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Abstract

Medical Resonance Imaging (MRI) stands as a vital non-invasive imaging
tool, offering detailed visualization of soft tissue, organs, and neurological
structures. While MRI is fundamental in pediatric care, unique challenges
arise in this demographic. The MRI system comprises key components, in-
cluding a superconductive magnet for generating the magnetic field, shim-
ming for field homogenization, and radiofrequency (RF) fields to stimulate
hydrogen nuclei for signal emission and image formation. Additional ele-
ments like RF pulses, coils for signal detection, and slice selection techniques
contribute to image acquisition.

Pediatric patients present distinct challenges due to anatomical variations
and developmental stages. Their smaller brain size, elevated heart rate,
and limited capacity for stillness can compromise image clarity. Sedation
and anesthesia are frequently employed to address these challenges, despite
associated drawbacks like cost, allergic reactions, and potential long-term
effects. Furthermore, the use of adult-sized RF coils can lead to discomfort
and compromised image resolution in pediatric patients.

Thermoregulation issues and heightened sensitivity to noise further com-
plicate pediatric MRI. The loud MRI gradient acoustic noise may impact
hearing and development. Prolonged scan durations, lasting up to 90 min-
utes, exacerbate the challenge of maintaining stillness in pediatric patients,
resulting in psychological risks such as fear, panic, and anxiety.

To optimize MRI for pediatric patients, various techniques and strategies
have been developed. These include reducing scan time to minimize se-
dation requirements and enhance image quality. Optimization techniques
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involve adjusting MRI parameters such as Field of View (FOV) and over-
sampling, employing accelerated data acquisition methods like compressed
sensing and parallel imaging, and utilizing simultaneous multi-slice (SMS)
imaging to capture signals from multiple areas concurrently.

Addressing the psychological challenges faced by pediatric patients during
MRI procedures is paramount. Strategies involve familiarizing children with
the MRI environment through simulated scanning, leveraging virtual reality
technology to reduce anxiety, and implementing patient-centered commu-
nication approaches during the scan.

In summary, while pediatric MRI presents unique challenges, advancements
in techniques and strategies aim to enhance patient comfort, cooperation,
and imaging outcomes in this vulnerable population.
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Chapter 1

Introduction

In this first chapter, we introduce the thesis objectives and provide an
overview of MRI, along with its clinical applications in the pediatric de-
partment.

1.1 Thesis Objectives

"Adaptation of MRI Technology for Pediatric Imaging: Exploring Chal-
lenges and Solutions in Pediatric MRI"

Magnetic Resonance Imaging (MRI) systems (Figure 1.1) serve as invalu-
able tools for non-invasive examination of the human body’s internal organs
and structures. Comprising powerful magnets, radiofrequency coils, gradi-
ent coils, and sophisticated computer systems, MRI facilitates the acquisi-
tion and processing of MR signals to generate detailed images. Recognized
as the cornerstone of diagnostic imaging, MRI plays a central role in primary
assessment and clinical practice [1].

This thesis explores the utilization of MRI in pediatric imaging, with a
focus on its applications, complications, and unique considerations. By
examining various factors influencing pediatric MRI, including clinical ef-
ficacy, psychological implications, and scanning protocols, this study aims

1



1.2 Introduction to MRI

to elucidate the inherent challenges in pediatric MRI [2]. Through the
identification and addressing of these challenges, the thesis seeks to explore
effective solutions proposed by previous research studies to optimize the use
of MRI technology in pediatric care [2].

1.2 Introduction to MRI

The invention of MRI has revolutionized medical diagnostics, offering un-
precedented insights into the human body. MRI provides medical profes-
sionals with a non-invasive imaging method that visualizes soft tissues, or-
gans, and neurological structures. It is used across a wide range of special-
ties including orthopedics, cardiology, and oncology [3].

Figure 1.1: MRI machine illustrated, where the different components as Radio
Frequency Coil, Gradient Coils, Magnet and Scanner are illustrated. The patient
lies inside the machine during the examination on the patient table. Illustration
is taken from [4] with permission.
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1.2 Introduction to MRI

MRI utilizes the body’s natural magnetic properties to generate detailed
images from any body part, mainly by leveraging the hydrogen nucleus
due to its abundance in water and fat. Inside the magnetic field of an
MRI scanner, hydrogen protons in the body will align uniformly, like shown
in Figure 1.2. By applying radiofrequency energy, these protons are de-
flected, causing them to resonate at specific frequencies depending on the
strength of the magnetic field and the targeted area. When the protons are
stimulated, they will spin out of equilibrium and resist against the magnetic
field. After the radiofrequency field is turned off, the protons will return
to their original state, emitting a signal which the MRI sensor will detect
as energy released and make MRI images. Receiver coils enhance signal
detection, and cross-sectional images are constructed based on the intensity
of received signals [5]. This realignment varies based on environmental fac-
tors and molecular composition, allowing physicians to distinguish between
different tissue types [3].

Gradient electric coils alter the magnetic field’s strength throughout the
body, allowing different body slices to resonate at different frequencies [6].
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1.2 Introduction to MRI

Figure 1.2: When the body is positioned within a powerful magnetic field, like an
MRI scanner, the protons align their axes uniformly, generating a magnetic vector
oriented along the scanner’s axis. Illustration is taken from [7] with permission.

Pulse sequences with varying radiofrequency pulses highlight specific tissues
or abnormalities by exploiting differences in their relaxation times, known as
T1 and T2 relaxation. MR examinations consist of multiple pulse sequences,
allowing for the identification of different tissues, such as fat and water [8].

MRI is highly sensitive to diseases characterized by increased water content,
though discerning the exact pathology, such as distinguishing infection from
tumor, may pose challenges. Expert analysis by a radiologist is essential for
accurate diagnosis [9]. MRI scan time often vary from 30-90 min.
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1.3 Clinical application

1.3 Clinical application

In the recent years, the use of MRI in pediatric medicine has been getting
more attention and significance. Unlike X-rays or computed tomography
(CT) scans, MRI offers a non-invasive and radiation-free method for ob-
taining detailed images of the internal structures of the body. Minimizing
radiation exposure is crucial for pediatric patients, making MRI the pre-
ferred imaging method in the pediatric department [10].

Each year in Norway, approximately 200 children between the age of 0-18
years are diagnosed with cancer [11]. Cancer stands as the primary cause of
natural demise among pediatrics in developed nations. However, early de-
tection yields cure rates surpassing 70%. Treatment decisions for pediatric
cancer patients rely on evaluating tumor type, location, and staging. Imag-
ing protocols should be rapid, produce high-quality images with minimal
radiation exposure, and provide clinically relevant information [12]. When
a physician suspects that a child may have cancer, they will be promptly re-
ferred to a cancer care pathway. This cancer care pathway usually involves
getting an MRI scan [11]. Such pathways entail standardized patient jour-
neys outlining the organization of diagnostics, treatment, communication
with the child and their caregivers, as well as clear delineation of responsi-
bilities and time frames [11].

The most common type of cancer, and also the deadliest form is brain tumor
[13]. A brain tumor refers to any type of tumor located within the skull
(cranium), encompassing growths found in the brain itself, the meninges, or
the intracranial segment of the cranial nerves [14]. Each year approximately
40 children in Norway gets a tumor in the central nervous system [15].

Brain tumors are a significant cause of mortality in children, with an in-
cidence of 6.06 per 100.000 children aged 0-19 years in the United States
[16].
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1.3 Clinical application

MRI is important for diagnosing, characterising, planning treatment, and
monitoring these tumors, providing detailed anatomical, cellular and vas-
cular information. Integrated MRI offers significant clinical benefits for
staging and reevaluation pediatric cancer, providing both functional and
anatomical evaluation in a single imaging session [17][2].

