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Abstract

The placenta is a temporary organ that develops after the implantation of a fertilized
egg in the uterus, and it functions as an interface between the mother and the foetus
to provide su [cieht foetus nutrition. Various studies have shown that the magnetic
resonance relaxation times of the placenta change during pregnancy, which could be an
early indicator of a disease, such as preeclampsia (PE). However, magnetic resonance
imaging (MRI) is not a suitable routine for pregnant women due to cost and availability.
Low-field unilateral nuclear magnetic resonance (NMR) is a low-cost alternative capable
of measuring relaxation times at a single point in space. Although the frequently
adopted ultrasound imaging olerk an easy technique to locate the placenta, it does
not have the potential for early diagnosis of diseases like PE. Therefore, combining the
two modalities, (ultrasound and low-field NMR) opens up a novel diagnostic approach
at a much lower cost. This thesis aims to develop a low-field unilateral NMR system
capable of measuring the relaxation time parameters at a distance from the sensor
surface equivalent to the human placenta position.

This study reports the development of a low-field magnetic resonance system, called
NMR-CAPIBarA (Clinical Assessment of Patients Implemented with Bar magnet Ar-
rays), capable of measuring spin-lattice relaxation time (T;) and e [edtive transverse
relaxation time (T$5) covering the whole range of values relevant to the developing
placenta. Two dilerknt materials were used to mimic the placental tissue relaxation
time values presented in previous literature: PDMS silicone oils representing T5-and
full-fat milk powder solution representing T;. The low-field electronic system was oper-
ated at a magnetic field of 18 mT and was successful in generating and detecting NMR
signals using two types of radiofrequency coils: a solenoid and a printed circuit board
surface coil, paired with the constructed planar magnet. The most significant result
is the positive correlation between the relaxation times measured on the developed
system when compared to the same measurements made by a commercial MRI scan-
ner. In particular, the values obtained from the di Lerknt silicone oil viscosities showed
the capability of the low-field system to provide quantitative relaxation measurements
over a range of required values to predict the health of the placenta, assuring that the
proposed diagnostic approach is quite promising.
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Chapter 1

Introduction

1.1 Research motivation

Nuclear magnetic resonance (NMR) is a powerful and non-invasive versatile technique
used to explore the fundamental physical properties of materials. Living and solid
materials are composed of a heterogeneous system at a structural and chemical level.
Due to the dierence in their molecular mobility, they show di erent characteristic
relaxation times and di usion signals [1]. The low- eld NMR technique has received
considerable attention in various problem areas, including industry, chemistry, material
science, medical research, and diagnosis [2; 3]. High- or medium- eld NMR/ magnetic
resonance imaging (MRI) systems are available and exhibit various features, ranging
from high signal-to-noise ratio (SNR) to high resolution and image quality [4]. However,
due to a range of issues, such as a large footprint, highly expensive parts, and the need
for a dedicated location (for safety purposes) and high radiofrequency (RF) power,
they can be considered infeasible for in-situ applications [4; 5].

Although clinical MRI is a sophisticated medical imaging technique, it has poor avail-
ability around the globe, particularly in underdeveloped or developing countries. This
is because of the high cost of installation and maintenance, which leads to a costly clin-
ical examination. Globally, the access is limited to one-tenth of the population; even
within developed countries, the distribution may not be identical. Therefore, research
interest has shifted toward low- eld MRI. Despite its inferior image quality or even
non-existent in some cases, the capability of providing relevant diagnostic information
is acceptable [6].

Advances in magnet development technology, particularly the permanent magnet, have
signi cantly expanded the research elds that require sensitive, portable, and inexpen-
sive measuring systems. The low eld can be de ned as the range of static magnetic
elds (MFs), whose strength corresponds to a 8of 10 mT to 1 T, which is equiv-
alent to a Larmor frequency of &= 425 kHz to 42.5 MHz for a hydrogen nucleus
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(*H). Moreover, a very low- eld NMR system is also available, which corresponds to
an MF <1 mT (&= 42.5 kHz) [7]. The principal advantage of such a system is the
exibility in B o magnet design, where the required MF can be generated from a small
permanent magnet arrangement: either a single-sided, open-access, or closed system
[7; 8]. However, the single-sided system has reduced magnetic eld and homogeneity
in comparison to the conventional NMR spectrometer. Nevertheless, low- eld NMR
relaxometry has the potential to measure the water self-di usion (B), spin-spin (T,)

and spin-lattice (T;) relaxations, and e ective transverse relaxation time § of bio-
logical samples. Here, the value of ;Tdepends on the eld strength, and T relies on
the eld homogeneity. To enhance the SNR for the NMR measurement applied in a
strongly inhomogeneous eld, § is extracted from mixed T; and T, using a pulse
sequence called the Carr Purcell Meiboom Gill (CPMG) sequence [9].

Ex-situ unilateral NMR relaxometry, generally termed inside-out or single-sided, has
developed from two main classes of stray- eld NMR instruments: the rst is oil-well-
logging tools, where the concept of inside-out NMR was born in the 1980s for detecting
a region outside the RF coil to study the geological formation and core analysis non-
destructively inside boreholes [10; 11; 12]. A revolution started in the 1990s when
rs, Eidmann et al. [13] and then the Blumich group [14] in Germany developed a
similar instrument with a smaller permanent magnet, o cially introducing the mobile
universal surface explorer (NMR-MoUSE) sensor into the eld. This instrument has
enabled NMR signal detection for a at sensitive slice a few millimeters away from the
magnet surface. This tabletop system is composed of a U-shaped permanent magnet
and a surface RF colil in a single-sided compact design. This type of con guration allows
the measurement of di erent depth pro les into the surface of any arbitrary sample
size, by placing the sample outside the magnet and changing the distance between the
sample and the sensor [14; 15; 16].

