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Abstract: Magnetic Resonance (MR) technology is extensively used in academic and
industrial research laboratories and represents one of the most significant methodologies in
clinical radiology. Although MR does not use ionizing radiation, it cannot be considered
risk-free due to the strong static magnetic fields and time-varying electromagnetic fields
employed in the technology. To mitigate risks for MR operators, the European Community
and ICNIRP have established safety limits based on the existing literature, primarily related
to diagnostic MR. However, the literature on occupational exposure in non-clinical nuclear
magnetic resonance (NMR) spectroscopy is limited. Due to their specificity, non-medical
NMR environments present unique challenges from the point of view of operator exposure.
NMR spectrometers are characterized by extremely high static magnetic fields, reaching
up to 28 T in commercial systems; moreover, routine activities performed near the magnet,
where field gradients are highest, increase operator exposure. Such environments are not
typically perceived as hazardous and are frequented by various types of personnel, often
without specific training. This study aims to highlight the critical issues in managing
a preclinical MR laboratory equipped with a high-field NMR spectrometer, discussing
operator safety challenges and presenting risk assessment data.

Keywords: nuclear magnetic resonance spectroscopy; NMR; occupational exposure; risk
assessment

1. Introduction

Before its widespread adoption in medicine as a diagnostic technique, magnetic reso-
nance (MR) was predominantly used in fundamental laboratory research, food quality as-
sessment, and molecular studies through nuclear magnetic resonance (NMR) spectroscopy.
NMR spectroscopy provides a comprehensive understanding of molecular structure, dy-
namics, reaction states, and chemical environments [1-3]. Concurrently, there has been a
rapid proliferation of high-field magnetic resonance imaging (MRI) scanners in research
settings (both academic and non-academic), particularly for preclinical studies involving
animal models, especially rodents [4].

Diagnostic MRI and NMR spectrometers share the same operating principles, in-
volving three phases: the polarization of nuclear spins in a static magnetic field (B0); the
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excitation of the sample with a radiofrequency (RF) magnetic field (B1) at the Larmor fre-
quency; and the application of spatial magnetic field gradients for spin localization. NMR
spectrometers generate extremely high magnetic fields (up to 28 T), which are typically
well-confined near the instrument. Some risks associated with MR devices are documented
in the literature and should not be underestimated, especially given the rapid development
and dissemination of the technology [5,6].

In magnetic resonance environments, the primary exposure risks for workers stem
from both static and spatially heterogeneous magnetic fields, as well as, in some cases,
radiofrequency (RF) fields. Workers who move in close proximity to the magnet are
additionally exposed to time-varying magnetic fields, which can induce electric currents
within the body. If these currents reach sufficient strength, they may interact with the
central nervous system (CNS), potentially leading to neurological effects, and can also
stimulate peripheral nerves, causing sensations such as tingling or muscle contractions.

Recent research has documented various transient symptoms experienced by work-
ers due to movement within these magnetic fields, including dizziness, nausea, visual
disturbances, and a sensation of vertigo [7-12].

Recent studies have explored the neural impact of static magnetic fields and dynamic
magnetic fields using animal models. Research on the influence of magnetic fields on
cognitive functions such as learning and memory, as well as emotional behaviour, neuronal
activity, and neurotransmitter dynamics, is steadily growing. However, due to variations
in magnetic field parameters, experimental models, and study conditions, findings remain
inconsistent [13,14].

As magnetic resonance technology advances and field strengths increase, further
investigation into occupational safety measures and exposure limits is essential to mitigate
potential health risks for personnel working in these environments.

To address these concerns, the European Union (EU) and the International Commission
on Non-Ionizing Radiation Protection (ICNIRP) have established limits for the exposure
of workers to the risks arising from physical agents (electromagnetic fields, EMF) [15-18].
Several studies evaluate health risks for workers in MR diagnostic environments [19-23].
Worker exposure to static magnetic fields and movements in fringe fields has been assessed
and discussed for MRI scanners with field strengths from 0.25 T to 3.0 T [22,24-28].