MRI is also employed across various domains for pediatric patients, with
some of these applications outlined in Table 1.1.

Table 1.1: Common clinical applications of MRI.

Disease Symptoms Source

Brain tumor Headache, nausea, vomiting, visual disturbance [18]

Psychiatric
diagnoses
(schizophre-
nia)

Larger ventricles in the brain [19]

Brain damage Acute injuries, head trauma, car accidents [20]

Multiple scle-
rosis

Neurological symptoms, visual disturbances, de-
creased strength [21]

Stroke Brain cell swelling, decreased strength, asym-
metric face [22]

Aneurysm Little to no symptoms, can be headache [23]

Premature af-
tereffects Neurological disturbances [24]
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Chapter 2

Theory

In Chapter 2, we will briefly outline the history of MRI’s invention, discuss
the theory behind MRI by discussing its main components, and explore
anatomical development in children.

2.1 A Brief Introduction to the History of MR

The theory behind MRI was first introduced in 1924 when Wolfgang Pauli
proposed the concept of nuclear spins. Almost ten years later Otto Stern
and Walther Gerlach demonstrated nuclear spin by deflecting a beam of
hydrogen molecules in a magnetic field [25].

In 1937, Professor Isidor i. Rabi from Columbia University made a signif-
icant discovery. The same year Nikola Tesla found the Rotating Magnetic
field [26], which began the historical overview of magnetic resonance imag-
ing. Together, they uncovered nuclear magnetic resonance (NMR), a quan-
tum phenomenon. NMR made it possible to see the structure of a molecule
in details.

Before the 1970s, MRI was limited to chemical and physical analysis. Dr.
Raymond Damadian, however, envisioned its potential for disease detection
in living organisms. In 1971, he theorized that cancerous tissue, with its
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2.2 Major Components of MRI Systems

higher water content, could be detected using scanners emitting radio waves
and measuring local hydrogen atom emissions. Damadian then initiated
the construction of a full-body scanner named the Indomitable. Around
summer of 1977 [26], Damadian finished the first Indomitable, yielding the
first whole-body MR images.

Since their debut in the 1980s, clinical MRI systems have seen ongoing
improvements. Advancements in individual components, such as data ac-
quisition, image reconstruction, and hardware systems, have interconnected
and spurred innovation across the board in MRI technology development
[27].

The 1.5 Tesla MRI was launched in early 1980, and the 3T MRI was ap-
proved and on the marked in the early 2000. The most common one still is
3T, but systems higher than 3T are now available. In 2020, regulatory ap-
proval has been granted to certain MRI manufacturers for their 7T systems
[27].

2.2 Major Components of MRI Systems

The MRI consists of important components: the Superconductive Magnet,
Shimming, RF coils, and Gradient field [28]. In this section, we discuss the
utilization of these components and their roles in MRI technology.

2.2.1 Superconductive Magnet

MRI consists of a powerful magnet that creates a magnetic field [3]. The
Superconductive MRI magnet utilize a coil in a solenoid shape, crafted from
wires like titanium or tin, and encased in copper. At low temperatures, the
copper surrounding the coil will act as an insulator, preserving the wires
zero resistance [29]. In this state, the superconductor, in this case copper,
can conduct electricity without any resistance or energy loss [30]. As a
result, they generate powerful and homogeneous magnetic field. This is
achieved by immersing the wires in a constant flow of liquid helium at a
temperature of -269.1°C. A standard MRI scanner requires 1,700 liters of
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2.2 Major Components of MRI Systems

liquid helium, which must be replenished regularly [31].

The main static magnetic field is refereed to the B0 field, which is measured
in Tesla (T) [32]. To achieve the desired magnetic field strength, the power
supply gradually increases the current to the coil over several hours, con-
nected on either side of a short heated segment. Once the heated segment
reaches superconducting temperature, the power supply is disconnected.
The closed-loop current within the coil persists for years without significant
decline, ensuring a constant magnetic field presence [29]. Figure 2.1 shows
an illustration of the principle behind an MRI system with a superconduc-
tive component. Superconducting electromagnets are the preferred choice
in most applications due to their high efficiency.

Figure 2.1: Illustration the principle behind an MRI system with a supercon-
ductive component. The coils going around the patient creating a magnetic field.
On top is where the liquid helium is stored and making the coils superconductive.
Illustration is taken from [33] with permission
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2.2 Major Components of MRI Systems

An initial viability study [34] of an MRI system for imaging neonates in
the NICU they have adapted a small 1.5T MRI system designed for or-
thopedic applications and originally developed and marketed as the MSK
Extreme 1.5T by ONI Medical Systems (Wilmington, MA) [34]. Recently,
GE purchased ONI, and the scanner is now being marketed as the OPTIMA
MR430s (GE Healthcare, Waukesha, WI). Several modifications to the OP-
TIMA scanner were made to accommodate neonatal imaging. Specifically,
the orientation and height of the magnet were changed as seen in Figure2.2
and the patient chair was replaced with a custom-built MRI patient table.
The magnet is superconducting and has a field strength of 1.5T [34].

Figure 2.2: Image of the 1.5T OPTIMA MRI system post-adjustment for neona-
tal imaging. Adjustments to the OPTIMA system during the sheep studies in-
volved raising the magnet’s height and aligning it horizontally.Illustration is taken
from [34] with permission
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2.2 Major Components of MRI Systems

Shimming

Shimming represents a critical procedure in MRI, serving as a cornerstone
in the quest for optimal magnetic imaging. The goal of shimming is to
achieve an optimal balance between field and imaging resolution [35].

Shimming falls under two categories: passive and active techniques. With
passive shimming which employ materials with magnetic properties to pas-
sively counter distortions, and the active shimming which involve strategi-
cally positioned and energized electric coils to generate corrective magnetic
fields [36].

In the pursuit of enhancing MRI images, scanners have advanced by am-
plifying the main signal source in MRI, known as the B0 field. Elevating
the B0 field enhances the signal-to-noise ratio (SNR) , enabling higher spa-
tial imaging [37]. SNR analyses the process of evaluating data, determine
whether a peak should be acknowledged relies on the SNR [38]. Figure
2.3 represents the B0 field, which is the main static magnetic field. It is
measured in Tesla [32].

Figure 2.3: The picture represents the B0 field, which is the main static magnetic
field. It is measured in Tesla’s [32]. Illustration is taken from [39] with permission.

B0 field inhomogeneities result in artifacts like geometric distortions in Echo
planar imaging (EPI) [40] and the disruption of Radioactive Frequency
pulses [41]. EPI is the primary and quickest imaging sequence employed
in MRI. It relies on gradient-echo techniques, which can be used to sus-
ceptibility artifacts, especially in regions with air-tissue boundaries. To
summarize these artifacts, B0 shimming is necessary to homogenize the B0
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2.2 Major Components of MRI Systems

field [42] which is the main magnetic field.

2.2.2 Radio Frequency Field

A Radio Frequency (RF) field indicates the electromagnetic field connected
with RF waves. It represents a three dimensional area where electric and
magnetic fields oscillate at radio frequencies [43]

Nuclear excitation alters energy states and spin orientations. On the quan-
tum scale, a solitary proton transitions to a higher energy level (shifting
from parallel to anti-parallel) [44].When RF fields are used to adjust the
alignment of this magnetization, the hydrogen nuclei generate a rotating
magnetic field that the scanner can detect [45].

Radio Frequency in MRI relies on the magnetization of specific atomic nu-
clei, commonly hydrogen, within tissue when subjected to an external mag-
netic field. Initially aligned with the main magnetic field, which is named
B0, this magnetization generates a net magnetization, M , in the tissue. An
MRI experiment begins by transmitting an RF pulse to disrupt this mag-
netization, a process known as RF excitation, which transmit coils in the
hardware setup [46].

