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Abstract

A key component of contemporary diagnostic imaging is magnetic resonance imaging (MRI), which produces multiplanar,
high-resolution pictures without using ionizing radiation. Large amounts of liquid helium are necessary for conventional MRI
systems to keep superconducting magnet temperatures. However, the development of alternate magnet cooling solutions has
been spurred by helium's growing scarcity, growing expense, logistical difficulties, and safety and environmental concerns.
Helium-free MRI, sometimes referred to as low-helium or sealed-magnet MR, is a significant technological development that
aims to lessen or completely do away with the need for liquid helium. To maintain steady magnetic fields without the need for
helium refilling, these systems use sophisticated cryogenic cooling techniques in conjunction with sealed superconducting
magnets. The basic principles, system design, operational benefits, safety concerns, clinical performance, constraints, and
prospects for helium-free MRI are all covered in this paper. Adoption of helium-free MRI has important ramifications for
advanced imaging's affordability, sustainability, and worldwide accessibility, establishing it as a game-changing invention in
radiological practice.
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Introduction MRI manufacturers have responded to these issues by
Because of its remarkable soft-tissue contrast, multi-planar introducing low-helium or helium-free MRI systems. With
imaging capacity, and lack of ionising radiation, magnetic the goal of reducing or eliminating helium usage while
resonance imaging (MRI) has emerged as a key component maintaining therapeutic performance, these systems
of modern diagnostic medicine. MRI has transformed represent a paradigm leap in magnet design and cryogenic
medical diagnosis in a number of areas, including cooling technology. The basic principles, system
neurology, orthopaedics, cardiology, oncology, and architecture, clinical uses, economic and environmental
abdominal imaging, since it was first used in clinical impact, limitations, and future prospects of helium-free MRI
settings in the late 20th century. Disease identification, technology are all thoroughly examined in this paper.
characterisation, and treatment planning have been greatly

enhanced by MRI's non-invasive visualisation of anatomical Role of Helium in Conventional MRI Systems

structures and physiological processes. MRI technology has Superconductivity in MRI Magnets

advanced significantly over time. While advances in radio
frequency (RF) coil design and parallel imaging techniques
have improved signal-to-noise ratio (SNR) and shortened
scan times, improvements in gradient coil performance have
allowed for faster imaging and higher spatial resolution. The
diagnostic potential of MRI has been significantly enhanced
by developments in artificial intelligence-based post-
processing and image reconstruction methods.

The fundamental physical necessity of MRI systems—the
use of superconducting magnets cooled by liquid helium—
has not altered much in spite of these advancements.
Maintaining the extremely low temperatures necessary for
superconductivity requires liquid helium. Helium, on the
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other hand, is a finite, non-renewable natural resource. = Cryogenic Infrastructure

Global helium shortages, price increases, and unstable

supply chains are the results of growing demand from Fig 1: Superconductivity in MRI magnet
semiconductor production, medical imaging, scientific

research, and aerospace technologies. For healthcare Superconducting magnets are used in MRI scanners to
facilities, the use of liquid helium presents serious logistical, produce the powerful, steady, and uniform magnetic fields
financial, and safety issues. Large amounts of helium, needed to create images. Although there are higher-field
intricate cryogenic infrastructure, and routine maintenance research systems, clinical MRI systems usually run at
are all necessary for conventional MRI equipment. Magnet magnetic field strengths of 1.5 Tesla or 3 Tesla. When
guenches and helium loss incidents can pose a safety risk chilled below a threshold temperature, some materials
and can cause expensive downtime. display zero electrical resistance, a phenomenon known as
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superconductivity. Niobium-titanium (NbTi) alloys are
frequently utilised to create the superconducting coils found
in MRI magnets. To preserve superconductivity, these
materials must be cooled to temperatures near 4 Kelvin
(—269°C). The

Magnet can create a continuous, extremely stable magnetic
field at these temperatures because electrical current can
flow continuously without losing energy.

For precise spatial encoding and high-quality MRI images,
magnetic field homogeneity and stability are essential.
Signal loss, geometric distortion, and picture distortions can
result from even small variations in field strength. Thus,
preserving superconductivity is essential to the functionality
of MRI systems.

Use of Liquid Helium
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Clinical Systems

Fig 2: Use of liquid helium
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Because liquid helium has a very low boiling point of 4.2
Kelvin at atmospheric pressure, it has long been the
cryogenic medium used to cool MRI magnets. The
superconducting magnet coils in traditional MRI systems
are surrounded by a cryostat that contains liquid helium.

To reduce heat transfer from the outside world, the cryostat

is built with several layers of insulation. Helium-based MRI

systems typically include the following features:

= Between 1,000 and 2,000 litres of helium

= Cryogenic systems that are open or semi-open

= Constant boil-off of helium as a result of inevitable heat
intrusion

= Refilling helium on a regular basis to make up for
losses It is impossible to completely stop helium
evaporation, even with sophisticated insulating and
cooling methods. Helium consumption is hence a
continuous operational necessity for traditional MRI
systems.