However, there is limited research on occupational risk assessment for workers in
NMR spectroscopy and, more broadly, in non-clinical magnetic resonance environments,
such as preclinical or fundamental research laboratories. NMR spectrometers, operating
atup to 28 T @ 1.2 GHz, are commonly found in universities and research centres. These
instruments are also used by doctoral students and research fellows who are considered
scientific users rather than workers. Although they may be proficient in the scientific appli-
cations of the technique, they often lack awareness of safety aspects and may mistakenly
perceive NMR spectrometers as low-risk devices. In this context, it is crucial to educate
workers on appropriate behaviour and movement control to prevent adverse events.

Given the nature of NMR equipment and considering that some operational tasks
involve direct interaction with the devices, it is presumed that researchers working in
spectrometry laboratories may experience daily exposure to relatively high levels of mag-
netic fields and /or EME. However, these exposure levels and conditions have not yet been
thoroughly analysed and require evaluation through targeted on-site measurements.

This study highlights the challenges of high-field NMR spectroscopy laboratories
regarding magnetic field exposure and discusses risk assessment aspects for operators.
Particular attention is given to workers at particular risk, such as operators with active
implantable medical devices (AIMDs), a sensitive risk group requiring protection from
electromagnetic field interference.
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2. Materials and Methods
2.1. High-Field NMR Spectroscopy Laboratory

An NMR spectrometer (Bruker, Billerica, Massachusetts the manufacturer, city, and
country) comprises a superconducting coil immersed in a liquid helium jacket surrounded
by a liquid nitrogen jacket. At the centre of the spectrometer is an empty cylinder, known
as the gantry, where the static magnetic field is generated. This bore accommodates the
probe, a cylindrical container that holds the sample to be analysed. Depending on the
experiment, different probes are used, which may be nucleus-specific or multinuclear, with
variations in internal coil design determining specificity. Sample insertion operations are
typically performed at the top of the equipment, accessible via ladders, or near the base of
the magnet, requiring operators to crouch near the magnet.

A high-field NMR spectroscopy laboratory is a specialized environment housing the
NMR spectrometer and essential components for its operation, including the cryogenic
cooling system for the superconducting magnet with liquid helium and nitrogen tanks
and the refilling system, the console and electronic components, and safety systems such
as ventilation systems, quench piping, and oxygen sensors. Additional auxiliary systems
(e.g., sample containers, ladders, and sample insertion/removal structures) and at least
one workstation are typically present.

The NMR spectroscopy laboratories can house spectrometers of various generations.
Older installations, with lower magnetic fields, often neglect manufacturer safety recom-
mendations. For example, older NMR equipment typically lacks safety systems found
in modern superconducting magnets used in medical imaging, such as quench piping
to direct helium outside the laboratory, auxiliary safety devices (e.g., oxygen sensors), or
ventilation systems to expel helium gas released within the laboratory during a quench
event. Conversely, newer spectrometers, operating at higher fields and frequencies (up
to 1200 MHz), necessitate advanced safety systems like cryogenic gas evacuation pipes
and oxygen monitoring sensors. As a case in point, new-generation solid-state NMR spec-
trometers utilize ultra-high field pulses and decoupling power [29]. This may result in
potential hazards relative to high-power RF fields, which may interfere with electronics
and sensors within the NMR environment. It is imperative to ensure adequate RF shielding
to prevent unintended exposure and to position sensitive equipment safely outside of
high-field and high-RF zones. Manufacturers of modern equipment include detailed safety
system guidelines in instruction manuals, outlining risk assessments and management
strategies, which, if implemented, represent a significant safety improvement.

2.2. Potential Hazards and Specific Critical Points

In the context of NMR applications, it is hypothesized that workers may be exposed on
a daily basis to relatively high levels of magnetic and/or RF fields. The primary source of
exposure is the static magnetic field; as reported by Berlana and Ubeda [30], no detectable
emissions of RF field were found in the surrounding environment, indicating that the
electromagnetic radiation generated by the NMR remained confined within the devices.
The potential hazards associated with magnetic fields can be classified as either direct or
indirect. Direct risks manifest in the human body through biological effects, which can
be sensory or health-related. Indirect risks are associated with magnetic fields, such as
the projectile effect (attraction of ferromagnetic materials), a significant torque applied to
objects, and potential interference with implanted medical devices.