In MRI scanning, the interaction with protons within the body is essential
for signal generation. Protons align with the strong magnetic field of the
scanner. Then the scanner emits a series of rapid radiofrequency pulses,
inducing proton excitation and resonance. Upon the removal of each pulse,
protons relax and realign with the magnetic field, emitting radiofrequency
signals that are detected and translated into an image by the scanner [47].

Nuclear excitation and signal reception are important topics to discuss when
learning about MRI. Different Magnetic fields in MRI is applied to the
human body to manipulate magnetic moments of nuclei in the human tissue.
This is used to produce a detectable RF signal [48].
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2.2 Major Components of MRI Systems

RF Pulses and Sequence Development:

An MRI Radio Frequency pulse sequence refers to the ordered series of RF
pulses and magnetic field gradients used in image generation [49].

RF pulses in MRI is extensive, and each pulse produces a unique frequency.
The pulses play a vital role in MRI scans and spectroscopy experiments,
enabling manipulation of spins for tasks like excitation, inversion, and refo-
cusing. While short, constant-amplitude pulses are straightforward for non
selective excitation [50].

An RF pulse consists of a magnetic field that rotates at or close to the
Larmor frequency [50]. The Larmor frequency is the rate at which the pro-
ton’s magnetic moment processes around the external magnetic field [51].
The pulses play a vital role in MRI scans and spectroscopy experiments,
enabling manipulation of spins for tasks like excitation, inversion, and refo-
cusing. While short, constant-amplitude pulses are straightforward for non
selective excitation [50].

RF Coils

Coils, typically loops of wire, exhibit electromagnetic properties when an
electrical current flows through them. In MRI, receiver coils detect the MR
signal, and their design varies based on functionality and manufacturer.
They play a crucial role in creating images by interacting with the magnetic
field. Analogous to a digital camera, the MRI’s external field serves as light,
passing through a coupled-charged sensor (the coil) to translate images into
digital format. This explanation highlights the cooperation between the
coils and electromagnetic field in MRI imaging [52].

Volume coils in MRI serve as both transmit and receive radiofrequency coils.
Additional smaller volume coils, like head coils, may be required for specific
imaging, such as head or extremity examinations [32].

Head coils, often shaped like birdcages, exemplify circularly polarized coils
or quadrature excitation. Circularly polarized coils enhance efficiency by
adding a second set of coils perpendicular to the first, creating a rotational
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2.2 Major Components of MRI Systems

Figure 2.4: The bore on the picture has three coils surrounding the MRI. This
causes a linear field, with an x-, y- and z-axis. Current is being pumped in these
directions. Illustration is taken from [53] with permission.

B0 field [32].

2.2.3 Gradient Field

Gradient coils generate magnetic fields [50] that augment the constant main
magnetic field B0. Despite the magnetic field strength increasing linearly
with distance along the x-, y- or z-axis, the field’s orientation remains con-
sistently in the z-direction, aligned with the main magnetic field.

By using magnetic field gradients, one can create spatial information by
making the resonance frequency of atomic nuclei position-dependent [50].
One of the most common gradient has a linear amplitude variation. These
gradients, frequently in the X, Y, and Z directions as shown in Figure 2.4,
are created by specially shaped coils and alter the magnetic field strength
at different positions. The direction of a gradient to the static magnetic
field component remains along the z-axis [50].
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2.2 Major Components of MRI Systems

Slice Selection

In MRI, slice selection involves choosing spins within a specific plane across
the object, to make an image of a body part. This process is accomplished
by implementing a one-dimensional, linear magnetic field gradient while
applying the RF pulse [54].

Spatial encoding involves selecting a slice plane, which is why it is a impor-
tant topic to mention in this section. To achieve this, we apply a magnetic
field gradient known as the Slice Selection Gradient (GSS), perpendicular to
the intended slice plane. When combined with the Main Signal Source, B0,
this induces a resonance frequency variation in the protons, proportionate
to GSS [55].

Spatial encoding in MRI also involves reducing the three-dimensional infor-
mation of an object, like the human head, to a two-dimensional problem by
selecting a thin slice. This selection is achieved through the combination
of an RF pulse and a magnetic field gradient, where the gradient in the
z-direction creates a linear magnetic field distribution along the z-axis. The
RF pulse excites a selective range of frequencies and, consequently, spatial
positions within the chosen slice [50].

The slice thickness depends on both the magnetic field gradient strength
and the RF pulse bandwidth [50]. The spatial position of the slice is deter-
mined by adjusting the transmitter frequency of the RF pulse. On Figure
2.5 the process can be extended to select multiple slices in a time-efficient
manner through interleaved acquisition. However, the potential interference
between adjacent slices necessitates careful consideration, often leading to
an interleaved acquisition order. Its important to note that identical 90
degree and 180 degree RF pulses may have different frequency profiles, im-
pacting the thickness and shape of selected slices in quantitative volumetric
MRI measurements.
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2.2 Major Components of MRI Systems

Figure 2.5: The principle of slice selection in MRI involves applying a magnetic
field gradient along one of the Cartesian axes, creating a linear relationship be-
tween the Larmor Frequency and spatial position. When spins are excited using
a frequency-selective RF pulse in the presence of this gradient, the resulting fre-
quency corresponds to a specific spatial slice. Both the thickness and position of
the slice depend on the magnetic field gradient strength, with the slice thickness
influenced by the RF pulse bandwidth and the slice position determined by the
RF pulse offset. Illustration is taken from [50] with permission.
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2.3 Anatomical Development in Children

Some anatomical organs undergo significant development during the first
years of life and are markedly different in neonates, young children and
adults. Among these organs are the brain, lungs, and heart [56].

Infants generally refer to children from birth to around one year old. Neona-
tal specifically refers to the first four weeks of a child’s life after birth. Adults
denote individuals who have reached adulthood, typically from around 18
years and above, where the body has undergone full development and
growth [57].

2.3.1 Brain Development

Physiologically and anatomically, neonates and infants differ significantly
from adults, particularly in terms of head size and brain development. Ini-
tially, the head is disproportionately large compared to the body but grad-
ually assumes adult proportions over several years. Rapid growth occurs
in the first few years of life, with about half of postnatal brain growth
happening in the first year or two [58][59].

The ratio of head to body length is nearly double in infants compared to
adults, reflecting gestational changes. The weight of the head also impacts
movement and susceptibility to falls or impacts. Additionally, the skull
undergoes significant changes as fontanels and sutures close at different
times, with the anterior fontanel typically closing by 12-18 months of age
[60].

During the first year after birth, head circumference undergoes significant
increase, primarily driven by the rapid growth of the entire brain. The
correlation between brain size and skull size is noteworthy and can be illus-
trated as percentages: around 70% of adult brain weight is reached by 18
months, 80% by 3 years, 90% by 5-8 years, and approximately 95% by the
age of 10. In adults, the average brain weight is 1350 grams [57].

Volumetric studies typically reveal that while there’s minimal alteration in
total brain volume between ages 4 and 18, there are concurrent relative
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2.3 Anatomical Development in Children

Figure 2.6: Brain development from 28 weeks post menstrual age to adult. As
seen in the illustration, the skull and brain of an infant is smaller than an adult.
The main challenge is that obtaining high quality and accurate images can be
more difficult.Illustration is taken from [61] with permission

increments in white matter volume extending into adulthood, alongside
relative declines in grey matter volume [62].

The human cerebral cortex consists of densely packed neurons arranged in
a deeply folded sheet, with thickness ranging from 1 to 4.5 mm [63]. Cor-
tical thickness, representing the thickness of the cerebral cortex, develops
dynamically with a heterogeneous pattern, posing a measurement challenge
due to spatial resolution limitations. Longitudinal data analysis character-
izes cortical thickness evolution from 1-24 months, revealing region-specific
developmental patterns. By age 2, cortical thickness reaches 97% of adult
values, while surface area is two-thirds complete. Interpretation of MRI
thickness changes is complex, influenced by synaptic pruning and micro
structural alterations. Quality control procedures are crucial due to age-
related variations in movement artifacts. In older children, the apparent
thickness of the cortical areas decreases by the age of three [64].

