degeneracy. Toillustrate this concept visually, in the absence
of a magnetic field, the o and B states are indistinguishable
and energetically equivalent. However, upon the application
of an external magnetic field (Bo), the a state (the spin
orientation of nuclei aligned parallel to the direction of the
external magnetic field) experiences a slight reduction in
energy compared to the f state (the spin orientation of nuclei
aligned antiparallel to the external magnetic field). Each spin
aligns either parallel (o) or antiparallel (B) to the magnetic
field, resulting in a slightly greater population of spins in the
a state compared to the B state, which is a phenomenon
known as Boltzmann distribution, shown in figure 1 [5].
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Fig 1 The Concept of Nuclear Spin States and their Alignment in an External Magnetic Field, which is the Fundamental Principle
behind Nuclear Magnetic Resonance (NMR) Spectroscopy [5].
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This distinction is of utmost significance and serves as
an important mechanism for driving NMR functionality. If
we were to graph energy against the applied magnetic field,
we observe that with increasing magnetic field strength, the
disparity between the o and [ states amplifies. This is
known as Zeeman splitting, and this phenomenon
demonstrates the energy gap between these states [6].
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Subsequently, absorption of light at the appropriate
wavelength triggers a spin transitionfrom the a state to the
state. In the case of organic molecules, low-energy radio
waves possess adequate energy to facilitate this transition.
The Larmor equation establishes a direct correlation
between the frequency of this transition and the applied
magnetic field:

Fig 2 Energy Splitting of Nuclear Spin States (o and B) in a Magnetic Field (Bo),
Leading to the Concept of Resonance Frequency (vo) [5].

» The Larmor Equation is as follows:

o=vB

In the equation, ’'®’ is the frequency, ‘y’ is the
gyromagnetic ratio and ‘B’ is the strength of the static
magnetic field [7]. Each nucleus has a different frequency,
ensuring that the signals do not overlap with each other. The
distinguishing factor is the y value, also known as the
gyromagnetic ratio, representing the magnetic susceptibility
of a particular nucleus [8].

When utilizing an NMR spectrometer with a magnet of
unspecified strength, the frequency of light needed to trigger
an o to P spin transition for a proton would vary
accordingly. However, if a spectrometer with a different
magnetic field strength was used or if spectra from different
instruments or literature sources needed comparison, as the
Larmor frequency alters with changes in magnetic field
strength, spectra are often evaluated using a relative scale
known as the chemical shift, represented by the d scale [5].
This is how the chemical shift scale is formed.

1. CHEMICAL ANALYSIS

» The Chemical Shift Scale

The chemical shift scale is measured in ppm (parts per
million). Variations in the local chemical environment
around a nucleus result in resonance at slightly different
frequencies, known as chemical shift (8). This shift occurs
because some nuclei are more shielded or deshielded
compared to others [5]. Factors such as changes in electron
density, like bonding to an electronegative group, or
hydrogen bonding, can influence the chemical shift in *H-
NMR, causing a more significant shift.

These shifts are much smaller than the fundamental
NMR frequency differences, typically measured in Hz
compared to MHz. Therefore, chemical shifts (3) are
expressed in parts per million (ppm) on an NMR spectrum
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> Types of NMR Scales and their uses

The chemical shift scale is utilized in order to
determine themolecular structure of a compound. There are
many types of NMR scales that are associated with
interpreting different molecules, but common ones are H-
NMR spectroscopy and C-NMR spectroscopy. The graphs
formed by these scales assist scientists in outlining
components of organic molecules, as they are able to
determine which peaks of the graph correspond to the
different parts of the molecule. *H-NMR spectroscopy, for
example, analyzes the number of hydrogen environments in
a compound. This can be useful when implementing NMR
spectroscopy into a medical context, suchas MRIs [10].

The basis of MRI lies in proton nuclear magnetic
resonance(NMR), often abbreviated as *H NMR. This is due
to the ability of the NMR technique to exploit the behavior
of hydrogen nuclei in water molecules, which constitute
approximately 60% of the human body.

» Analysis of NMR Graphs

Determining the number of different chemical
environments with protons in an organic compound can be
challenging.

However, a simple method involves identifying a line
of symmetry in the molecule. By analyzing a 'H NMR
spectrum,one can determine:

e The number of different chemical environments
containing protons, indicated by the number of signals
on the spectrum.

e The type of protons in each chemical environment, as
indicated by the chemical shift of the signal.

e The ratio of protons in each different chemical
environment, shown by the integration trace.

e The number of adjacent hydrogens, indicated by splitting
patterns, which will be discussed later in this section [5].
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Fig 3 An H-NMR Graph of C:Hsl (lodoethane) [12].