The rapid development of the unilateral NMR system contributed to the increase in the
number of applications of low- eld NMR that required a portable NMR experiment. In
this technique, the external eld generated from the permanent magnet arrays projects
the static eld (B () in a volume displaced from the surface of the magnets. Di erent
architectures of surface radiofrequency coil could be paired with a magnet to create
the remote oscillating frequency (B) eld. When the component of these two elds is
orthogonal (?), the sensitive volume or 'sweet-spot' is de ned by the shapes of these
two inhomogeneous elds [17]. Several geometries of U-shaped magnet have been
developed, using di erent aspect ratios, or by adding magnetic material in a specic
position to enhance the eld strength or reduce the gradient strength by joining the
concentric U-shaped magnet [2]. However, they all share the common characteristic
that the polarising eld (B o) is directed parallel to the sensor surface, facilitating an
ordinary surface coil to be positioned at the magnet surface to excite and detect RF
signals [18].
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According to the desired sensitive volume size and application, the existing approaches
for the available unilateral NMR sensors can be classi ed into two groups. The rst
group, called high gradient magnets, operate in highly inhomogeneous MFs, dominated
by a high static gradient (Gy) along the depth direction, and? to the device surface.
The second group, called sweet-spot magnets, is employed in this thesis. They operate
in an approximately homogeneous MF within a sensitive volume with a low & ect,
called the sweet-spot [2; 18]. Both methods have their own strengths and limitations.
The former has the power of natural slice selectivity and high depth resolution due to its
strong By and Gy; which allows pro le encoding along the depth direction. However,
they are limited to a small sensitive volume and cause high di usive attenuation in
liquid samples.

On the other hand, the latter group provide a larger sensitive volume, more polarised
spins, and narrow excitation bandwidth. All of these help to increase the SNR in the
spectrum and minimise the di usive attenuation, which allows liquid sample measure-
ments [18]. Their limitations include operating at a lower MF due to the rst or even
second order of the G eld being cancelled, which prevents the pro le measurements
possible with the former group.

Since the last two decades, the pro le NMR-MoUSE has been available commercially
and utilised for di erent applications that require a detection region near the magnet
surface [2; 3]. The depth pro le for the sensitive region has been evolved from 2 mm
with 5 M resolution for PM2 up to 25 mm with 100 M for PM25 [19]. As NMR-
MoUSE is limited to a detection region near the magnet surface, it has been used to
extract the information available at a shallow depth, such as skin in medicine and wall
painting in cultural heritage [3]. Moreover, due to the lower cost of installation and
maintenance of such single-sided NMR systems compared to clinical MRI scanners, the
applications for medical diagnosis have been developed to investigate di erent biological
tissues, such as tendons [20], contrast enhancement in the skin and subcutaneous fatty
tissue [21], human skin [22], articular cartilage [23], ;Fbased mammographic density
[24], bone-volume to total-volume ratio [25; 26], and T,-based mammographic density
[27].

In contrast to NMR-MoUSE, and despite the many potential applications of sweet-spot
NMR sensors [28; 29; 30; 31; 32; 33], they are underutilised. Most of the developments
stay at the research level, and few have been tested in clinical trials, as is the case for
the work of Dabaghyan et al. [5]. A possible reason behind this is that there are no
commercial options for such systems [34]. Thus, scientists were encouraged to develop
a system that satis es their application requirements, speci cally, when the measure-
ment samples have signi cant free uids, such as biological or human tissues [33]. As
mentioned earlier, the homogeneous eld of sweet-spot magnets o ers a larger sensi-
tive volume than high-gradient magnets. In addition, the RF pulse covers a narrower
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bandwidth, leading to longer RF pulses with lower peak RF power [18; 33]. However,
this eld uniformity is not su cient to measure the free induction decay (FID) due to

the inhomogeneities ranging between 1000 and 10,000 parts per million (ppm) across
the sweet-spot [2; 32]. Nevertheless, it su ciently measures the long, Tharacteristic
with the CPMG echo train sequence, which is harder to measure with an NMR-MoUSE
device.

The depth of investigation (DOI) should be compatible with the application require-
ments and ensure that su cient NMR signals are acquired from that region. Thereby,
two central elements should be considered: initially, the magnet design, which is the
large part of the system, and secondly, the RF sensor design. As described by Blumich
and others [2; 18; 35], the RF coil eld (B) should be? to the By eld to enable the

de nition of the sensitive volume. In general, for a U-shaped magnet design, where the
Bo eld is parallel to the surface, a single-current-loop RF coil is the most sensitive.
For the sweet-spot magnet type, the size of the current-loop RF coil should be larger
than the sensitive volume to enhance the SNR and reduce the variation of Blong
the depth direction.

This research leverages the bene ts of the unilateral magnet technique to explore hu-
man tissue; speci cally the placental tissue. This aids in developing a unilateral NMR
system for MR measurements as an assistive tool in addition to the ultrasound (US)
imaging to improve the predictivity of diseased placenta. The low- eld NMR relax-
ometry system developed throughout this PhD is called NMR-CAPIBarA (Clinical
Assessment of Patients Implemented with Bar magnet Arrays). It is highly antici-
pated that this new system will contribute to improving the early detection of placenta
disorder.

1.2 Medical application of the NMR-CAPIBarA

Non-invasive investigation procedures and proper diagnosis during the early stages of
pregnancy is crucial for the development of a healthy placenta. According to researchers
[36; 37; 38], 5 8% of pregnancies are a ected by preeclampsia (PE) and foetal growth
restriction (FGR), which put both mother and the foetus at risk. Globally, one-sixth of
maternal deaths, about 60000 per annum, are related directly to PE [39]. This begins
at the early stage of pregnancy when the maternal spiral arteries remodel inadequately
and cause maternal placental vascular malperfusion [40].

Ultrasound, biomarker pro les, and MRI have been and are still used to monitor preg-
nant women. Pregnant mothers undergo ultrasound scanning at least twice during the
pregnancy period. The sonographer measures the foetus' physical size and placenta's
blood ow, relying on neonatal growth charts or simple percentile cut-os. However,
these measurements are not su cient to indicate PE or FGR. One study by Bamfo
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J. et al. [41] showed that morbidity and mortality from FGR are similar whether

the baby is small for the gestational age (SGA) or appropriate for the gestational age
(AGA). Moreover, the error of undetected cases during routine scans reaches up to
30%, while the incorrect detection rate is up to 50%. Improving placental disorder
predictivity requires combining the ultrasound ndings with the metabolite pro le for
blood and urine samples. However, since PE is a heterogeneous disease, "the World
Health Organization (WHO) stated that there is no clinically useful screening test to
predict the development of the PE" [42]. Thus, a better diagnostic technology is neces-
sary, that includes a combination of di erent diagnostic tools with informative in-vivo
measurements [42; 43].