This information elucidates that images appear differently in children and
adults on an MRI scan.

2.3.2 Lung and Cardiac Development

The heart and lungs originate from distinct layers within the embryo, ne-
cessitating communication between them for proper organ development.
Chemical signals can be released from and traverse between these layers,
triggering cellular processes in different regions [65].
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2.3 Anatomical Development in Children

During fetal development, neonatal life, infancy, and early childhood, signif-
icant changes occur in the cardiovascular and respiratory systems. Conse-
quently, the physiological functioning of the respiratory and cardiovascular
systems differs markedly between young children, particularly neonates and
infants, and older children and adults. These distinctions render young chil-
dren more susceptible to critical events related to anesthesia and may even
lead to cardiac arrest [65].

Lung Development

Neonates, particularly premature ones, have fewer alveoli, which continue
to develop until adolescence, increasing lung surface area for gas exchange.
However, during neonatal and early infancy stages, alveoli lack inter alveolar
communications and are at risk of collapse, leading to potential atelectasis
[66].

In young children, intercostal muscles are underdeveloped, and ribs are
horizontally aligned, limiting thoracic expansion during inspiration. As
a result, neonates rely heavily on diaphragmatic descent for inspiration,
leading to rapid, shallow breathing and early diaphragmatic fatigue, which
can result in respiratory failure [66].

Infants have low total lung capacity (TLC) and functional residual capacity
(FRC), with a higher closing volume due to compliant thoracic walls and
poorly compliant lung tissue [67]. They compensate by adjusting respiratory
mechanics to maintain small airway potency, but general anesthesia can
blunt these mechanisms, leading to reduced FRC and increased pulmonary
shunt fraction [67]. Combined with high metabolic oxygen demand, this can
cause a rapid drop in arterial oxygen tension during anesthesia induction
[68].

These physiological differences may pose challenges for pediatric patients
during an MRI examination.
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2.3 Anatomical Development in Children

Cardiac Development

Young children, including neonates and infants, exhibit distinct cardiovas-
cular physiology compared to fully grown adults [69].

In neonates, the cardiovascular anatomy and physiology undergo rapid
changes in the first few days to several weeks following birth, eventually
reaching adult levels later in infancy. During this period, there are alter-
ations in circulatory pathways, gradual maturation of the myocardium, and
shifts in autonomic control of the heart.
These developmental changes result in reduced cardiac reserves and cardiac
output in young children, which are dependent on heart rate. Additionally,
they have limited tolerance for decreased myocardial contractility and al-
terations in systemic vascular resistance or blood volume during anesthesia
[70].

The prevalent parasympathetic influence on the heart often leads to brady-
cardia and its adverse effects in neonates and infants when exposed to var-
ious harmful and autonomic stimuli.
Neonates are particularly susceptible to hypoxia due to elevated levels of
fetal hemoglobin (HbF), resulting in diminished oxygen delivery at the tis-
sue level despite having higher overall hemoglobin levels [71]. Overall, these
significant developmental differences make neonates and infants more vul-
nerable to cardiovascular challenges compared to older children and adults
[68].
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Chapter 3

Challenges in Pediatric MRI

In this chapter we are going to discuss the challenges with a standard MRI
in the pediatric department. These challenges include anatomic differences,
sedation, heating, acoustic noise, scan time and the psychological aspects.

3.1 Challenges Associated with Brain and Chest
Anatomy

When it comes to performing MRI scans of children at different stages in
their life, the brain and chest development they are undergoing can lead to
challenges, particularly in terms of image quality and execution.

3.1.1 Brain

Pediatric brain MRI poses significant challenges due to the rapid changes
in structure, metabolism, and function in the developing brain. These chal-
lenges vary depending on the age of the patient. The pediatric brain are
different structurally and chemically from the adult brain, evolving rapidly
during growth and development. Obtaining clear images is difficult, par-
ticularly in premature neonates and fetuses, due to their small brain sizes
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and high water content [72]. As the brain grows before birth, it forms
grooves on its surface called sulci [73]. These grooves develop quickly from
early pregnancy to birth, which can make it tricky to interpret images of
the brain. Additionally, myelination—the coating of axons with myelin
alters the MRI signal characteristics, affecting image contrast and segmen-
tation. Myelin, composed of fats and proteins, acts as insulation around
nerve fibers, enhancing electrical conductivity and signal transmission [74].
Motion artifacts from the neonate’s head movement further hinder image
quality. These challenges underscore the need for specialized techniques and
protocols to effectively perform pediatric MRI [75].

MR images of infant brains typically exhibit reduced tissue contrast (es-
pecially around 6 months of age), substantial intensity variations within
tissues, and dynamic, regionally diverse changes, which differ from adult
brain MR images. Consequently, existing computational tools primarily
tailored for adult brains are not suitable for processing infant brain MR
images [75].

3.1.2 Chest

Pediatric chest MRI presents notable hurdles, especially in achieving clear
images of the lungs and airways [76].

Challenges arise from prolonged scan times, the naturally low proton density
of lung tissue, and issues with patient motion. Normal lung tissue typically
generates low signal, while abnormalities often manifest as increased sig-
nal, complicating diagnosis [76]. Challenges arise in pediatric MRI due to
patient motion and respiration. Children aged 3 months to 6 years often
cannot cooperate or hold their breath, necessitating deep sedation or general
anesthesia for successful imaging [77].

Successful MRI scans hinge on patient cooperation, yet children may strug-
gle with prolonged breath-holding and remaining still during quiet breath-
ing. Younger children pose an added challenge due to their faster heart
and breathing rates, which can cause blurring in images. Therefore, correct
and precise patient preparation and specialized techniques are essential to
overcome these obstacles and ensure optimal pediatric chest MRI results
[76].
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3.2 Sedation and Anesthesia

This section will be a discussion on the use of anaesthesia and sedation for
children when undergoing an MRI examination. Sedation is a prescribed
medication that depresses the central nervous system, resulting in decreased
awareness and responsiveness to external stimuli, inducing a relaxed state.
General anesthesia is a carefully managed and reversible state of uncon-
sciousness [78].

3.2.1 Sedation and anesthesia on children

The use of sedation and general anesthesia has increased in pediatric MRI
[79], contributing to the significant growth in MRI utilization among chil-
dren [78]. Initially, moderate sedation is considered, but if the child is
uncooperative, deeper sedation may be necessary. This deeper sedation of-
ten involves combinations of medications such as midazolam, fentanyl, and
ketamine. However, caution must be exercised due to the risk of complica-
tions such as laryngospasm and hypoxia, even with careful administration
[80]. Additionally, recovery from deeper sedation is often prolonged, and
the use of reversal agents such as naloxone and flumazenil may be required
[81].

Anesthesia, preferred by anesthetists, is considered safer during procedures
compared to sedation. Despite being perceived as expensive by endoscopes
due to the need for specialized personnel, the use of short-acting agents like
propofol [81] and sevoflurane can reduce costs by shortening recovery times.
Sevoflurane has been effectively administered to neonates and infants, with
the maximum vaporizer setting reaching 4 vol for MRI imaging [82].

Anesthesia also avoids the financial burden associated with sedation failure.
Additionally, anesthesia reduces colonic tone, potentially making deep se-
dation safer during procedures like colonoscopy where bowel distension can
cause pain and serve as an indicator of colonic perforation [83].