The x-axis of a 'H NMR spectrum is labeled as
chemical shift, denoted as &, in parts per million (ppm),
measured relative to tetramethylsilane (TMS). TMS is
chosen as the reference standard for several reasons [13]. For
example, it is unreactive and non-toxic, deeming it a suitable
choice. Additionally, it isvolatile, making it easy to remove
from the sample being analyzed. Lastly, all the protons in
TMS are equivalent, producing a strong single signal (or
peak) upfield, away fromother signals [5].

A high-resolution *H NMR spectrum provides
additional information about an unknown organic
compound. In a high-resolution spectrum, the peaks
produced by different chemical environments are split into
clusters of peaks, knownas splitting patterns or multiplets.
This splitting occurs due to interactions between the
magnetic fields of adjacent non-equivalent protons, a
phenomenon referred to as spin-spincoupling [14].

V. BIOLOGICAL APPLICATIONS

» Magnetic Resonance Imaging

As previously discussed, an NMR spectrometer is
efficient in identifying quantitative and structural
characteristics of organic substances. A lot of bodily
reactions involve organic molecules, such as cancer cells
converting glucose to lactate [15]. Therefore, it is evident
that NMR spectroscopy has an aptitude for medical
utilization, as it is able to identify organic molecules within
the human body by examining the magnetic properties of
atomic nuclei. This is the reason for its imperative role in
MRIs.

MRI (short for magnetic resonance imaging) is a
medical imaging technique, commonly used in the area of
radiology toproduce cross-sectional images of the anatomy
and mechanisms in the body. Unlike x-rays which involve
ionizingradiation, MRIs simply use magnets and radio waves
to carry out its function by providing detailed internal
images of the body from different perspectives [16].
Moreover, MRI is useful for detecting signs of cancer
metastasis, helping doctors plan appropriate treatment
strategies such as surgery or radiation therapy based on the
imaging results [17].

» T1and T2 MRI Scanning

There are two common types of MRI scanning
techniques thatare utilized, depending on the circumstance.
T1 MRI scanningis used in order to enhance the signal of
the fatty tissue and decrease the signal of the water content,
while T2 enhances water signal and decreases the signal of
the fatty tissue [18].

As is visible from figure 4, the white areas represent
fat, cerebrospinal fluid, cysts, swelling/edema; bones and
bruisesare represented in black, the organs and muscles are
represented in gray, and bone edges are represented in black.
The more water content something has, the darker it
appears, whereas this occurs vice versa in T2 imaging. The
manipulation of the magnetic field interaction or the imaging
process can be adjusted to provide radiologists with varying
perspectives of the same image view. This phenomenon is
referred to as intensity.

For instance, in typical sequences, organs composed of
softtissue appear gray and are termed "isointense". Objects
appearing brighter (whiter) are termed hyperintense, while
those appearing darker (blacker) are termed hypointense.
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Fig 4 Different types of MRIScag (T1and T2) and their Visual Disparities 19].

» Gradient Echo

There are various other types of MRI scanning
techniques which are also quite relevant, depending on the
medical context. Gradient echo, for example, has a wide
range of uses,such as magnetic resonance angiography (the
imaging of blood vessels and arteries) and perfusion MRI
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(used for detecting malignancies and strokes). Its swift
imaging capabilities enable its aptitude for both 2D and 3D
scanning. While spin echo relies on a 180 degree
radiofrequency pulse, gradient echo utilizes magnetic
gradients to produce a signal, thereby resulting in
accelerated image acquisition times [20].

Fig 5 An Image of a Gradient Echo MRI [21].

» Diffusion MRI

Diffusion MRI imaging is a very specialized MRI
technique that provides information about the microscopic
movement ofwater molecules within tissues. It maps out the
diffusion of water molecules in different directions, which
can assist doctors in characterizing tissue properties (e.g.

cellularity, fiber orientation and membrane integrity) [22].
Certain medical conditions such as strokes or tumors can
hinder the fluid transporting process, so this can be detected
using diffusion MRI. Moreover, this type of MRI has
revolutionized our understanding and investigative
techniques of neurodegenerative diseases [23].

Diffusion-weighted imaging (DWI) of the Brain

b-value : O

b-value :

1000 ADC MAP

Fig 6 An Image of a Diffusion MRI Scan [24].
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» Functional MRI

Functional MRIs (fMRIs) are used to detect blood flow
(it utilizes blood flow imaging in order to map neural
activity in the brain. This method capitalizes on the close
coupling between neuronal activity, cerebral blood flow and
metabolism, known as neurovascular coupling [25]. When a
specific region of the brain becomes active, there is an
increase in blood flow to that area to meet the metabolic

Structural MRI scan

Structural magnetic resonance imaging (MRI)
is a non-invasive technique for examining the
anatomy and pathology of the brain.