Challenges of Helium-Based Systems

The reliance on liquid helium presents a number of
difficulties. First, because to its limited worldwide supply
and geopolitical concerns, helium is costly and prone to
large price swings. Securing dependable helium delivery is a
common challenge for healthcare facilities, especially in
isolated or resource-constrained areas.

Second, helium depletion may result in unscheduled system
outages that disrupt healthcare services and raise operating
expenses. In severe circumstances, rapid helium loss during
a magnet quench can result in abrupt gas expansion,
displacement of oxygen, and major safety risks.
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Additionally, certain infrastructure is needed for traditional
MRI systems, such as quench pipes, reinforced floors, and
ventilation systems. Particularly in older buildings or upper-
floor installations, these limitations restrict the flexibility of
MRI deployment and increase installation complexity.

Concept and Definition of Helium-Free MRI

Helium-free MRI refers to MRI systems that are made to
run with little helium inventory and without regular helium
replenishment. These systems usually contain a very small
amount of helium—typically less than 10 liters—that is
permanently sealed within the magnet cryostat, while they
are not always completely devoid of helium.

The sealed superconducting magnet is what distinguishes
helium-free MRI systems. Sealed magnets completely stop
helium from escaping, as contrast to typical systems where
helium is progressively lost by boil-off. Instead, then acting
as a consumable coolant, the helium present functions as a
static thermal medium.

Advanced mechanical cryocoolers are used in helium-free
MRI systems to keep the magnet at superconducting
temperatures. Helium replenishment is not necessary
because these cryocoolers continuously remove heat from
the system.

Important features of helium-free MRI consist of:

= A sealed magnet cryostat Closed-loop containment of
helium

= There is no boil-off of helium

=  Throughout the system's lifespan, no helium refills

= Less infrastructure and upkeep are needed This strategy
is a major step in the direction of resilient and
sustainable MRI technology.

System Design and Working Principle

Sealed Magnet Architecture

The superconducting magnet in helium-free MRI systems is
placed inside a completely sealed cryostat that is intended to
function without the requirement for liquid helium
replenishment. This sealed magnet design eliminates
evaporation losses and guarantees long-term cryogenic
stability by preventing helium leakage during the system's
operational lifespan. Additionally, the sealed construction
shields the internal components from moisture, dust, and
mechanical damage while reducing the possibility of
contamination from the external environment. The entire
system structure becomes more straightforward and
compact because there are no helium access ports, venting
lines, or refill processes. This decrease in external contacts
greatly reduces the likelihood of system failure and
improves mechanical dependability.

Furthermore, the sealed magnet architecture lowers
maintenance needs and operating expenses while
maintaining consistent magnetic field performance over
time. Helium-free MRI systems consequently become more
durable, eco-friendly, and appropriate for installation in a
greater variety of clinical settings.

Cryogenic Cooling Mechanism

To reach and sustain the low temperatures necessary for
superconductivity, helium-free MRI systems use mechanical
cryocoolers such pulse-tube refrigerators or Gifford-
McMahon (GM) coolers. By using electrical power to drive
closed thermodynamic cycles, these cryocoolers effectively
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extract heat from the magnet system without the need for
liquid cryogens.

Mechanical cryocoolers do not use or evaporate cryogenic
liquids, in contrast to conventional MRI cooling techniques
that depend on liquid helium. Rather, they offer steady,
regulated cooling, keeping the magnet at superconducting
temperatures for long stretches of time without causing
helium loss. The dangers related to helium shortages or
refilling operations are eliminated by this closed-cycle
operation, which also drastically lowers operating expenses.
Redundant cryocooler arrangements are frequently used to
increase system dependability and patient safety. The
backup mechanism guarantees continuous cooling and
steady magnet performance in the event that one cooling
unit fails. This method makes helium-free MRI systems
more dependable, sustainable, and appropriate for long-term
clinical usage while also increasing overall system uptime.

Zero Boil-Off Technology

Helium is kept in a stable, closed state inside the magnet

cryostat thanks to zero boil-off technology. Helium does not

undergo phase change or evaporation since heat removal is

accomplished mechanically. This leads to:

= Performance of a stable magnetic field

= Less need for maintenance

= Removing the expense of helium logistics and refilling
* Enhanced uptime of the system One distinguishing
feature of helium-free MRI systems is zero boil-off
operation.

Quench Management

Large amounts of helium gas are rapidly released during
quench events in traditional MRI systems, necessitating the
use of quench pipes to properly exhaust the gas outside the
structure. On the other hand, helium-free MRI devices have
very little helium in them. Therefore, there are much less
safety issues associated with quench incidents. Traditional
guench pipes are not necessary for many helium-free MRI
systems, which makes installation easier and lowers
infrastructure costs. Additionally, this improves safety in
cramped areas and unconventional MRI sites.

Safety Considerations

In MRI procedures, safety is of utmost importance.

Compared to traditional MRI systems, helium-free systems

have significant safety benefits. The probability of oxygen

displacement during quench events is significantly

decreased when huge helium reservoirs are eliminated.