A recent study by Vanderby et al. (2010)[84] indicates that the expenses
for additional time and human resources required for sedation or anesthesia
during pediatric MRI procedures are 3.24 and 9.56 times greater, respec-

23



3.3 Coil Size

tively, compared to studies involving awake pediatric populations.

In a study by Hertzog et al.(2019) [85] allergic reactions to sedation were
tested. The study aimed to determine the incidence and characteristics
of allergic and anaphylactic during pediatric procedural sedation outside
the operating room using data from the Pediatric Research Consortium
(PSRC). Out of 227,833 cases in the database, 54 allergic reactions occurred,
with 6 cases consistent with anaphylaxis. The study identified a significant
association between allergic reactions and the use of midazolam, ketamine,
methohexital, and morphine. No fatalities were reported. This is considered
a short-term risk.

Sedation and general anesthesia are generally considered safe, particularly
in institutions with established sedation services, but there is still a notable
risk of mild to moderate adverse events during administration [79]. Addi-
tionally, there are concerns about potential long-term effects on neurode-
velopmental outcomes following anesthetic exposure, highlighted by recent
preclinical and retrospective clinical data [86]. However, extended or re-
peated exposure to anesthesia may yield some unfavorable effects [87]. The
influence of general anesthesia on various developmental domains varies
across different age groups.

Serious side effects and allergic reactions from anesthesia are uncommon.
Following sedation or general anesthesia, patients may experience mild and
brief side effects such as nausea, vomiting, dizziness, headache, sore throat,
blood pressure changes, or pain, which are typically treatable. In some
cases, children may not achieve sufficient sedation, necessitating reschedul-
ing with general anesthesia. While more severe complications are rare, they
are more likely in patients with complex medical conditions [88].

3.3 Coil Size

Pediatric MRI is performed with coils designed and built for adults and
therefore will not fit the small body of a pediatric patient [89]. These coils
are heavy, inflexible, and can cause discomfort and poor image quality in
awake children. Additionally, the wide variation in patient sizes can result
in poorly fitting commercially available coils and less than ideal coil choices
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[90]. Coils designed to effectively interface with the patients anatomy play
a big role in getting the wanted data and image [90].

The size of the head and brain of pediatric patients are relatively smaller
compared to adults. Smaller brain structures require higher spatial resolu-
tion, which entails a decrease in sensitivity due to the smaller voxel size.
Voxel size is a 3D analog of a pixel and plays a big role in the image quality
[91].

The compact size of an infant’s head, coupled with the brain’s proximity to
the surface, makes close-fitting arrays of multiple small elements ideal for
imaging young children [92].

These excessively large arrays also compromise image quality. This is due
to the inadequate anatomical fit, which increases the distance between the
receiving elements and the targeted anatomy, resulting in diminished coil
sensitivity [93].

To show the difference in size a visual representation of Head-Spine coils
especially designed for an adult patient in Figure 3.1A versus a pediatric
patient in Figure 3.1B are presented. This illustrates the significant dis-
parity in coil size designed for pediatric versus adult use.

Figure 3.1: A:Head-Spine coil designed for an average adult. B: Head-Spine coil
design for a pediatric patient weighting up to 10 kilograms. llustration is taken
from [94] with permission.
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Philips [94] designed a pediatric neurospine coils for pediatric neuro and
spine imaging. It is optimized for neonates and designed for pediatric pa-
tients weighing up to 10 kilograms. An illustration of the coil are shown in
Figure 3.1 B.

Research done at Stanford university is making MRI better for children [95].
They have developed innovative solutions collaborating with engineers from
UC-Berkeley, and designed new methods for creating highly and flexible
MRI receiving coils specifically tailored for children’s bodies. Standard coils
are larger than necessary for children, and create bad image quality due to
increased noise. Child-sized receiver coils improve image clarity and reduce
scan times. These smaller coils also significantly enhance the performance
of PET-MR hybrid imaging technology. It is used as Packard Children’s
Hospital, and are being developed for commercial use [95].
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3.4 Heating and SAR Levels

Specific Absorption Rate (SAR) poses a greater concern for pediatric pa-
tients than adults undergoing an MRI examination, due to differences in
anatomical size and tissue composition [96]. SAR is the amount of RF
energy absorbed per unit of time by the body(W/kg), which means SAR
quantifies the risk of heating in the patient’s tissue resulting from the ap-
plication of RF energy to generate the MR signal [97].

In addition to being smaller in size, infants and children have higher tissue
water content compared to adults. This difference may impact the dielectric
and thermal properties relevant for them, as current data are primarily
based on adult measurements [96].

Temperature increases in children due to RF energy application are influ-
enced by their immature physiological systems and morphological dispari-
ties compared to adults, alongside uncertainties in tissue thermal properties.
Unlike adults, children have lower sweating rates per gland, affecting their
thermoregulation [98][99]. Pediatric patients exhibit greater cutaneous va-
sodilation and skin blood flow relative to adults, enhancing their ability for
dry heat loss [100]. Despite having a higher ratio of total blood volume to
body mass, children have smaller absolute blood volumes, which increases
the potential for their blood temperature to rise during RF exposure, espe-
cially in smaller children [101].

In a study by Malik et al.(2022) [101] of SAR rate [102] in neonates under-
going MRI procedures at 1.5T and 3T using a RF transmit coil model and
Voxel models. The RF transmit coil model was a generic birdcage transmit
coil, mostly used in 1.5T and 3T MRI systems. The coil, designed with a
circular band-pass structure consisting of 16 rungs and measuring 0.6m in
diameter with a 0.4m end-to-end spacing, was enclosed within a cylindrical
metal shield. This shield, 1.0m in length and 1mm thick, had an internal
diameter of 0.678m. Tuned to either 128MHz (3T) or 64MHz (1.5T) and
operated in quadrature, the coil’s metallic components were assumed to
have the conductivity of copper(5.997 ∗ 107m−1).

Voxel models representing neonates at term equivalent age (40 weeks gesta-
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tional age) were derived from an existing model of a deceased eight-week-old
female infant weighing 4.2 kg and measuring 57 cm in length. The voxel
models were reduced in size by 10% in all dimensions to simulate a neonate,
named "Baby A," weighing 3.02 kg and measuring 51.3 cm in length [96].

The SAR predictions for a magnetic flux density of 1 µT, with a duty cycle
of 100%, and under realistic operating conditions where found in this study.
In the heart-centered baby model, where the infant is fully exposed to RF
fields, partial body SAR and whole body SAR are equivalent. However,
in the head-centered baby model (with 83% exposure), partial body SAR
slightly exceeded whole body SAR at 0.4 W kg1. Minimal discrepancies
were observed in SAR predictions for heart-centered models, even with the
introduction of a TPN feed line or a conductive medium between the heels,
resulting in changes of less than 5% in the quoted SAR values. The heart-
centered case displayed a larger whole-body averaged SAR, while the head-
centered case exhibited greater head-averaged SAR, consistent with their
respective positions [101].
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3.5 Gradient Acoustic Noise

The presence of gradient acoustic noise in MRI poses significant challenges
to both patients, but especially pediatric patients which is more sensitive to
sound[103]. The operation of gradient coils within MRI scanners involves
the generation of large Lorentz forces due to the rapid switching of electrical
currents amidst the static magnetic field B0. These forces induce vibrations
in the coil conductors, emitting acoustic pressure waves and sound radia-
tion into the surrounding environment [104]. The resulting acoustic noise
pattern varies depending on the specific gradient form utilized in each pulse
sequence. The sound pressure levels (SPL) produced by these gradient coils
can often exceed safety limits established by organizations like the National
Institute of Occupational Safety and Health, typically set at 85 dB [105].