» Clinical Applications of MRI

In the realm of disease diagnosis, MRI scans play a
vital role in detecting and differentiating between different
types of diseases and pathologies across multiple medical
fields. For instance, MRI is indispensable in neurology for
scanning abnormalities such as brain tumors (benign or
malignant), MS lesions, cerebral infarctions and
neurodegenerative disorders like Alzheimer's or Parkinson's
disease. By precisely determining the size, location and
characteristics of these issues, MRI is able to aid in
treatment planning, monitor disease progression and
evaluate therapeutic efficiency [27].

Similarly, in musculoskeletal imaging, MRI is
extremely significant, as it diagnoses conditions that affect
bones, joints, muscles and soft tissues. Orthopedic injuries
such as ligament tears, tendonitis and cartilage damage are
easily identified through MRI scans, which allow for timely
interventions and strategies to aid rehabilitation [28].
Furthermore, MRI facilitates the detection of inflammatory
and autoimmune diseases, including rheumatoid arthritis and
osteomyelitis, by visualizing joint inflammation with
exceptional clarity [16]. In oncology, MRI serves as a
cornerstone for tumor detection and characterization. It is
able to detect tumors in various sites, including the brain,
breast, prostate and liver. This helps in guiding biopsy
procedures and assessing tumor response to therapy.
Additionally, as mentioned previously, functional MRI
techniques such as diffusion-weighted imaging and dynamic
contrast-enhanced MRI offer various insights into tumor
microstructure, vascularity, fluid movement, blood vessels,

NISRT24AUG1445

Fig 7 An Image of a Functional MRI Scan in Comparison to a Structural MRI Scan [26].
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demands of the neurons. This localized increase in blood
flowresults in a transient change in the magnetic properties
of the blood, which can be detected using MRI. By
measuring these blood oxygenation level-dependent
(BOLD) signals, fMRI provides spatial maps of brain
activity, allowing researchers and clinicians to infer the
functional organization of the brain and identify regions
involved in specific cognitive tasks orsensory processing.

Functional MRI scan

Functional magnetic resonance imaging
(fMRI) is a non-invasive technique for
examining brain activity.

blockages and metabolic activity, enhancing diagnostic
accuracy [29].

Moreover, MRI plays a vital role in cardiovascular
imaging byvisualizing cardiac anatomy, function and blood
flow dynamics. From detecting myocardial infarctions (heart
attacks) and cardiomyopathies to assessing types of heart
diseases and bodily anomalies, cardiac MRI offers
comprehensive assessments of circulatory structure and
function, facilitating risk stratification [30]. The future of
nuclear magnetic resonance (NMR) holds tremendous
promise across a variety of fields driven by ongoing
advancements in technology, methodology and diagnosis.
Furthermore, envisioning the future methods of NMR
applications, we anticipate transformative breakthroughs
that will revolutionize scientific research, especially in
healthcare [31].

V. CONCLUSION

> The Future of NMR Spectroscopy

Within the realms of biomedical research and clinical
practice, the future of NMR aims to push the boundaries of
molecular imaging and spectroscopy in order to unravel the
complexities of human biology, disease, medicine, etc.
Researchers are currently developing intriguing and
innovative diagnostic tools for early disease detection,
treatment optimization and precision medicine interventions.
These advancements may hopefully improve the global
health outcomes and advance efficiency in resource-limited
settings [32]. Moreover, the future of NMR spectroscopy
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not only lies with medicinal practices, but also material
science, engineering, nanotechnology, etc. NMR
spectroscopy provides significant insights into molecular
properties, enabling the development of highly adapted and
efficient materials in order to enhance their performances.
For example, NMR also facilitates the optimization of
manufacturing processes for the design of different materials
(like sustainable ones) [33]. Additionally, it also plays a
pivotal role in environmental and earth science, as it can
assist in understanding environmental systems, monitor
pollution and mitigate environmental risks. Biogeochemical
processes, especially relating to organic matter can also be
studied, as their molecules can be analyzed in depth via the
utilization of NMR spectroscopy [34]. Overall, the future of
NMR holds exciting prospects for exploring new frontiers in
physics, chemistry and biology. With the development of
more NMR methods and its integration into more scientific
fields, NMR spectroscopy may open the door to further
technological innovation. It is truly a harbinger of science
[35].
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