In contrast, MRI provides reliable information about the placental function at di er-
ent gestational ages in comparison to ultrasound. This is due to the larger eld of
view (FOV) and inherently three-dimensional (3D) technique. It is generally applied
in cases of high-body-mass-index patients and a posterior placenta with a depth > 8
cm [44; 45; 46]. Several studies in the literature using clinical MRI 1.5T have shown
that the MRI relaxation time parameters decrease as the gestational age increases for
both healthy and diseased placentas [42; 47; 48], in which the values of the relaxation
time for the latter fall below the trend line of the former values. However, despite its
early detection capability, MRI is not as routine as ultrasound in terms of cost and
availability. Moreover, the closed environment causes patient claustrophobia. Conse-
quently, the proposed NMR-CAPIBarA has the potential to address these issues and
provide placental relaxation time.

Therefore, this thesis proposes a novel medical diagnostic approach to assess diseased
placenta, such as PE. The NMR-CAPIBarA system will ultimately combine with con-
ventional ultrasound imaging in vivo to co-locate the MR sensitive volume and then
the relaxation properties measured with the MR system. However, that is beyond the
scope of this project. This additional tool to routine ultrasound imaging aims to im-
prove the predictivity of placenta disease at the early stages of pregnancy. Therefore, it
allows the identi cation of mothers at high risk for close monitoring and consequently

a better outlook for both mother and foetus.
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1.3 Aims and objectives

Identifying pregnant women at high risk of PE is important for the health of both
mother and foetus. PE can lead to several complications, such as preterm delivery or,
in a worse scenario, maternal death. Several years ago, clinical MRI showed that for
both healthy and compromised placenta, the tissue biomarkers, Bnd T, are changed

as the gestational age is advanced. However, due to the fact that an MRI scan is
considered the most expensive diagnostic modality, a low-cost tool is required that can
provide similar quanti cation for these biomarkers. Therefore, considering a low- eld
magnetic system that can be used in conjunction with the ultrasound imaging modality
could address this issue. The required hardware to accomplish this has been developed
and is presented in this thesis.

To accomplish the research aim, the following objectives have been identi ed:

N

Develop and test separate phantoms for ;Tand T, measurements, capable of
representing the di erent range of placental relaxation time presented in the
literature review in Chapter 2, by employing silicone oil as a material for the
relaxation time and full-fat milk powder for T, relaxation time. Reference values
for these materials to be generated by means of a clinical MRI 1.5T scanner to
characterise the functionality of the developed hardware. A detailed discussion
is presented in Chapter 3.

Develop and examine the low-magnetic- eld electronic system. Using a homoge-
neous magnetic eld for B and By, as an initial step, their electronic capabilities
to be operated at a magnetic eld of approximately 18 mT will be veried. A
detailed discussion is presented in Chapter 4.

Construct the magnet: anti-parallel planar magnet arrays inspired by Dabaghyan
et al's paper [5]. Subsequently, to measure the density ux at di erent heights

to de ne the position of the sweet-spot. A detailed discussion is presented in
Chapter 5.

Develop and estimate an appropriate RF surface coil to be paired with the pla-
nar magnet and optimise the SNR, FOV, and stability. A critical discussion is
introduced in Chapter 5.

Perform MR measurements using silicone oil. These measurements are to be
performed at a distance equal to the position of the anterior placenta (24 mm)
to determine the sensitivity of the developed system in measuring the di erent
ranges of T . A critical discussion is introduced in Chapter 5.
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1.4  Major contributions of the thesis

The fundamental issue addressed by this research is the possibility to develop a reliable
low- eld unilateral NMR system capable of measuring the relaxation time parameters
at a distance from the sensor surface equivalent to the placenta position. The re-
search explored various paths within the disciplines of the unilateral magnet, which is
considered application-speci c, in addition to the appropriate electronic systemrlhe
prime novelty of this research is the employment of the technique of a low- eld uni-
lateral magnet system to interrogate placental tissue in vivoHowever, because the
developed sensor is at the preliminary experimental phase, a phantom study should be
performed to characterise the sensitivity of the developed sensor. Thus, the signi cant
contributions of the research were performed in steps.

The rst step in the research was to investigate a suitable material that could mimic the
values of the placenta tissue relaxation timeThe rst contribution in this thesis was a
part of the phantom study in Chapter 3, where the use of full-fat milk powder solution
as an inexpensive and safe material capable of shorting the spin-lattice relaxation time
was investigated This result was con rmed in both magnetic elds by the 1.5 T
clinical MRI and by a customized magnetic resonance sensor of 0.3 T eld strength.
To our knowledge, we are pioneers to utilise milk powder to assess the development
of the sensors. Moreover, the outcomes from the clinical MRI were used as reference
values to demonstrate the suitability of the current system to replace the high- eld,
as illustrated in Chapter 5, particularly the e ective transverse relaxation time for
the varying viscosities of the silicone oils' that covered the whole range of placental
relaxation time presented in previous literature.

Electronic system hardware is a fundamental factor in a successful NMR experiment.
This was the driver behind the second contribution. Therefore, the second step of this
research was directed toward developing an e ective electronic system capable of oper-
ating at a low magnetic eld of less than 20 mT. The central concept of the generated
electronic design is based on advanced digital signal processing techniques, which are
usually employed in telecommunication systems. The commercial spectrometer console
SpinCore has a frequency range from 0 to 100 MHz, and is controlled by an in-house
MATLAB GUI code to generate the CPMG pulse sequence.