Exposure to such elevated noise levels can lead to patient discomfort, anx-
iety, and in some cases, temporary hearing loss, necessitating the provision
of hearing protection for patients and operators alike [106]. Acoustic noise
presents a significant concern in neonatal MRI, as it has the potential to
induce autonomic instability in both full-term and preterm neonates [107].
Elevated sound pressure levels are believed to negatively impact the growth
and neurological development of both term and preterm infants, through
both direct and indirect pathways [108]. Heightened SPLs have been known
to cause undesirable effects such as spectral line shape distortions, anti sym-
metrical side bands, and signal loss. The human sensitivity to sound ini-
tiates at 0 dB, with discomfort or pain often experienced beyond 120–140
dB. Typical conversation levels fall between 50–60 dBA. During clinical
1.5-T MRI exams, sound pressure levels typically range from 81–117 dB
[109][106]. Background noise levels surpassing 60 dB impede infants’ abil-
ity to differentiate between voices, language, music, and other meaningful
environmental sounds amid background noise [106].

Still there are no regulatory guidelines for the sound pressure level for
neonates, although it can have a big impact on their hearing and develop-
ment [110]. Passive hearing protection is commonly integrated into neonatal
noise reduction protocols, primarily aimed at promoting sound sleep. Foam
earplugs and soft-shell earmuffs are the prevailing passive noise reduction
devices used during neonatal MRI exams. Due to the unavailability of
infant-sized earplugs, adult earplugs are frequently used instead [111].
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3.6 Scan Time and Subject Cooperation

The scan time of an MRI examination varies from 15-90 minutes, depending
on the number of images needed and the size of the area intended for imaging
[112]. Given the significant impact of the area intended for imaging on scan
time, shorter scan times in pediatric cases due to their smaller body size
should be achievable.

The duration of scanning in any pulse sequence is determined by three key
factors: the repetition time (TR), the number of excitation’s for phase-
encoding (NEX), and the number of signals averaged (NSA) [113]. Repeti-
tion Time is the amount of time between successive pulse sequences applied
to the same slice [114], while NEX and NSA are measurement parameters
used to show how many times each set of data is collected. They’re mainly
used to boost the SNR [115].

The TR affects the image contrast. Long TR functional imaging experi-
ments offer several advantages: they yield raw images with maximum SNR,
enable collection from numerous slice locations, and reduce the size of ac-
quired data sets, streamlining storage and handling. Conversely, shorter TR
acquisitions (around 1000 ms) enhance discrimination between activated
and non-activated brain tissue regions compared to long TR acquisitions
[116].

A successful MRI exam depend entirely on the child‘s cooperation. To
achieve good images, it is important for them to remain completely still.
For the long scan time this can be very hard. Children find it difficult to
remain still during a 45-minute MRI scan due to different reasons [117].
Children’s natural energy levels and shorter attention spans make it chal-
lenging to stay still for an extended period. Also the enclosed space of
the MRI machine can induce feelings of claustrophobia and anxiety, par-
ticularly for young children who may not fully comprehend the procedure.
The loud noises produced by the MRI machine can be frightening and over-
whelming, exacerbating their discomfort and prompting them to fidget or
move. Physical discomfort or sensory sensitivities, such as discomfort from
the hard MRI table or sensitivity to certain sensations, can further con-
tribute to restlessness. Overall, a combination of factors, including high
energy levels, anxiety, discomfort, and sensory issues, makes it challenging
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for children to maintain stillness throughout the duration of an MRI scan
[118].

3.7 The Psychological Aspects

Despite that MRI is a noninvasive and painless nature, it is frequently linked
to patient stress and anxiety. This can impact their overall experience and
potentially lead to negative outcomes [119].

A few studies have examined children’s fear and discomfort during research
MRI, but clinical MRI experiences generally indicate low levels of discom-
fort, with over 98% of children reporting no or minimal discomfort [120].

MRI environments pose psychological risks to patients, including transient
feat and panic than can lead to prematurely terminated scans. Long-term
effects, such as changes in claustrophobic feelings, have been observed dur-
ing MRI scans. There are more data on psychological risks from adult
patients, than pediatrics. Risks for children are less explored, except for
a few studies, and may differ due to their limited understanding of the
environment and reduced ability to communicate during the scan [121].

In a study by Malisza et al.(2010) [121] , seven children aged 2 to 7 par-
ticipated. They studied the simulating MRI environment to gauge their
fear levels. Thirty-seven children completed the process. Although there
was not a significant correlation between age and completion success, older
children (6-7 years) were more likely to complete all steps compared to the
younger ones. Specifically, 67% of older children completed all steps com-
pared to 26% of younger ones. These findings suggests that failure rates of
at least 50% should be considered in study designs involving young children
(2-7 years), alongside factors like motion and other experimental variables.

The study aimed willingness and comfort levels as dependent actions. Will-
ingness was determined by the children’s progression through an eight-step
series mirroring typical patients behavior during MRI scans. Comfort level
was measured using a 5-point self-report scale, ranging from no fear/anxi-
ety to strong dislike or fear. The participants indicated their comfort level
by pointing to a corresponding face on a printed card from 1 which is very
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good to 5 which is the highest discomfort [121].
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Chapter 4

Current and Future Solutions

In this chapter, we will discuss some of the problems we mentioned in Chap-
ter 3 on how scan time in MRI can be optimized, by optimizing MRI scan
parameters and accelerating data acquisition. Additionally, we will get into
the rising significance of psychological factors, which play a vital role in
minimizing the need for sedation and anesthesia.

4.1 Reducing Scan Time

In this section, we will explore various methods to shorten the scan time.
By reducing the scan time, we can decrease the need for sedation, enhance
children’s ability to remain still, and ultimately improve image quality [122].

MRI scans are crucial for diagnoses, but their lengthy duration and costs
limit accessibility. Shortening scan times would lower expenses and in-
crease the number of available MRI exams, broadening diagnostic capabil-
ities [123].
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4.1.1 Optimize MRI Scan Parameters

To minimize the duration of the scan, optimizing various parameters such
as the Field of View (FOV) and expediting data acquisition can be imple-
mented.

FOV and Oversampling

The Field of View (FOV) phase approach captures a distinct scanned area
in the phase encoding directions, implying data collection with fewer mea-
surement lines and consequently, shorter scan times.

Changing the FOV, phase, and phase oversampling can have a big impact
on the scan time. The MRI’s FOV specifies the exact part of the patient’s
body that will be included in the image. All Cartesian imaging sequences
are constrained by the quantity of phase encoding lines needed to encompass
a specific FOV at a given image resolution [124]. Due to the smaller size of
pediatric patients, the required FOV may not need to be as large as that
for adult patients [124].

A study conducted at the Department of Radiology from Erbil teaching
hospital, Erbil, Iraq(2018) [123] worked with changing the FOV, phase and
phase oversampling. Initially, the scan took 3.47 minutes with a 230mm
FOV, 90% FOV phase, and 0% phase oversampling. However, with a up-
dated protocol with FOV of 217 mm, 93.98% phase and oversampling of
13.96% the scan time can be reduced to 2.18 minutes [123].

4.1.2 Accelerate Data Acquisition

Accelerating data acquisition techniques in MRI are gaining traction for
their ability to shorten scan times while preserving diagnostic quality for
pediatric patients.
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Compressed Sensing Reconstruction

Compressed sensing [125], an advanced method to speed up MRI scans,
reconstructs images from partially filled data in a random manner. This
reconstruction process involves turning raw MRI data into visual represen-
tations that doctors use to understand what’s happening inside the body
[126].

Instead of full sampling, compress sensing methods employ sparse sampling
to reduce scanning time. Sparse sampling enables faster data acquisition
significantly compared to traditional methods [127].

Compressed sensing has proven beneficial for pediatric neuroimaging, with
applications including head and neck angiography, among other established
uses in neuro MRI [128][93].