In contrast to clinical MRI sites, the primary users of the NMR equipment consist of
students, postgraduates, scholarship holders, and contract workers. These individuals do
not qualify as employees but rather as scientific users, sometimes even occasional, often
highly competent in the scientific application of technology but generally not very sensitive
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to safety aspects because they are unaware of the associated risks, having most often not
been properly trained and made aware of these important aspects. Those with a greater
familiarity with the operational situation may erroneously assume that the utilization of
NMR spectrometers in the present context entails reduced exposure for operators. For
example, the sample loading typically occurs over a significantly shorter time interval
compared to other MRI applications. However, in the majority of cases, this process is
carried out by approaching the instrument, either at the top or by crouching down with the
arms positioned underneath the structure and the head placed very close to the instrument.
Moreover, it should be noted that for NMR investigations, an additional level of exposure
exists that is not present in other cases and is related to the tuning and matching procedure.
This procedure must be performed for each type of sample introduced unless the analysis
is repeated on the same types of samples. This underscores the significance of the dwell
time at high levels of static magnetic field as a crucial factor in ensuring protection.

The NMR laboratory is typically a single room where the highest-risk exposure area
(near the magnet) is easily accessible and not always marked with appropriate signage
(such as the 5 Gauss line).

This also means that, in many NMR laboratories, the operators” workstation, the equip-
ment controls area, and sometimes the chemical laboratory where the samples are prepared
are situated within the same room as the NMR spectrometer or in close proximity. This
configuration necessitates a comprehensive and detailed investigation into safety concerns.

2.3. Regulatory Framework and Current Challenges

Currently, there is a notable lack of a specific regulatory framework for NMR spec-
troscopy environments, resulting in limited awareness of safety requirements. In Europe,
the primary regulatory reference is the Directive 2013/35/EU, which addresses worker ex-
posure to electromagnetic fields, focusing on short-term effects while excluding long-term
effects due to insufficient scientific evidence.

For general population protection, exposure limits are established by the European
Recommendation 1999/519/EC, which sets a threshold of 40 mT for potential human risk
(excluding indirect effects) [31].

According to current regulations, static magnetic fields are significant for operators
when exposure exceeds 2 Tesla for sensory effects (transient sensory perception distur-
bances, nausea, vomiting, dizziness, and minor changes in brain functions) and 8 Tesla for
health effects (thermal heating and/or the stimulation of nervous or muscular tissue).

It is important to note that these limits do not apply to individuals with specific
contraindications to magnetic field exposure (e.g., wearers of active implantable devices),
for whom the established threshold is significantly lower, at 0.5 mT (5 Gauss). With regard
to passive implanted devices, current regulations do not set action values; therefore, an
assessment must be conducted on a case-by-case basis. However, with regard to the
projectile effect, European Recommendation 1999/519/EC establishes an action level of
3 mT (3 Gauss) [31].

In most NMR installations, the limits for direct effects—2 T for the body and 8 T for
the limbs—remain confined within the equipment; consequently, workers are not directly
exposed. Additionally, there are no exposures related to the radio frequencies emitted
during the operation of the NMR. However, the 0.5 mT limit is probably exceeded in
the vicinity of the NMR device. According to regulations, a colour-coded floor marking
delineates the magnetic induction dispersion field, as outlined below:

Red/white line for 0.5 mT;
Yellow line for 0.4 mT;

Green line for 0.3 mT.
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The 0.5 mT limit can only be exceeded by authorized personnel, who are trained,
informed, and certified as fit for the specific task by the occupational physicians.

