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Introduction

Magnetic Resonance Imaging (MRI), has completely changed how we view and understand our
bodies. It has never been easier to visualize organs in such high detail. We can safely locate and
identify tumors in the kidneys, brain, stomach, and pancreas.

MRI has revolutionized medical diagnosis and treatment, particularly in cardiovascular care. We
can inject paramagnetic contrast agents into the bloodstream to locate blockages in the heart.
These agents improve the visibility of internal structures in MRI images. This property is used to
highlight specific areas in the body, such as blood vessels, making it easier for doctors to identify
and treat blockages. This advancement allows doctors to accurately implant life-saving stents to
open blood vessels, a procedure that is far less invasive than traditional open-heart surgery.
Patients can recover more quickly from this keyhole surgery, a significant improvement over the
once necessary and more dangerous open-heart operations. Magnetic resonance imaging has
truly changed the nature of medical diagnosis and treatment, offering safer, quicker, and more
accurate alternatives to traditional methods. physicists and engineers first had to discover and
master the principles of quantum mechanics, superconducting magnets, computer science, and
mathematics. Prior to their introduction to medicine, we peered into our bodies using harmful
ionizing X-rays or low-detailed ultrasounds. While incredibly useful, even to this day, these two
imaging techniques pale in performance to the safe, millimeter resolution of MRIs. Achieving a
3D reconstruction of the body rather than a flat 2D image without any moving parts is one of the
most significant advancements in medical imaging.

Section 1: Fundamental Principles

Imaging in medicine relies on collecting signals from the body based on the innate physical
properties of tissues. Ultrasound imaging relies on how sound waves bounce off tissues of
different densities. X-rays form images based on the absorption of high-energy radiofrequency
waves. Magnetic resonance imaging, however, relies on something far less intuitive, the quantum
properties of the hydrogen atom. The human body is teeming with hydrogen atoms located in
water, carbohydrates, and proteins. To image the body, MRI machines exploit a quantum
property of these hydrogen atoms.



e Spin of Atoms: Spin is the intrinsic angular momentum of particles. It makes
particles behave like tiny bar magnets. The proton inside the hydrogen nucleus
behaves like a magnet. The orientation of its magnetic north is described
probabilistically. Under normal circumstances, this probability is evenly
distributed. This means that the combined magnetic field of many hydrogen atoms
cancels out.

Mathematically, the spin(S) of a proton is %% (in units of the reduced Plack
constant) h- = 2/pi

e Magnetic Field Influence: But, this changes when the hydrogens are inserted into
a large external magnetic field just like the ones MRIs create. This changes the
distribution of the tiny magnets, augmenting the number of atoms aligned with the
external magnetic field.

e Radiofrequency Pulses: This imbalance is the source of the MRI signal, as we can
manipulate these tiny magnets to produce signals that can be processed into
images. Once the atoms are aligned in the machine's incredibly strong magnetic
field the machines give them a tiny nudge using a magnetic radiofrequency pulse.
This pulse comes from this set of coils inside the machine that send pulses by
simply applying an alternating current through its coils at a very specific
frequency. This nudge misaligns these hydrogen bar magnets to shift their
magnetic field perpendicular to the large magnetic field the machine is creating.
Naturally, the spins want to align their orientation back to their original position,
aligned with the machine's magnetic field, but they don’t fall back immediately,
they decay in a spiraling motion. This decay causes a changing magnetic field,
and by placing a coil of wire nearby, this changing magnetic field can induce
currents that can be read as a clear signal. MRI machines can use the same coils to
send the “nudge pulses” and to read the signal from the body.

e These coils are placed as close to the patient as possible but still Inside the MRI
tube. For higher contrast and resolution, some machines use separate coils to
transmit pulses and receive the signal. This allows the receiver coils like these to
be placed much closer to the body, maximizing the strength of the signal.

Section 2: Key Components in MRI Technology

e We can increase the number of hydrogens, aligning with the external magnetic
field by increasing the strength of the external magnetic field. In turn, the
hydrogen magnet can induce a larger current as it spirals back. So, by simply
increasing the strength of the MRI’s field, we increase the strength of the signal
collected and therefore improve image quality. Common MRI field strengths are
1.5 to 3 tesla, around 300,000 times stronger than the earth's magnetic field and



30,000 times stronger than a common fridge magnet. A field this strong can lift
nearby wheelchairs straight off the ground.

e For research purposes, MRIs can produce even higher magnetic fields, up to 20
teslas. Achieving this intense magnetic field comes as no easy feat. Early MRIs
used permanent magnets as their source of the main magnetic field but only
reached strengths of 0.5T limiting the resolution of the machine. Electromagnets
can be used to reach stronger magnetic fields, but standard electromagnets can’t
produce a 1.5 tesla field. Higher magnetic fields require higher electric currents
that would melt ordinary wires.