Meister et al.(2022) [129], found that implementing compressed sensing for
pediatric brain tumor imaging resulted in markedly shorter examination
duration, decreased SAR, and improved image quality. Another study by
Shankar et al.(2019) [130] demonstrated that compressed sensing MR spec-
troscopic imaging decreased scan duration by 80%.

Parallel Imaging

Parallel imaging is a method used for accelerating the collection of MRI
data, opening up new possibilities in MRI applications to generate the image
and reduce scan time [131].

This technique involves capturing a smaller amount of data using an array
of receiver coils, which helps in faster data collection. However, this reduced
data collection can lead to aliased images due to under-sampling. To coun-
teract this, reconstruction methods are used to create clear images without
artifacts. The clinical advantages of parallel imaging include quicker image
acquisition, which helps in reducing issues related to patient motion. Short-
ening imaging times in MRI is linked to the acceleration factor. This factor
compares the amount of data collected in fully sampled images to that in
faster, accelerated acquisitions [132].
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Parallel imaging refers to a set of MRI techniques that help eliminate alias-
ing artifacts that occur when MRI scans don’t sample enough data points
in certain directions during image acquisition [133]. In parallel imaging
mode, each receiver element measures and processes the signal from the
nearest tissue portion to it [134]. Since each receiver has its unique position
and sensitivity, parallel imaging capitalizes on spatial signal localization to
speed up scanning while maintaining image quality and minimizing artifacts
[135].

All reconstruction methods offer comparable image quality and time ef-
ficiency. They are commonly utilized in clinical settings to reconstruct
images from under-sampled data obtained via parallel imaging techniques
[135].

SMS Imaging

Simultaneous Multi Slice (SMS) imaging [136], works by using a special
radiofrequency pulse to excite protons in different areas all at once during
a single scanning sequence. This implies gathering signals from these areas
in a single go, expediting the imaging process [136].

To ensure clear images, it’s necessary to implement additional steps to ad-
dress the overlap between different areas undergoing scanning. Typically, a
combination of coil encoding (similar to parallel imaging) along with either
radiofrequency pulse encoding or gradient encoding is employed to address
this issue [137]. These techniques help move the overlapped parts of the im-
age in a specific direction [138]. The time required for imaging using SMS
decreases as multiple images of different sections are taken simultaneously
[139][140].

A lot of researchers have successfully made the imaging time go down with
SMS. For instance, Longo et al.(2017) [141] showed that by combining par-
allel imaging and SMS together, the time needed for a lumbar spine MRI
was significantly cut down. The new method only took 5 minutes and 28
seconds, while the standard one took 16 minutes and 30 seconds. And,
importantly, the quality of the images didn’t suffer [141]. An example from
this study is shown in Figure 4.1.
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Figure 4.1: Reduced acquisition time without image degradation was achieves
using SMS imaging in a 5 year-old girl with tuberous sclerosis. Figure a and
b: Axial DWI apparent diffusion coefficient maps of the abdomen, acquired with-
out SMS. Figure a: SMS with an acceleration factor of two. Figure b: shows
similar image quality but reduced acquisition time (TA) in the SMS image. A
hypointense lesion in the rights kidney (arrow) in Figure c An axial contrast-
enhanced T1-weighted MR image of the abdomen demonstrates heterogeneous
mild enhancement in this lesion (arrow). Illustration is taken from [84] with per-
mission

4.2 Solutions for Psychological Aspects of Children
MRI

Coping with the psychological challenges inherent in pediatric MRI proce-
dures requires innovative solutions to ensure patient comfort and coopera-
tion. Children often experience challenges during the examination process.
This section explores strategies to alleviate anxiety and enhance pediatric
patient experience during MRI scans [142].

4.2.1 Preparation Method and Examination Room

For specific younger children, familiarizing them with the MRI environment
through simulated scanning can prove advantageous [143]. Simulated scan-
ning aims to alleviate anxiety during actual scanning sessions. Complete
with realistic lights and sounds mirroring those of a real MRI scan , it proves
particularly beneficial for individuals with high anxiety or claustrophobia.
[144].

For specific demographics, particularly younger children, familiarizing them
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with the MRI environment through simulated scanning can be beneficial.
Research conducted by Rosenberg et al.(1997) [145] showed that children
who underwent simulation before scanning reported reduced distress levels
and exhibited lower heart rates compared to those who did not undergo
simulation. Simulators can vary greatly in design, with some incorporating
"child-friendly" facades for both real and mock scanners to enhance comfort
and diminish the clinical atmosphere of the environment. An illustration of
a child-friendly MRI simulator is provided in Figure 4.2. The inclusion of
stars is intended to induce a sense of calmness and relaxation in the child,
thereby mitigating negative feelings [72].

Figure 4.2: The figure shows a child-friendly simulator. Over the past decade,
Vasanawala and his team (2018) [146] have dedicated themselves to crafting tai-
lored MRI solutions for pediatric patients. Their efforts encompass the design of
equipment specifically sized for children, alongside enhancements in MRI signal
processing software. This innovation not only accelerates examination times but
also diminishes risks associated with MRI procedures for children. Additionally,
the tailored approach ensures a more comfortable experience for pediatric patients
undergoing MRI scans. Illustration is taken from [146] with permission.
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For children experiencing claustrophobia or anxiety, discussing options like
sedation with their pediatrician is essential. Those who have been recently
ill may consider rescheduling their MRI, for an optimal experience. More-
over, in the case of younger children, pediatricians may explore the avail-
ability of a child life specialist to facilitate maintaining calm and stillness
during the examination without resorting to sedation [147]. MRI training
and preparation prior the scans can serve as viable alternatives to sedation
for pediatric MRI exams. Fries et al.(2020) [148], investigated non-sedation
approaches for pediatric MRI exams, focusing on children diagnosed with
brain tumors. The study evaluates the effectiveness of an MRI training
program and its impact on patient well-being. Among the 87 patients who
participated the training, 81% successfully underwent MRI without the need
for sedation. This marked a significant increase compared to children who
did not undergo the training. Notably, neuropsychological factors such as
memory and attention played a role in determining the success of the scans
[148].

Memory can significantly shape attention. Merely encountering a picture or
a set of shapes before can guide where visual attention is focused, thereby
boosting perceptual sensitivity. Compelling evidence suggests that hip-
pocampal memory can direct attention. The hippocampal memory system
swiftly encodes episodic memories, which are adaptable and abound in con-
textual intricacies [148].

The study concludes that MRI training holds promise as an alternative to
sedation, however, it underscores the importance of tailored interventions
and interdisciplinary collaboration to address individual psychological needs
[148].

Numerous studies explore different preparation methods for MRI exams,
aiming to enhance the overall scanning experience, especially for children.
One such approach, ANMTE [143] (Appropriate Number of children, appro-
priate Learning Methods, appropriate adaptive Training, and appropriate
Encouragement), involves training groups of four children simultaneously.

This novel method was assessed in a study involving 150 children aged 3-
6 who underwent MRI at the Army Medical Center from 2019 to 2023.
Excluding conditions like cerebral palsy, mental disability, head trauma,
and postoperative evaluation, participants were divided into three groups:
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routine preparation, sedative, and ANMTE. Results from 150 participants
across different preparation methods demonstrate ANMTEs success rate of
88%, comparable to sedation, and superior to routine preparation. Addi-
tionally, ANMTE ensures image quality and efficiency without the need for
sedatives, making it a promising approach for pediatric MRI [143].

4.2.2 Virtual Reality

Virtual Reality (VR) technology aims in calming nerves and alleviating
anxiety. The MRI scan’s loud, oppressive, and intimidating atmosphere
can be overwhelming, particularly for younger patients. Movement caused
by discomfort or distress during the scan can adversely affect image quality
[149]. Philips has invented a new VR technology (Figure 4.3) , to make
the MRI experience safer for the children. The equipment is for reducing
noise, and relaxing the body without sedation or anesthesia.