The ICNIRP guidelines published in 2014 provide recommendations for limiting
exposure to static magnetic fields and time-varying magnetic fields below 1 Hz [18]. The
primary objective of these guidelines is to prevent peripheral nerve stimulation (PNS)
and reduce the likelihood of transient sensory effects caused by electric fields induced in
the human body due to movements within spatially heterogeneous static magnetic fields.
These effects can include sensations such as tingling, dizziness, or even muscle contractions,
which may pose safety concerns in occupational and clinical settings. To ensure controlled
exposure conditions, the ICNIRP has established specific safety thresholds. According to
ICNIRP guidelines, a basic restriction is set at 1.1 V/m for peak-induced electric fields
within the body. Additionally, a reference level of 2.7 T/s is defined for the time derivative
of magnetic flux density (dB/dt), aiming to limit excessive exposure to rapidly changing
magnetic fields that could exacerbate neuromuscular stimulation. These guidelines serve
as an essential framework for safeguarding individuals working in or exposed to strong
magnetic environments, such as those found in MRI facilities [18]. The basic restriction and
reference levels for uncontrolled exposures (protection against magnetophosphenes and
peripheral nerve stimulation) change as a function of 1/f (up to 0.66 Hz), where f is the
frequency of motion-induced fields.

2.4. Risk Assessment Procedure

A correct risk assessment, linked to the presence of the static magnetic field in the NMR
environment, must necessarily consider the construction characteristics of the equipment
and the dispersion of the field around it in order to identify the areas of risk, the attention
levels to be kept, and the operating procedures to be followed to minimize exposure and
the possibility of the occurrence of risk scenarios. First of all, the 0.5 mT line should be
identified to delineate the area restricted for unauthorized access, which is to be made
accessible exclusively to authorized personnel (listed in a dedicated register). This is
initiated by the precise measurement of the fringe field surrounding the NMR spectrometer.

Then, regarding the occupational exposure to time-varying magnetic fields, an estima-
tion of the reference parameters should be conducted. In this evaluation, worker exposure is
assessed as part of a comprehensive risk analysis, focusing on the induced electric field (|E|)
and the time derivative of the magnetic flux density (JdB/dt|) to establish safe operating
procedures. Special attention is devoted to individuals with active implantable medi-
cal devices (AIMDs), who represent a particularly vulnerable group requiring stringent
protection from the risks associated with electromagnetic field interference [32].

We present here the risk assessment for a research NMR laboratory including a 7T
(@300 MHz) spectrometer. First of all, the static magnetic field was mapped by positioning
a three-axis Hall magnetometer (THM 1176, Metrolab Instruments SA, Plan-les-Ouates,
Switzerland) at five different heights above the ground plane (z = 0 cm, 40 cm, 80 cm, 120 cm,
and 160 cm). Measurements were taken along a predefined theoretical path extending from
the console to the spectrometer and back, with a spatial resolution of 10 cm, as previously
described in [27]. Based on these measurements, the fringe field distribution in the vertical
(xz) plane was determined. Subsequently, the magnitude of the induced electric field

IE| was calculated for a trajectory representative of a worker’s movement during routine
sample processing operations. This calculation was performed using the analytical model
outlined in the ICNIRP guidelines, allowing for an assessment of potential exposure risks
associated with workplace activities in the presence of spatially varying magnetic fields [18].
By way of example, we considered the typical movement of an operator who, starting from
a standing position, kneels down next to the NMR spectrometer (Figure 1a). The movement
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speed was set at 1 m/s along the entire movement [33]. Furthermore, a 90° torso flexion
was also considered, with a maximum velocity of 4 rad/s (Figure 1b). For both of these
movements, a point on the head (shown in Figure 1 as a red point) and a point on the
torso corresponding to the heart (shown in Figure 1 as a black star), were designated as the
reference points.
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Figure 1. Schematization of the considered movements in the fringe field of a 7T NMR spectrometer:
(a) linear movement along the z axis, (b) flexion movement of 90°. Red point: head reference point.
Black star: torso reference point.

Finally, for both of the considered movements, we also calculated the maximum
induced voltage (electromotive force, EMF) in an active device implanted in the torso (such
as a pacemaker) by simplifying the Faraday-Neumann-Lenz law as reported in [32].

3. Results

Figure 2 shows the map of the fringe field on an xz plane | B, through the isocentre of
the NMR spectrometer described previously, with the indication of the 0.5 mT line (dashed
red line). Moreover, Figure 2 also shows the vector representation of the two-dimensional
spatial gradient of the magnetic field | B4, together with the contour plot of I B, around
the NMR spectrometer.