e Superconducting Magnets: To achieve larger currents in the wires, engineers
required superconducting coils. Superconductors are another sci-fi technology.
Temperature affects all metallic conductors. With resistance gradually lowering
with temperature. But superconducting materials are special, in that their
resistance drops to zero at temperatures close to minus 273 degrees Celsius, or
absolute zero. In theory, when this happens, an electric current could travel in a
loop of superconducting material indefinitely, never needing a power source. In
reality, this means that the main superconducting coil in MRIs does not consume
any power directly. Rather, the main consumption of energy is just to keep the coil
cooled down so the current will travel endlessly, leaving the MRI magnet
permanently on. The energy needed to run an MRI for a full year is equivalent to
25 four-person households, around 130,000 to 140,000 kWh per year. The most
common superconducting material used in MRIs is Niobium—titanium. The
demand for High-resolution images is so large that 80% of all the Nb-Ti we
extract from the earth goes into an MRI machine.

Cooling Technologies in MRI:

To achieve the incredibly low temperatures needed for superconductivity, we need a very
cold refrigerant. Early MRI machines used to submerge their superconducting wires in a
bath of liquid Helium. Pouring one thousand (1000) liters of liquid helium, at minus 269
degrees Celsius, into the machine to cool the superconducting coil as close to absolute
zero as possible. This evaporated the helium, allowing it to escape the machine as a gas.
Meaning, early MRI machines required regular refilling of liquid helium. Even though
helium is an incredibly common gas in the universe, it is so light that it can escape our
atmosphere into space. We extract helium from underground gas caverns, where it
accumulated as a byproduct of uranium and thorium radioactive decay. But once we
allow that helium to escape into the atmosphere, it is gone for good. Floating to the top of
our atmosphere and gradually being blown into space by solar winds. We will eventually
run out of natural helium. This method of cooling was costly and unsustainable, costing
up to $26,000 per year in helium refills. To avoid this refilling problem, modern MRI
machines use a vacuum-sealed chamber that holds the liquid helium without letting it



evaporate. This eliminates the need for refilling and minimizes the cost of operation.
These so-called “Zero Boil off” machines are now the norm in MRI technology. They use
an electric refrigerant cycle like the one in your fridge but on steroids. This cycle keeps
the helium in its liquid phase and keeps the magnets cool enough to maintain them in
their superconducting state.

Section 3: Contrast Techniques in Tissue
Characterization

e Tissue Contrast Mechanisms: Let's discuss how to get contrast between tissues
before delving deeper into the techniques used to actually form images. We need a
way of identifying different kinds of tissues to form an image, to do that we need
to contrast the tissues using two different signal types. The first one deals with
how quickly atoms realign themselves with the large magnetic field after a
nudging pulse. This is called T1 relaxation. The second measure comes from the
physical reality of interaction between hydrogens. The atoms do not realign with
the magnetic field uniformly. In tissue, hydrogens interact with each other and
with their surroundings. Right after the nudging pulse is sent, the small
interactions cause the spins to fall out of uniformity. Since the coil can only
measure the sum of all these spiral decays, the failing out of order would create a
decaying signal. This is called T2 decay. Importantly, the two rates are not equal,
and even more important they are dependent on the tissue. Hydrogens in fat have
different intrinsic characteristics and interactions than hydrogens in water. This
difference is what lets technicians contrast the tissues.

e We can emphasize the T1 signal by sending pulses rapidly and listening to the
signal immediately, as the dephasing effects of T2 do not have enough time to
take place. We can emphasize T2 by sending pulses slowly and listening for
longer, allowing the dephasing to occur. Just like a photographer can play with
camera settings to take pictures of either the bright sky or a dim environment,
MRI technicians can also play with two settings to take images of contrasting
tissues, the time between pulse repetition, and how long to wait to listen for a
signal. These two parameters are chosen by the technician each time an MRI is
performed and they choose them depending on what the doctor would like to
image. For example, T1 is used to image fatty tissues while suppressing the signal
from water. But maybe the doctor wants to assess the cerebral spinal fluid in the
spine or the brain, and for that T2 signals are emphasized to enhance the signal
from water-based fluids.



Section 4: Image Formation

MRI Imaging and Hydrogen Atom Alignment: In MRI imaging, magnetic field strength typically
ranges between 1 and 3 Tesla. Hydrogen atoms are "nudged" by radiofrequency waves, spiraling
with a unique rotational frequency that depends on the magnetic field strength. At 1.5 Tesla,
hydrogen resonates at 64 MHz, and at 3 Tesla, at 128 MHz. This means atoms in a weaker
magnetic field rotate slower than those in a stronger field. To effectively nudge these atoms,
MRIs use specific radiofrequency waves (e.g., 64 MHz or 128 MHz), allowing for the imaging
of individual slices.