To develop the appropriate electronic system in Chapter 4 a homogeneous eld was
employed for both static and oscillating magnetic eld. Thus, the laboratory electro-
magnetic coil was used as Bwith the solenoid coil as the B eld. The console was
associated with two di erent external units, commercial units and operational ampli er
circuits, as a cost-e ective unit. Thereforethe second contribution of this thesis was
successfully producing of an NMR signal from the developed low- eld electronic system
utilising the di erent types of external unit, particularly the introduction of the simple
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inverting operational ampli ers circuit as an e ective front-end unit for the low- eld
system

Usually, the assembly of an entirely new NMR system is conducted gradually to attain
reliable information. Hence, the third step in this research was initially focused on
combining the new planar magnet with the outcomes from Chapters 3 and 4. However,
the NMR-CAPIBarA system was successfully developed after completing the essential
steps. To begin with, the unilateral magnet arrays was constructed, which are based
on the anti-parallel principle and de ne the position of the sweet-spot. Subsequently,
the integration with the low- eld electronic system took several steps of optimisation
to enhance the SNR, speci cally after the introduction of the planar RF coil as a sensor
instead of the solenoid coil.

Furthermore, after the optimum experimental parameters were de ned for the required
depth (24 mm), measurements of the e ective transverse relaxation time were per-
formed for the di erent viscosities of silicone oils and compared to the values generated
from the 1.5 T clinical MRI. Moreover, measurements of the relaxation time were con-
ducted for a model compound that has varying concentrations of full-fat milk powder
dissolved in silicone oil. Thereforethe third contribution of this thesis was successfully
measuring the e ective transverse relaxation time of di erent viscosities of silicone oils
at a depth equivalent to the position of the anterior placenta, where the measured val-
ues cover the whole range of the placental tissue's transverse relaxation time presented
in the literature. Additionally, the fourth contribution of this thesis was the e ective-
ness of the full-fat milk powder in suppressing the e ective transverse and longitudinal
relaxation times for silicone oil utilising a low- eld system (NMR-CAPIBarA).

In conclusion, the proposed NMR system in this thesis is an open-access, low-cost,
portable magnetic resonance relaxometry system. It has the potential to appropriately
measure the e ective transverse relaxation time at a distance from the sensor surface
equivalent to the position of the anterior placenta. It could be utilised as an add-on
tool to the ultrasound imaging modality for MR measurement after the placenta has
been localised. The system introduced in this thesis is an a ordable instrument, both
for developing and developed countries, in places where clinical MRI is expensive or
does not exist.

1.4.1 Specic contribution by chapter

In this subsection, the contributions made by the candidate and supervisory team are
explicitly described for each experimental chapter. To provide further clarity, initials
will be used to attribute the e ort replicating author contribution statements in jour-
nal publications: NKA PhD candidate, RHM Director of Studies, MIN second
supervisor.
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Chapter 3. Sample selection and preparation NKA. MRI scan protocol creation

RHM, scan parameter optimisation and data analysis and interpretation - NKA using

a combination of in-house MATLAB software originally written (not for this PhD) by

RHM and other tools as identi ed by NKA. Closed-loop magnet used in 3.2.2.2 origi-

nally constructed (not for this PhD) with commercial o -the-shelf equipment (COTS)
RHM; all experiments and data processing and interpretation - NKA.

Chapter 4. RF coil preparation NKA. Identi cation of suitable components and as-
sembly, including tuning and matching circuit and operational ampli er circuits MIN.
MATLAB software for the control of SpinCore spectrometer originally produced (not
for this PhD) by RHM and modi ed by RHM as needed. All parameter optimisation
and measurements NKA. Sample preparation NKA. Experimental work NKA.
Data analysis and interpretation NKA. Parts of this chapter have been published
(in reference [71]); these remain referenced as copyright has been transferred to the
publisher. All gures other than 4.7 NKA; Figure 4.7 RHM from publication.

Chapter 5. Planar magnet construction - NKA supported by former PDRA. Acrylic
eld mapping guide, measurements, and analysis NKA. All RF coils NKA. Improve-
ments to the front end NKA. MATLAB software for control of SpinCore spectrometer
originally produced (not for this PhD) by RHM and modi ed by RHM as needed, in-
cluding the addition of composite pulses. Sample preparation NKA. Tuning and
matching of coils NKA. Figure 5.33 and Figure 5.36 RHM (from publication [142].



1. Introduction

1.5 Thesis structure

This thesis is divided into six chapters and ends with an appendix. These chapters are
organised as follows:

Chapter 2 presents three main sections: the necessary information that allows the
reader to understand the basic principle of NMR theory and NMR pulse sequences,
which will be used in the subsequent chapters. The following sections provide two
topics: a general overview of the traditional unilateral magnet hardware and its ap-
plication in the medical eld, and a review on both the placenta thickness and the
measured relaxation time, which will be utilised as criteria for the developed system
in Chapter 5.

Chapter 3 involves two practical experiments conducted in a clinical MRI (1.5 T)

to mimic the placenta tissue relaxation time separately. This is done by means of
employing di erent viscosities of two separate materials: the silicone oil to mimic
TS and a novel food substance, full-fat milk powder, to mimic T. The results of
this chapter will be used as a reference value for the measurements demonstrated in
Chapter 5.

Chapter 4 shows how the electronic system has been developed to e ciently operate
in a homogeneous and low magnetic eld, approximately 18 mT. The development
involved utilising two di erent RF pulse power ampli ers: the high-power TOMCO

and the lower-power operational ampli er (Op-Amp). The Op-Amp was also used
as a signal pre-ampli er. The results of this chapter will determine which electronic
circuit should be used for the developed magnet arrays, which are characterised as less
homogeneous in Chapter 5.

Chapter 5 reports the developmental stages of the unilateral magnet (NMR-CAPIBarA),
starting with the construction of the permanent magnets, ux density map, develop-
ments of RF coil, and nally, the MR measurements for silicone oil at a distance equal
to the position of the anterior placenta. This chapter outcome will de ne the outlook
for this project.