For the considered xz plane, the maximum value of B! is 18.08 mT, the maximum
value of |dB/dx]| is 58.8 mT/m, and the maximum value of |dB/dz| is 19.35 mT/m.
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Figure 2. Map of the fringe field |B|xz with the indication of the 0.5 mT line and the representation
of the two-dimensional spatial gradient around a 7 T NMR spectrometer.

Tables 1 and 2 present the peak values of the estimated parameters for the risk assess-
ment relative to the linear movement along the z-axis and the flexion movement of 90°,
considering the head and the thorax—heart reference points.

Table 1. Peak values of the estimated parameter for the risk assessment of a 7T NMR spectrometer:
linear movement along the z-axis.

Linear Movement

AlOI‘lg 7z Axis @v = 1 m/s I Bl max (mT) [ dB/dt | max (mT/s) | El max mV/m) EMFax (mV)
Head 14.59 32.14 1.45 -
Thorax—Heart 18.00 32.93 5.27 0.74

Table 2. Estimated parameter for the risk assessment of a 7T NMR spectrometer: flexion movement
of 90°.

Flexion Movement

@90°, v = 4 rad/s I Bl max (mT) | dB/dt | jax (MT/s) |El max mV/m) EMF . (mV)
Head 16.11 66.80 3.01 -
Thorax—Heart 7.48 17.88 2.86 0.40

4. Discussion

The occupational exposure literature in non-diagnostic NMR environments is cur-
rently sparse [30,34,35], particularly compared to the characterization of exposures for
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healthcare personnel working with MRI scanners [5,7,26,36-39]. However, well-established
physical mechanisms describe interactions between electromagnetic fields and living tis-
sues, responsible for acute and transient effects above exposure thresholds, leading to the
establishment of exposure limits. For example, translational and rotational movements
of operators within magnetic fields are the focus of numerous studies on occupational
exposures in medical MRI environments, yielding insights into induced body currents and
their effects on humans [7,40-43].

A classical NMR spectrometer generates a strong magnetic field that extends beyond
the magnet itself, thereby creating a significant stray magnetic field around the instrument.
This has the potential to interfere with nearby electronic devices and necessitates a ded-
icated, controlled environment to prevent unwanted interactions. The majority of new
ultra-high field instruments (above 500 MHz) are ultra-shielded, with the design of these
spectrometers being such that advanced shielding techniques are incorporated to minimize
the stray magnetic field. In [30], the authors conducted a comparative analysis of the static
magnetic field measurements obtained from both the classical and ultra-shielded NMR
settings. It was established that all values were well below the exposure limits set by the
European standard for workers’ protection. However, the study revealed that ultra-shield
technology can achieve a 20-65-fold reduction in the field strength received by the operator.
This reduction in external magnetic field strength enables the instrument to be situated in a
wider range of environments with fewer spatial constraints. However, this fact gives rise to
another potential hazard, since the stray field strength is observed to increase in a direct
and significant manner with decreasing distance from the magnet, both directly above and
below it. This increase in the attractive forces exerted on magnetic items is a consequence
of this phenomenon.

Up until today, little is known about the long-term effects of chronic occupational
exposure to static magnetic fields, as the available epidemiological and experimental
evidence remains limited and inconclusive [12,40,44]. This knowledge gap makes it difficult
to establish definitive conclusions regarding potential health risks. Regarding the direct
effects of magnetic fields, particularly for long-term exposures, the current body of literature
does not provide enough evidence to draw definitive conclusions about the biological and
health effects of exposure to weak static magnetic fields (SMF). A lack of consistency in the
studied biological systems, the examined endpoints, and scientific rigour in many reviewed
studies has weakened the credibility of reported findings. While direct effects of weak
magnetic fields have been reliably reported, including effects on melatonin bio-synthesis,
locomotor activity, blood pressure regulation, brain enzyme activities, or neurotransmitter
levels [44], they remain insufficiently understood to be incorporated into existing safety
standards. Despite the paucity of long-term risks and potential benefits observed in the
majority of animal and human studies conducted to date [45], further research is required to
comprehensively assess the exact long-term biological effects of various SMFs on different
physiological and pathological conditions. A recent report by the Scientific Committee
on Health, Environmental and Emerging Risks (SCHEER) updated the potential health
effects of exposure to EMF with regard to frequencies between 1 Hz and 100 kHz [46]. The
SCHEER report identified a lack of recent systematic reviews or meta-analyses on low-
frequency EMF exposure to update the previous (2015) Scientific Committee on Emerging
and Newly Identified Health Risks (SCENIHR) [40] assessment and concluded that there is
no convincing evidence of a causal relationship between ELF magnetic field exposure and
self-reported symptoms.