Gradient Coils and Magnetic Field Manipulation: Gradient coils in MRI machines are pivotal for
creating a gradient along the magnetic field, and they can generate their own magnetic fields. By
running current through a gradient coil, a magnetic field is created either in the same direction as
the main magnetic field (BO) or in the opposite direction. This superimposition of the gradient
coil's magnetic field over the main magnetic field results in either a reduction or an increase in
the magnetic field strength at different ends of the MRI scanner. These manipulations transform
the originally constant B0 field along the Z-axis into a gradient, with differential magnetic field
strengths affecting the precessional frequencies of hydrogen protons. As the gradient or magnetic
field strength increases, the precessional frequency becomes faster. The primary role of gradient
coils is thus to change the magnetic field strength along the separate axes (X, Y, and Z) of the
Cartesian plane, which is fundamental for spatial encoding of the MRI signal.

Isocenter and Gradient Application: The part of the magnetic field that remains unchanged is
known as the isocenter, maintaining the same magnetic field strength as the background B0
magnetic field. The gradient coils, lying perpendicular to one another, generate gradients along
both the X-axis and the Y-axis, in addition to the Z-axis. This comprehensive manipulation of the
magnetic field is crucial for achieving precise spatial localization and encoding within the MRI
imaging process.

Radiofrequency Coils and Signal Generation: The RF coil generates a magnetic field
perpendicular to BO and is instrumental in manipulating hydrogen proton spins. The RF coil
produces an alternating magnetic field in the transverse axis (XY plane), selectively energizing
hydrogen protons that precess at the same frequency as the RF pulse. This causes the protons to
fan out and become in phase, shifting from the longitudinal plane to the transverse plane. This
selective energizing, akin to pushing a swing at a set frequency, enables signal measurement and
is critical for slice selection, isolating specific hydrogen atoms within the patient.



Fourier Series and Image Transformation: The transformation of signals into a 2D image in MRI
uses Joseph Fourier's mathematical framework, deconstructing complex waves into simpler
components through a Fourier series. This breaks down a complex wave function into a sum of
sines and cosines, simplifying the analysis. In MRI, images are represented as weighted averages
of black and white stripes, akin to the sampled striped patterns instead of individual pixels.

Creating Striped Patterns and K-Space Analysis: MRI machines generate necessary striped
patterns for Fourier analysis by altering the phase of rotating hydrogens using gradient coils.

This process forms the image for each 2D slice and involves creating various pattern directions
and frequencies. The Fourier transform then digitizes and deconstructs this complex signal into
k-space, organizing spatial frequencies for analysis. Dynamically changing gradient fields
introduce variations in frequency and phase across the region of interest, influencing image detail
and contrast.

Image Synthesis from K-Space: In k-space, each pixel corresponds to a specific spatial
frequency, adding alternating light and dark lines to the image. A 2D inverse Fourier transform
of k-space synthesizes these frequencies to produce the final image. The pixel's location and
brightness in k-space determine the frequency, orientation, and influence of the lines it
contributes. This process transforms a complex signal into an interpretable and informative
image, showcasing the sophistication of MRI technology.

Section 5: Practical Component

Aim: to demonstrate that a magnetic field is induced by a current-carrying conductor

Procedure: Wind a copper wire around a beaker and connect it to a DC power source. Place a
compass inside the beaker. Note the deflection of the compass needle to match the magnetic field
produced by the current-carrying wire.

Inference: the compass lies with its north and south poles aligned with the earth’s. When current
flows through the coil, the compass needle aligns itself with the magnetic field created by the
coil.

Additional demonstration: Wind a thin wire around a nail and connect it to a DC power source.
The nail becomes magnetised and is able to magnetically attract the metal pins.

Section 6: Signal-to-Noise Ratio



Signal-to-Noise Ratio (SNR) measures how much the signal (useful information) stands out from
the noise (unwanted disturbances or fluctuations). A higher SNR indicates a clearer, more

distinct signal, which is vital in medical imaging for accurate diagnosis and assessment.
In MRI, the 'signal' refers to the magnetic resonance signal emitted by the body's tissues, while
'noise' is the random, undesirable background information. The SNR is the ratio of the power of

the desired signal to the power of the background noise.

Factors Affecting SNR in MRI

1.

Magnetic Field Strength: Generally, higher field strengths yield higher SNR, providing
clearer images. This is because stronger magnetic fields lead to greater alignment of
hydrogen protons, which enhances the signal.

Coil Design: The design and efficiency of receiver coils significantly impact the SNR.
Coils closer to the anatomy of interest or those tailored for specific body parts can
increase the SNR.

Volume and Number of Voxels: Larger voxel sizes capture more signal (as they
encompass more protons) but also include more noise. However, the increase in signal
usually outweighs the noise, enhancing SNR.