Chapter 6 concludes this thesis with a summary of the ndings of this research,
collected from each conclusion provided in the previous chapters, including a brief
synopsis of the potential future works.
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Chapter 2

Theory and Literature Review

2.1 Introduction

The NMR phenomenon is the basis for both MRI and NMR scanning. The resulting

NMR signal from a hydrogen {H) nucleus in tissue can be characterised by several pa-
rameters, e.g. the relaxation time constants Tand T,. These constants are sensitive

to 'H population in a local environment. Thus, these parameters should be investi-
gated carefully to attain an accurate representation of their chemical composition and
structural organisation within biological tissues.

This chapter has three main sections. It begins with the basic NMR principles required
to understand the experimental study presented in this thesis. Dierent parameters
related to the time domain MR measurement are discussed, such as nuclear spins, spin
polarisation, the Zeeman splitting theorem, and precession; additionally, the relaxation
time constants are discussed. The main pulsed NMR experiment used for this project
is discussed along with the parameters that might a ect the measurement sensitivity
(SNR).

The following section reviews relevant literature on various low- eld NMR relaxome-
try designs and how a di erent approach of the unilateral NMR sensors inspired the
development of the hardware system presented in this thesis. The nal section of this
chapter discusses the placental thickness and relaxation time values extracted from
several studies utilising ultrasound imaging and clinical MRI scanners, respectively.
This section will help establish the criteria for the system in this project.

11



2.Theory and Literature Review

2.2 NMR theory

NMR is a phenomenon that strongly depends on the intrinsic properties of atomic
particles. Therefore, spin angular momentum (aka nuclear spin) has a magnetic dipole
moment ( ). The presence of magnetic dipole moment is associated with the electron
spin observed by Stern and Gerlach in 1922 [49] during a study on the e ect of the
magnetic eld gradient on a beam of a silver atom. They observed that the path of
the molecules changed and the beam split, if their nuclei had a magnetic momen) (
[50; 51; 52]. This experiment is shown in Figure 2.1.

In 1936 [53], Rabi developed the theory for the use of a eld gradient to create and
destroy signals by applying electromagnetic radiation with di erent directions at the
resonance frequency to induce a successive transition between nuclear spin states of the
atom in the molecular beam. Later, in 1946 the rst NMR experiment was success-
fully performed independently by two scientists, Bloch [54], who observed protons in
water and Purcell [55], who observed protons in para n samples. They used di erent
experiment that relied on the net nuclear magnetisation. For the success of their exper-
iments, the net magnetisation required to build up at an appropriate relaxation rate,
which was initiated from the instability between the spin states of di erent magnetic
quantum number values [52].

Figure 2.1: Diagram of the Stern Gerlach experiment.
(Adapted from [51])

2.2.1 Nuclear Spins

Nuclear spin is an intrinsic quantum property of protons in all elementary particles. It

results in two classical properties: nuclear angular momentum and nuclear magnetic
moment. The latter can be considered to produce a similar e ect to a small bar magnet
aligned along the rotation axis of the spin [56] (Figure 2.2). A nucleus with an odd mass
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number such asH and an angular moment property L) is characterised by a non-zero
spin quantum number( = %). Generally, I can be zero, an integer, or a half-integer,
depending on the physical property of the nucleus.

The proton's two properties, angular momentum and magnetic momenenable the
proton to be a ected by an applied external magnetic eld and electromagnetic waves
[57]. A non-zero spin loses the random orientation when it is exposed to an external
magnetic eld. This interaction results in two potential orientations for the spins,
parallel or anti-parallel to the Z-direction of the applied magnetic eld [27]. These
two created energy levels are characterised by a magnetic quantum numben) ( with
values strictly equal froml to -l in integer steps [58].

Figure 2.2: Positively charged nucleus rotating with angular frequency (=2 ) around its axis
and has a magnetic eld B equal to a tiny bar magnet which has a similar spin rotation axis

(Adapted from [56])

The nuclear spin magnitude and direction are quantised and described because they
are vector quantities [58]. The magnitude of thepin angular momentum ( L) is

q___
L= I(l +1)~; (2.2)

where~ is Plank’s constant and is equal tol (6.63 x 10 % J.s) [56].1=0, 3, 1,3,...,
and the angular momentum vector directiol onto z-axis is

[, = m~; (2.2)

wherem has 2 +1 values, for examplem= I, | +1,....,-1+1 ,-1. As an example'H atom
has two values ofm: -1 and $ (Figure 2.3b).

The spin magnetic moment () is also a vector quantity and related tol through

13
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the gyromagnetic ratio * of the nucleus; therefore, the length or magnitude is

q__
= | (I + 1) ~ (23)

Thus, the nuclear magnetic moment can be parallel to the angular momentum or anti-
parallel for negative nuclei. As a result, the magnetic moment has both magnitude
and direction, which are quantised.

2.2.2 Spin Polarisation and Precession

Based on the previous discussion, ifdHs removed, all the spin states or energy levels of
the nucleus collapse, and all spins have the same energy, causing an uneven distribution
for the direction of the quantised axis (Figure 2.3a). In the application of a stronger
magnetic eld By, the spins will be quantised along the axis of 8 often the Z-axis,
and gain an energy

E= - Bo=- ;Bo; (2-4)
Considering that , = 1, and I,= m~, the energy is
=-m~ By; (2.5)

Thus, the 2 +1 of the spin states has di erent energy values and splits equally with
an energy gap equal to E= ~ By (Figure 2.3c).

Figure 2.3: Space quantisation and energy level fotH, spin%. a) Random motion of the atoms, b)
space quantisation, and c) energy level splitting depending on the values of Band

LA speci ¢ constant for a particular nucleus that is directly related to the strength of the tiny
nuclear magnet (e.g.'H is 42.58 MHz/T at Bq =1 T) [57]

14
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The di erence in energy level between two spin states is de ned as Zeeman splitting,
which involves the spin populations at each energy levels. As mentioned in the previous
section, splitting between states is linearly related to the strength of the externaloB
The higher the di erence between the population of two spin states, the more the
net magnetisation (M) along the direction of B will be observed [27]. Therefore, a
higher sensitivity enables the NMR signal to be acquired. This process is known as
spin polarisation . Figure 2.4 shows the increase in the di erence (E) between the
spin states as a function of an external Bstrength.