Furthermore, standardized procedures for assessing occupational exposure in MR
and NMR environments have yet to be developed. The lack of uniform assessment meth-
ods complicates efforts to evaluate and mitigate risks, particularly for highly specialized
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workers in industrial and research settings where exposure to extremely strong static
magnetic fields—reaching up to 28 T in some NMR applications—is common. In view of
the challenges identified, further studies are imperative to enhance our understanding of
exposure conditions and establish safety guidelines that are tailored to workers in high-field
environments. This is of crucial importance, as the basis for effective guidelines and best
practices lies in a clear understanding of the physical parameters involved.

This is a significant consideration for risk assessment, as non-medical MR environ-
ments present unique challenges, including the presence of personnel often inadequately
trained about occupational exposure, the high intensity of static magnetic fields and field
gradients (active shielding), and the need to perform routine operations (such as tuning
or cryogen refilling) in close proximity to the instrument, where magnetic field intensity
is highest.

In this paper, we discuss a pathway for acquiring risk awareness for NMR laboratories.
The pathway is based on a risk management model that is both concrete and applicable
(Figure 3).

As an example, a case study is presented in which mathematical models and algo-
rithms are used to explore and characterize occupational exposure levels to magnetic fields
generated by a 300 MHz (7 T) NMR spectrometer. The findings of this study indicate that
the maximum magnetic field levels (I B |) and associated exposure levels were observed in
the proximity of the spectrometer. The measurements of |Bl, spatial distribution, and gra-
dient indicate high-risk areas corresponding to zones with steep magnetic field gradients,
where operators should exercise caution and move slowly.

Despite the selection of elevated values for motion velocity and areas exhibiting greater
values for magnetic field spatial gradient (worst case), none of the calculated exposure
parameters surpassed the relevant limits stipulated by the applicable guidelines [18], mean-
ing that the considered exposure conditions remained in compliance with the stipulated
restrictions. Nevertheless, it is not possible to generalize this conclusion due to the high
variability of movements, particularly in terms of speed. This variability is contingent on
the operator’s habits and body size, as well as the working conditions (whether routine or
emergency). It is therefore important to have a simple yet reliable tool for risk assessment
under different exposure conditions.

NMR environments can present significant risks for workers with certain implants,
particularly AIMDs or other electronic medical equipment. Exposure to electromagnetic
fields in these settings can interfere with the functionality of such devices, potentially
leading to malfunctions, degraded performance, loss of functionality, or unintended physi-
ological responses. Our findings indicate that workers may be exposed to magnetic fields
exceeding 0.5 mT, especially during tasks that require close proximity to the equipment
or at heights corresponding to the typical positioning of active medical implants, such as
pacemakers and defibrillators. Additionally, movement within the fringe field can induce
voltages in the leads of AIMDs, potentially triggering inappropriate device responses.
These risks highlight the need for stringent safety measures and exposure assessments for
workers with implanted medical devices in high-field NMR environments.

Mattei and colleagues [26] demonstrated that pacemaker (PM) performance degra-
dation can occur during rotational movements at approximately 2 rad/s in an MRI envi-
ronment. Similarly, for an implantable cardioverter-defibrillator (ICD), movements with a
maximum speed of 6 rad /s may lead to a misclassification of ectopic beats as ventricular
fibrillation. To the best of our knowledge, a comparable study has not yet been conducted
in NMR laboratory settings.