Scan Parameters: The choice of MRI sequence parameters, such as echo time (TE) and
repetition time (TR), greatly influences SNR. Shorter TE and longer TR generally
improve SNR.

Patient Movement: Motion can introduce artefacts and reduce the effective SNR, making
images less clear.

Importance of High SNR

1.

Improved Image Quality: High SNR leads to clearer, more detailed images. This is
crucial in applications like medical imaging, where the clarity of the image can be critical
for accurate diagnosis.

2. Better Detail Resolution: Enables the detection and differentiation of small and subtle
structures within the body.

3. Improved Data Accuracy: In data transmission and processing, a high SNR ensures that
the signal is accurately received and interpreted, minimizing errors.

Drawbacks

1. Increased Scan Time: Achieving a higher SNR in MRI often requires longer scan times,
which can be uncomfortable for patients and less efficient for medical facilities.

2. Higher Costs: Technologies and methods used to achieve high SNR can be more

expensive.



3. Increased Power Consumption: Higher SNR requires more powerful hardware or more
energy, which can be a concern in terms of both operational costs and environmental
impact.

4. Complexity in Data Processing: High SNR data can be more complex to process and
analyze, requiring more advanced algorithms and computing power.

In clinical settings, the goal is to achieve an SNR that is sufficient for diagnostic purposes
without unnecessarily prolonging scan times or increasing patient discomfort.

Section 7: Future of MRIs

The .55T MRI, known as High-V MRI, is a significant advancement in the field of
Magnetic Resonance Imaging. It operates at a lower field strength of 0.55 Tesla,
challenging the conventional wisdom that higher field strengths (typically 1.5T or above)
are necessary for high-quality MRI exams. This technology leverages the power of
digitalization to provide inherent clinical benefits:

e Improved Implant Imaging: It reduces metal distortions often seen in conventional MRI
systems, enhancing the diagnostic capabilities for imaging metal implants.

o Reduced Susceptibility Challenges: High-V MRI inherently reduces susceptibility
artifacts, like those occurring at air-tissue interfaces in sinuses and orbits, improving the
quality of diffusion imaging.

e Pulmonary Imaging Opportunities: Traditional MRI struggles with pulmonary imaging
due to fast signal decay at air-tissue interfaces, a challenge that scales with magnetic field
strength. The lower field strength of High-V MRI makes it well-suited for pulmonary
imaging, offering new possibilities in this area.

This technology represents a paradigm shift in MRI, broadening the scope of its applications
while maintaining diagnostic quality.

Helium-free MRI systems, such as Philips' BlueSeal, utilize a highly efficient
micro-cooling technology, significantly reducing the amount of liquid helium needed.
Traditional MRI systems typically require around 1,500 liters of liquid helium for
cooling, but BlueSeal needs only about 7 liters, sealed permanently in the magnet during
manufacturing. This innovation eliminates the need for helium refills, addressing both
sustainability concerns and operational interruptions.

The reduced helium requirement offers several practical advantages. It obviates
the need for long vent pipes used in classic magnets, significantly lowering installation
and construction costs. Smaller, lighter MRI systems can be installed in locations
previously unsuitable for bulkier technology.



Solid cryogens, like solid nitrogen (SN2), in conjunction with magnesium diboride
(MgB2) superconducting magnets, represent another promising direction. SN2 is chosen
for its thermal stability, ease of operation, and reliable performance even in unstable
power conditions. It provides an effective cooling alternative, potentially more
economical and lightweight compared to liquid helium systems. This approach is part of
a broader effort to make MRI technology more sustainable, accessible, and cost-effective,
addressing the limitations of traditional systems and aligning with global conservation
efforts.

Al is reshaping MRI technology by enhancing workflows and image quality.
Technologies like Deep Resolve utilize deep neural networks for targeted reconstruction
methods, increasing SNR, and enabling either shorter scan times or higher resolution
imaging. Al advancements in MRI facilitate faster and more accurate diagnoses,
significantly impacting clinical processes.

Innovations like larger bores (up to 80-centimeter bore) in MRI machines improve
accessibility for bariatric patients and those with claustrophobia, increasing patient
comfort and potentially leading to more referrals. Additionally, in-system entertainment
options like Innovision provide a high-quality video experience to patients during the
scan, alleviating anxiety and enhancing the overall patient experience

Conclusion

It's hard to fathom the complexity of all these systems, from superconducting wires to
vacuum-sealed helium reserves to rapidly changing magnetic gradients, and even more
incredible to think of the first people who figured out how to combine these technologies
together to peer into our bodies. This intricate dance of quantum physics and carefully
manipulated gradients has allowed MRIs to change the world of medicine. The MRI machine is a
truly astounding piece of electronic technology.
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