Figure 2.4: Energy level splitting increasing linearly with the By strength, for a spin % nuclei of a
relative number of population equal to 2 million protons in a sample.

[56]

At thermal equilibrium and room temperature, the undisturbed protons are distributed
in the energy states according to the Boltzmann equation [59]:

Nupper _ E hfo
Nlower exp = exp ¥, (2.6)

where Nower and Nypper represent the number of populations in the lower and upper
energy levels, respectively. T is the temperature in Kelvin (K), and k is the Boltzmann
constant (1.3810 2 JK !). Bohr's condition states that E = h f;, as shown in
Equation 2.6; thus, the frequencyfy for a spin transition to be expressed as

Bo
fo= —; 2.7
0= 5 27)
Moreover, the above equation de nes the Larmor frequency ¢), where! o = 2 f o,
which describes the proton precession at a speci ¢ frequency when the external mag-

netic eld is applied [57].
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2.2.3 Sensitivity (SNR)

The sensitivity (SNR) is directly proportional to the total magnetisation, where the
net magnetisation (M o) is a consequence of the population di erence between the two
energy states. The relationship between them assumes the form

N 221 (1 +1)B,

Mo 3kT

(2.8)

where N is the number of system population, and is the permeability.

Figure 2.4 shows an excess number of protons in the lower state, which they are parallel
to the By direction at thermal equilibrium. The population ratio for protons under 18.8

T (fo = 800 MHz) is 0.99987, as the number of protons in the lower energy level is
exceeded by the upper level by 128 protons. These small excesses in the protons number
are the major key to observing NMR signals [56].

As Equation 2.6 indicates, the population ratio increases with the Bstrength. There-

fore, the small population ratio will reduce the sensitivity, and consequently, the NMR
signal is hardly observed. However, other approaches can be used to increase the sen-
sitivity, such as increasing the sample volume or concentration (number of protons per
volume) [56].

2.2.4 B, magnetic eld

As described earlier, the protons in uenced by Bare precessed along the z-direction,
longitudinally (M ,), but with irregular phases, and the associated transverse magneti-
sation (M,y) is zero. To build a phase coherence within the precessed spins, another
type of magnetic eld should be applied on the N, for a short period, and it should be
oscillating at the Larmor frequency to move the spins down away from the z-direction
[27; 60]. B represents this magnetic eld pulse applied along either the x or y-axis,
and it is generated through RF coils.

Thus, the spin system will absorb energy when it is irradiated by the RF pulse at an
appropriate ! o, where the amplitude of the B eld should be ? to the Z-axis and B

eld. This pulse will simulate spins in the two energy levels as follows. The upper-level
spins are dropped, and lower-level spins are raised. Hence, a sum of energy absorption
is obtained when the low energy level obtains more spin numbers [61].

The bulk magnetisation (M o) behaviour after the RF pulse can be described by two
frames. The laboratory frame, which represents the ipping of the bulk magnetisation
to the x-y plane, occurs after a conical spiral trajectory (Figure 2.5a). The other frame
is called the rotating frame, which is a 3D coordinate system {xy’, and Z) representing
the trajectory of ipped spins on a plane? to the (x-y) plane, and rotating at ! ; along
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the z-axis (Figure 2.5b). [27; 60].

Figure 2.5: Bulk magnetisation behaviour after excitation by an RF pulse: a) laboratory frame and
b) rotating frame

[60]

The rotating frame is the common reference frame utilised to describe the RF pulse
e ect on the M o behaviour [27; 56; 60].

2.2.5 Bloch Equation

The rate of change inM o with respect to time is described by the Bloch equation

dwt
o = MX B (2.9)

where the M experiences a torque caused by the magnetic eB and raised by .
Therefore, theM o time-dependent behaviour after RF pulse (B) is described as follows
[27; 60; 61]

dm Mx My (M, MYz
— =NMX B y :
dt T, T, T,

(2.10)

where M © is the thermal magnetization value forM , that is built up from the B,
eld. M, andM , are the magnetisation components d¥1 along the x-axis and y-axis,
respectively. The spin system relaxation process begins after the perturbation by the
B, eld is complete, and it is characterised by two time constants: Tand T,.

In summary, there are two steps to analyse thsl behaviour; rst, during the RF pulse
excitation, and the second is the relaxation after the RF pulse is turned o .
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During the period of the RF pulse excitation, the form of the Bloch equation becomes

dw
o = MX By (2.11)

the part of the x-y magnetisation is cancelled owing to the short period of the applied
RF pulse compared with the time constants 7 and T;.

B, angular frequency (¢ ) is preferred to be applied similar to the spin system reso-
nance frequency (yp), where! ;s = 1o = Bg. This is important to enable the spin
transition between the energy levels.

When the spin system magnetisationN ) irradiated by B, along the X axis, only the
protons that shared a similar resonance frequency will be tipped away from the z-axis
to the transverse plane, as described by the following equations [27]

Myo) =0 (2.12)
Zt

M yo(t) = M9 sin( B (Dd;0 v, (2.13)
Zt

M 5o(t) = MQcos(0 B,Dd);0 t (2.14)

where , represents the duration of the RF pulse. Now, the bulk magnetisation is
precessing around the %axis with an angle created between th& and z/z° axis. This
angle is known as the ip angle () and is formed as follows:

z p
= Bandt (2.15)

The ip angle depends on both the exposure length §) and B; values [27]. The ip
angles that were used in the practical experiments of this thesis were°%hd 180,
which are common for most measurements.
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2.2.6 Relaxation time

Several relaxation processes constantly occur within all samples. We generally become
aware of the in uence of these processes directly after the RF excitation is turned
0, and the bulk magnetisation begins to return toward the equilibrium state (z-axis).