Our simulation results indicate that the voltage induced by typical worker movements
near an NMR spectrometer—at positions representative of those for individuals wearing
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a PM or an ICD—does not exceed the programmed sensitivity threshold of these devices
(typically 2 mV) [47,48] in a unipolar configuration. However, in a bipolar configuration,
the induced voltage can surpass the lower threshold of 0.3 mV. It is important to note that
this threshold is defined for a standardized stimulus with higher frequency components
than those of the low-frequency voltage signal induced by movement within the NMR

magnetic field, which is approximately 1 Hz [24].

Key points: g Eumean
Regulatory Framework « Not specifc or NMIR lab
vICNIRP guidelines (static and v Directive 2013/35 EU * Based on all known short-term direct blophy5|cal effects and
time-varying magnetic ﬂeld) indirect effects caused by EMF, but do not address

suggested long-term effects

Professionals involved
Employer
Health & Safety Manager / Qualified expert
Occupational Physician

/Risk Assessment \

» Mapping the fringe field surrounding the NMR to identify the risk zones: definition of the
0.5 mT line (controlled zone restricted to unauthorised access) and of the 3 mT line
(projectile zone)

»> Estimation of exposure to electric fields induced by movement and by time-varying
magnetic fields below 1 Hz: risk analysis using mathematical simulation algorithm

» Health surveillance of authorised personnel, to identify workers sensitive to EMF

K exposure, and provides specific training/information for all workers /

S

Safety Regulation
Staff responsible for the NMR site

»  Description of the NMR site with relevant map and
identification of the risk areas

»  Summary on the risks and biological effects of NMR

*  General safety regulations

» Specific safety regulations: workers, cleaners, gas
workers, guests and visitors, handling of cryogenic
substances, ferromagnetic materials

» Emergency management

Procedure: site access, matching and tuning, sample
insertion and extraction, cryogen topping-up

Form: regular staff site access, visitor and experimenter
site access

List: authorised personnel, prohibited personnel,
prohibited materials

Register: site attendance, site incident log

Figure 3. General overview of NMR laboratory safety management.

Additionally, comparing the computed maximum induced electric field (EMFmax)
with the immunity levels required for PM/ICD compliance with international market-entry
standards presents challenges. These immunity levels vary depending on frequency and
generally do not account for signals below 16.6 Hz, making direct comparisons difficult.
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5. Conclusions

The objective of this study was to enhance awareness of the necessity for safety
measures in environments where they have yet to be implemented. The overarching aim is
to ensure the safety of NMR environment workers and all other individuals involved. This
work constitutes a rigorous attempt to provide original insights that address the critical
gap in the extant literature regarding the safety of NMR laboratories. It also offers valuable
implications for both research and practical applications.

In conclusion, it is essential to consider that technological advancements in NMR
are pushing towards increasingly higher static magnetic field intensities and operating
frequencies, significantly increasing the risk level for workers. The risk assessment process
in NMR environments must involve all relevant stakeholders. Employers play a crucial role
by ensuring that workers undergo medical examinations to certify their health suitability for
tasks involving exposure to the spectrometer’s magnetic fields. At the same time, workers
must adhere to specific safety protocols and adopt appropriate behaviours, particularly
when approaching the spectrometer, to minimize potential risks. Another critical aspect is
the design and construction of NMR sites, which, in addition to incorporating necessary
safety devices (e.g., quench pipes), must ensure adequate spaces for activities related to the
spectrometer’s use, minimizing occupational risks for workers.

With regard to the potential effects of chronic exposure, it is advisable to await further
comprehensive knowledge and to adopt technical and operational strategies for exposure
minimization. In the absence of substantial data regarding the potential consequences
associated with long-term exposure to EMF, the adequacy of health risk assessments
pertaining to MR workers remains questionable, particularly with respect to exposure
levels that fall below the thresholds associated with acute effects [9]. Therefore, we strongly
encourage further, more systematic research in this area. Future studies should specifically
investigate the effects of SMF exposure on human biological functioning to determine
whether SMF pose any significant health risks.

Finally, updating regulations to ensure safety is essential, particularly for laboratories
with outdated equipment lacking advanced safety systems that may pose significant
risks. Additionally, raising operator awareness of safety aspects, through specific training
programs, for example, and systematically assessing risks using innovative tools and
methods, is imperative.
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