Other advantages for safety include:

= Less acoustic shock when quenching

= Risks associated with lower pressure

= Better fit for mobility and outpatient environments

= Streamlined emergency response procedures Patients,
employees, and facility infrastructure are all safer
thanks to these characteristics.

Clinical Performance and Image Quality:

Most helium-free MRI systems come in 15 Tesla
configurations, which are adequate for most clinical
imaging uses. Improvements in RF technology, gradient
design, and system calibration guarantee that image quality
stays on par with traditional MRI systems.
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Picture Quality Clinical assessments have shown that

helium-free MRI systems accomplish:

Similar signal-to-noise ratio

= Excellent spatial resolution

= Qutstanding contrast resolution

= Dependable suppression of artifacts T1-weighted, T2-
weighted, diffusion-weighted, and contrast-enhanced
sequences are examples of standard imaging methods
that function similarly to those using helium-based
systems.

Use in Clinical Settings MRI machines without helium

are frequently used for:

= Imaging of the brain and spine

= Imaging of the musculoskeletal system (soft tissues,
joints)

= Imaging of the abdomen and pelvis

= MRI of the heart Clinical confidence and diagnostic
accuracy are similar to those of traditional MRI
systems.

Comparison with Conventional MRI System

Parameter Conventional MR1 | Helium-Free MRI
Helium volume 1000-2000 L <10 L (sealed)
Helium refill Required Not Required
Quench pipe Mandatory Usually not required
Installation Complex High reduced
Safety Higher Lower
Environmental Impact Significant Minimal

Economic and Environmental Impact

Although the initial capital expenses of helium-free MRI
systems may be slightly higher, they provide substantial
long-term financial benefits. Eliminating helium refills
lowers emergency maintenance costs, service disruptions,
and operating expenses. Reduced infrastructure needs and
increased system uptime are additional financial advantages
that lead to a higher return on investment over the course of
the system lifecycle.

By preserving a limited and non-renewable resource,
helium-free MRI  systems support environmental
sustainability. The environmental effects of helium mining,
processing, and transportation are lessened when helium
consumption is decreased. These systems support
international initiatives to advance sustainable healthcare
and prudent resource management.

Limitations and Challenges

Helium-free MRI technology has drawbacks despite its
benefits. There are currently few high-field (3 Tesla)
helium-free systems available. Because magnet stability
may be impacted by cooling system failure, mechanical
cryocoolers must be reliable.

Furthermore, there may be higher initial system expenses,
but they are frequently compensated for by long-term
savings. Enhancing cryocooler efficiency, redundancy, and
system scalability are the main goals of ongoing research.

Future Perspectives

It is anticipated that future advancements in helium-free
MRI technology would increase its clinical and
geographical applicability. Expected developments include
of:
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= Three Tesla helium-free systems are more widely
available.

= Connectivity to portable and transportable MRI devices

= Greater use in rural and low-resource environments

= Increased system miniaturization and energy efficiency
these developments will improve MRI access
worldwide even further.

Conclusion

Helium-free magnetic resonance imaging (MRI) represents
a significant advancement in medical imaging technology,
addressing many of the economic, operational, and
environmental limitations of conventional MRI systems.
Traditional MRI scanners depend heavily on large quantities
of liquid helium to maintain superconducting magnet
temperatures, resulting in high operating costs, supply
instability, and safety concerns. By eliminating the need for
liquid helium, helium-free MRI systems provide a more
sustainable and efficient alternative for modern healthcare
environments.

One of the primary benefits of helium-free MRI is the
substantial reduction in operating and maintenance costs.
The absence of helium refilling requirements lowers long-
term expenses, minimizes system downtime, and reduces
reliance on a limited natural resource. Additionally, the risk
of quench events and helium leakage is significantly
reduced, improving overall safety for patients, staff, and
imaging facilities. These advantages contribute to more
reliable clinical operations and better resource utilization.
Despite not using liquid helium, helium-free MRI systems
demonstrate  clinical  performance  comparable to
conventional MRI scanners. Advances in sealed magnet
systems, mechanical cryocoolers, and improved magnet
design have enabled stable magnetic fields, high-quality
imaging, and reliable diagnostic accuracy. Studies indicate
that image quality, diagnostic confidence, and system
stability are maintained across a wide range of clinical
applications, allowing clinicians to adopt this technology
without compromising patient care.

Helium-free MRI systems also offer practical advantages
related to installation and infrastructure. Their compact and
lightweight design simplifies site planning and makes
installation feasible in facilities with limited space or
structural capacity. This feature is particularly beneficial for
outpatient centers, rural hospitals, and resource-limited
regions, expanding access to advanced diagnostic imaging
services.

In conclusion, helium-free MRI technology has the potential
to transform radiological practice by combining
technological innovation with cost-effectiveness, enhanced
safety, and environmental sustainability. As healthcare
systems increasingly prioritize efficient and eco-conscious
solutions, helium-free MRI is expected to play an important
and expanding role in the future of diagnostic imaging.
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