In this process, the length of the magnetisation vector along the x-y plane decreases
while the magnitude increases along the z-axis. This is due to the interactions of
the spins between the surrounding environment, known as the lattice [27; 60]. The
rotating transverse magnetisation is responsible for the appearance of the MR signal in
the receiver coil. As mentioned earlier, the time constants that represent spin system
relaxations in the Bloch equation are the longitudinal relaxation time and the transverse
relaxation time. Additionally, according to their decay mechanism, they are known
as spin lattice and spin spin relaxation times (T, and T,, respectively) [60]. These
two parameters are the principle to generate the contrast between tissues. They are
independent processes, although they occur simultaneously.

2.2.6.1 Longitudinal relaxation (T 1)

T4, also known as the recovery longitudinal relaxation time, in which the magnetisation
vector along the z-axis M ,) begins to recover gradually as the transverse magnetisation
in the x-y plane (M ) decays to rebuild the thermal magnetisationi o). This process

is obtained through an e cient energy transfer to the medium, where the excess energy
that is absorbed from the RF pulse should be dissipated to the medium. Hence,
the simulated protons are permitted to return to the ground states. This energy is
generated from the interaction of the resonating protons with other protons and with
the magnetic nuclei in the surrounding environment [57; 60].

This time constant is dependent on the strength of the static magnetic eld (B and
the molecular internal motion (Brownian motion). T, assumes the following form after
a 90 RF pulse is applied along the x-axis [57; 62]

M,(t)= Mol exp (Tlt)]; (2.16)

Figure 2.6 shows the required time for Tto reach 63% of theM o value. An exponential
function results in this decay.
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Figure 2.6: T; magnetisation vector growth to reach 63% ofM ¢ value
(Adapted from [62])

2.2.6.2 Transverse relaxation (T )

T, or spin-spin relaxation time is obtained when the transverse magnetisation decays
in the x-y plane. Unlike T;, T, decay has di erent mechanisms; it results from spin
interaction and exchange of energy. This causes a scrambling of relative phases between
spins of the same group, dephasing until they fade out gradually. The reason behind
the spin scrambling is that, on their circular precessional path, one of the spins moved
forward while the other moved backwards. The spin moment precedes at a di erent
speed. Thus, instead of adding, the magnetisation vectors begin to cancel each other
until the transverse magnetisation disappears [57].

The loss of coherence that occurs between the spins has a main reason: as mentioned in
Section 2.2.1: spins have small magnetic moment properties, which causes a variation
in the local magnetic eld; thus, they interact with each other randomly. Therefore,
each spin is exposed to a di erent magnetic eld; they precede di erently (faster or
slower), which results in phase loss.

The intrinsic inhomogeneity resulting from the external magnetic eld generator and
the sample scanned also causes phase scrambling. However, this e ect could be fully
or partially reversible depending on the presence of molecular di usion. This type of
exponential decay is faster than 7 and is represented by a time constant J, where

T, T,. Moreover, it re ects the free induction decay (FID) signal, and it can be
avoided through a spin-echo sequence, which is discussed in the next section.

T, is less dependent on the strength of B T, assumes the following form after a 90

RF pulse is applied along the x-axis [57; 62]:

M.y (t) = Mo[exp (th)]; (2.17)
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The total transverse relaxation time includes the two e ects of dephasing and is called
the apparent relaxation time. It can be expressed as follows:

1 1 1

= 4 2.18
T, T, T ( )

where To is the dephasing caused by the inhomogeneities in the magnetic eld over
the sample volume.

Figure 2.7 shows signal loss due to,Trelaxation. T, is the time required forM y, to
decay to 37% of its initialM o value, and it is leading by an exponential function. This
envelope represents the NMR signal detected by a receiving coil.

Figure 2.7: T, of transverse magnetisation M ,, ) decaying from maximum to background.
(Adapted from [62])

Most of molecular motions in biological tissues are considered to be in a slow interaction
mode, therefore, T relaxation is more favourable for tissue characterisation because of
its interaction mechanism, re ecting the slow motions of macromolecules. Moreover,
T, is considered to be tissue speci c at low § elds. In human tissue, the T; value is
signi cantly longer than T, values, and the time di erence between them is the key to
the MR measurement. T values rang from 0.5 to 5 s, while T values rang from 20 to
300 ms at 1.5 T, and they are shorter in solids than in liquids [57; 60; 62].
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2.2.7 NMR pulse sequence

The primary use of the pulse sequence is to investigate sample properties, which is
achieved through a proper measurement for the relaxation time constants. Frequently,
this type of experiment consists of a series of RF pulses permeated with a time delay,
resulting in a signal acquisition [63]. Furthermore, in the MR image, a gradient pulse

is introduced between the RF pulses for signal localisation, where the gradient coll is
positioned orthogonally in each direction (x, y, and z). There are several types of NMR
pulse sequencing methods; this section will discuss only the pulse sequences utilised for
an experimental part in this thesis.

2.2.7.1 Spin echo pulse

This method was discovered by Hahn in 1950 [64] and developed by Carr and Purcell in
1954 [65], and it is considered a fundamental method of measuring spin spin relaxation
time. As explained earlier, an excitation pulse 30is applied for a short time (), and

the net magnetisation rotates from the z-direction into the x-y plane. After a while,
the spins experience phase scrambling and begin dephasing. This process produces
the FID signal that is detected via the receiver coil as a sinusoidal voltage. The
observed decay constant of the FID is indicated by ;I This method is considered
the most basic technique in the measuring of spin system properties. In homogeneous
samples, the signal is decayed mono-exponentially, whereas in actual samples, it is
decayed multi-exponentially; this is because actual samples contain more than one
environment. This technique is often utilised with an external magnetic eld (B)
higher than 1 T [66]. However, it is inconvenient in an inhomogeneous eld or even
to measure the information for T; relaxation time. Thus, other techniques should be
employed to obtain this information.

Assuming the spins experience similar interactions, the signal can be recovered by
reducing the sign of the processional rotation. This is most often achieved by a complete
inversion of the spin system using a 18Qpulse. Therefore, after the FID signal is
produced, the 180 pulse is applied to refocus the dephased spins for a particular time
( ). Precisely, this pulse ips the collection of the dephased magnetic moment about
an axis in the x-y plane. The overall group of the magnetic moment begins to precess
continually in the same direction, and they re-phase together to recover the FID signal
[67]. This refocusing generates an echo. The total time for this process is called the
echo time (TE= 2 ) (Figure 2.8). The total TE is de ned as the time from the rst
excitation pulse to the formation of spin echo.