Figure 4.3: Philips have developed a VR in-bore experience for MRI patients.
Patients customize their experience by choosing a video theme. The video is pro-
jected onto the wall and can be viewed from inside the bore using a conveniently
adjustable mirror. With accompanying sound delivered through comfortable head-
phones, the experience becomes fully immersive. Illustration taken from [150] with
permission.

Using VR during MRI has emerged as a potential solution for pediatric MRI,
with the aim of reducing anxiety during MRI exams. In a study by Liszio
and Masuch (2017) [151], a playful VR application designed for children
aged 8 to 15 years old was introduced. This study aimed to alleviate anxiety
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and avoid the need for sedation. Their approach involves using a realistic
virtual MRI scanner to familiarize children with the MRI experience using
VR. They adopted a child-centered design process, which included expert
interviews and iterative development. The research article concentrates on
group testing to refine prototypes of the VR application [152].

In another VR study, by Ashmore et al.(2018) [153] they developed an app
and supporting materials with panoramic 360-degree videos of the MRI
journey. Evaluation through a clinical audit involving 23 patients aged 4 to
12 years, along with feedback from 10 staff members, showed high ratings
for enjoyment, helpfulness, and ease of use. Patients reported feeling more
positive about their MRI experience, while staff believed the resource could
help avoid awake MRI procedures under general anesthesia, with successful
outcomes observed in most cases [153].

In the discussion part of the article it is written about how feedback from
experienced practitioners on a VR tool designed to prepare pediatric pa-
tients for MRI exams was positive. With this indicating its potential bene-
fits in clinical practice [154]. Despite limited prior use of VR, participants
perceived the tool as realistic and useful for patient preparation. They
suggested improvements, such as adjusting the scan table speed and intro-
ducing avatars to enhance realism. While some participants experienced
cybersickness symptoms, overall usability ratings were high. Participants
highlighted the importance of patient preparation and practitioner-patient
relationships, suggesting VR could enhance both. Additionally, they noted
potential benefits for operational efficiency and staff training. Although
concerns over cost and clinical efficacy exist, the increasing affordability
and familiarity with VR technology may mitigate these barriers [152].

4.2.3 Communication during MRI scan

A Patient-Centered Care (PCC) approach emphasizes collaboration be-
tween patients, healthcare professionals, and the system to design care
journeys that align with the patients goals, values, and constraints. PCC
ensures that patients preferences drive care decisions, promoting meaningful
outcomes through shared decision making and goal setting [155].

A PCC, includes structure foundational elements, such as healthcare sys-
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tem, resources, and organizational characteristics. Process involves patient-
provider interaction during care delivery. Outcomes demonstrate the value
of PCC, focusing on interactions among the healthcare system, providers,
and patients [156].

A research article by Castro et al.(2023) [157] aims to investigate the impact
of PCC on anesthesia use during MRI exams in children aged 4 to 10 years.

Thirty children underwent PCC and simulated the MRI exam using a
toy, while another 30 received standard information and simulated the
exam. Anesthesia use was compared with a control group of 30 children
who received only routine information. Anxiety was assessed through self-
reporting and heart rate monitoring, while satisfaction was evaluated through
various questions. Group comparisons and regression analyses were con-
ducted [157].

In the PCC + simulation group, only 7% of children required sedation,
compared to 47% in the simulation group and 70% in the control group.
Anxiety reduction was significantly greater in the PCC + simulation group
with higher satisfaction levels. Decreased anxiety was associated with re-
duced anesthesia use [157].

PCC combined with simulation was more effective in reducing children’s
anxiety, increasing satisfaction, and minimizing anesthesia use during MRI
exams compared to simulation alone and routine practices [157].

4.2.4 Pediatric MRI Using Sedation and Anesthesia

For optimal sedation and anesthesia in children undergoing MRI, the anes-
thesia team must understand MRI-specific safety concerns and the need for
high-quality images. Continuous improvements, including the exploration
of new drugs, are essential for enhancing quality and cost-effectiveness in
pediatric sedation and anesthesia [82].

In a study by Håkansson et al.(2024) [158] of 27 consecutive standard brain
examinations, there were used sedation and anesthesia involving 15 children
undergoing sedation, and 12 undergoing anesthesia. The study involved,
children aged between six months and five years, and they underwent MRI
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examinations. Motion artifacts typically are a concern in children under
the age of 6. Sedation or anesthesia was commonly used to mitigate these
artifacts. However, regardless of the method uses, all examinations yielded
useful image quality. While all examinations were related as very good or
excellent by radiologists, fewer motion artifacts were observed with seda-
tion compared to anesthesia, which aligns with previous resource indicating
improved image quality with sedation in over 70% of cases. Notably, in
this study, a 100% success rate was achieved, contrasting with reported fail
rates due to staff inexperience [?].

The cost difference between sedation and anesthesia is significant, primarily
due to the additional expenses associated with anesthesia staff. Sedation,
administered by radiographers, proved to be significantly less expensive,
even with the need for an extra radiographer on site. Administering sedation
extends the scope of practice for radiographers, necessitating new knowledge
and skills, such as intranasal administration. This training, overseen by
anesthesia specialists, led to shorter examination times, reduced hospital
stays for children, and decreased examination costs compared to general
anesthesia [?].

Unlike anesthesia, which requires fasting and poses risks of hypoglycemia
and discomfort, sedation allows normal eating and drinking before the pro-
cedure. Sedation mimics natural sleep, maintains a clear airway, and is
minimally invasive, with only minor reported side effects. However, careful
consideration of patient history is crucial to avoid complications. While
intranasal sedation may take longer to take effect compared to intravenous
administration, it minimizes anxiety and eliminates the need for peripheral
venous catheters, which can be distressing for children. Anesthesia offers
faster onset and shorter half-life but entails higher costs and risks [?].

Sedation, particularly intranasal sedation administered by radiographers,
provides image quality comparable to anesthesia while offering economic
benefits, faster examinations, and increased safety for children [?].

Sedative and anesthesia drugs commonly used in children’s MRI scans, lack
approval from regulatory agencies like the Ministry and Drug safety(MFDS)
for specific age groups. This doesn’t mean these drugs cannot be used
but rather indicates a lack of research by pharmaceutical companies for
approval. Off-label use of such drugs in pediatric sedation has increased,
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prompting legislative changes to improve drug labeling for safer sedation in
children [82].
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Chapter 5

Conclusion

In this thesis our focus is to explore challenges and solutions for pediatric
MRI. In conclusion, the research of MRI technology in pediatric imaging has
opportunities within this specialized field. As outlined in this thesis, MRI
is the main diagnostic imaging, with its invaluable insights into the health
and well-being of pediatric patients. However, the application of MRI in
pediatric settings presents challenges that require careful consideration and
innovative solutions.

Throughout this study, we have gotten into the various factors influencing
pediatric MRI, including clinical efficacy, psychological implications, and
scanning protocols. By examining these complexities, we have gained a
deeper understanding of the challenges that clinicians and researchers face
in ensuring the optimal use of MRI technology for pediatric patients.

Moving forward, it is important that addressing these challenges is to en-
hance the efficacy and accessibility of pediatric MRI. Whether it be through
advancements in imaging techniques, improvements in patient comfort, ex-
perience, new developments in VR, or the development of tailored protocols
for pediatric populations, there is a clear need for ongoing innovation and
collaboration within the field.

As we continue, it is our hope that the information from this research will
inspire Scientists, Researchers and Engineers to make positive changes the
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Conclusion

MRI pediatric apartment. By getting deeper into the understanding of the
challenges and solutions in pediatric MRI, we can move towards a future
where every child receives the best care and diagnosis.
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