The amplitude for the generated echo is given by Equation 2.19, where t = TE

My (TE) = Mo[exp(TTzE)]; (2.19)
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Figure 2.8: Spin echo pulse sequence in an ideal magnetic eld. a) The echo signal acquired at TE
=2 after a 90° RF pulse and 180 refocusing pulse, controlled by the exponential function for

both FID and T , decay; b) the top part re ects the spin isochromat re-phased at TE under the

e ect of local magnetic eld variant only and is called T ; while the lower part is the rephased of
isochromat under the e ect of the additional variant of the magnetic eld and is called T ,; the sig-
nal amplitude of T, is shorter than T;.

(Adapted from [67])

2.2.7.2 Carr Purcell Meiboom Gill (CPMG) sequence (T 5)

There are several pulse sequences which extend this echo refocusing further such as
the Carr-Purcell (CP) and CPMG sequences. The CPMG sequence is an improvement
of the CP sequence as it corrects the imperfection of the P8pulses [65; 68]. This
technique is used to measure long,Trelaxation times by minimizing the e ect of
molecular self-di usion. Additionally, it is less a ected by the inhomogeneity of B,

but is sensitive to the nuclei motion [66].

In the CPMG sequence, the SORF pulse is applied on the x-axis while the 18Qulses

are applied on the y-axis; the sequence can be expressed gs 00- 18¢ - )". The
selected time between 18Gexcitation pulses should be as short as the hardware system
permits; this is to reduce the e ect of the molecular di usion. Generally, the CPMG
sequence generates a train of spin echoes by refocusing the magnetisation continually.
The rst two pulses (90° 18(C°) are the same as in the spin-echo sequence and then
followed by a train of refocusing 180pulses at a speci c time (Figure 2.9).
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The excitation pulse (180) is applied to produce the next spin echo but with lower
peak magnetisation. The molecular self-di usion causes a decrease in the magnitude of
the echo peak signal as protons that have di used into areas of di erent eld strength
will not be refocused. This is because of the variation in the local magnetic eld of each
moment over time. Consequently, only a part of the initial magnetisation percentage is
recovered each time. Therefore, the decrease in the spin echo amplitude is covered by
an exponential envelope. A new spin system property is described owing to this pro-
cess, and it is characterised by the time constant e ective;I(T$ ). Thus, by tracking

the height of each spin echo's as a function of delay timejTcan be estimated. The
longer the protons are permitted to di use between the refocusing pulses (called the
echo time), the more likely they are to have moved into a di erent magnetic eld, and
they all be not refocused. Therefore, the echo amplitude at a particular time after
excitation is dependent on the echo time.

Figure 2.9: CPMG pulse sequence, ORF applied on the x-axis, and FID signal decay with T,
envelop, then a train of 108 refocusing pulses applied on the y-axis; the maximum signal value
reaches TE = 2 and generates the rst spin echo, then the subsequent echoes decay under the en-
velope of T§ .

(Adapted from [69])

The combination of T, and the inhomogeneity of the MF (T,) generates an e ective
T,. In an ideal MF T, = T ,, but in an inhomogeneous MF T < T ,. This pulse
sequence can be repeated after a while; repetition time (TR from 3T, to 5T,)); this
time includes the delay time and the acquisition time ( TR = delay time + acquisition
time). The several repeating and averaging scans improve the SNR, where the signal
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is linearly proportional with the number of averaging (NA), whereas the noise is scaled
with the square root of the NA; thus, the SNR relies on NA/ NA. The more number

of averages, the better the SNR. In contrast, more averages results in a longer scan
time [57].

Moreover, in water molecules, the magnetisation behaviour will not follow Equation
2.19 because of the high self-di usion. Thus, the diusion e ect on the sample can
be estimated from the echo amplitude as a function of TE, while the gradient eld is
active during the pulse sequence [70]:

’DG?TE?

A(TE) = Mofexp(—llexp——1.

I; (2.20)
here, A(TE) is the echo amplitude, G is the magnetic eld gradient (G :g—g), and D
is the di usion coe cient.

2.2.7.3 Measuring T ;

The actual pulse sequence designed to measurgid inversion recovery or saturation
recovery in a homogeneous magnetic eld such as clinical MRI. The measurement
consists of three periods: rst, a preparation period in which one or more RF pulses are
applied to invert the longitudinal magnetisation from equilibrium state + Z- direction
into the - Z-direction; Second, a free recovery period to enables the spin system to relax
to the equilibrium state to pass through the transverse plane; third, a detection period
when the relaxed spin system is measured by rotating the longitudinal magnetisation
into the x-y plane. The time between the inversion pulses is called the inversion time
(TI). The duration period for the recovery times can be varied to cover a range of times
for the T, [3].

In an inhomogeneous magnetic eld, and speci cally in this thesis with low- eld mag-
netic systems, B = 18 mT, it is di cult to fully invert or saturate the spin system
across the entire sample. Hence, a CPMG sequence is applied to extragt TThe
signal integral is measured over a range of repetition times (TR) and tted with an ex-
ponential function to extract the estimated T, value [71]. For a reliable measurement,
the repetition time should be ranged from minimum value almost equal te; T, to a
maximum value (3 5)T 1, with more values at the beginning and fewer at the end [72]
(Figure 2.10). Some systems used in this study adjusted the repetition time by chang-
ing the inter-experimental delay (Try ), Which is the time after the last acquisition to
the beginning of the next excitation pulse (Figure 2.10).

25



2.Theory and Literature Review

Figure 2.10: CPMG pulse sequence to estimate T via a range of TR values; plot showing the col-
lect signal intensity for each CPMG measurement as a function of TR.

2.2.8 Fourier Transform (FT)

FT is applied to the detected signal from the receiver coil to divide it into discrete
frequency components, where each quantity in the frequency component is represented.
This conversion occurs by using a mathematical process that converts the detected
FID signal, which was produced as a time-domain function into a spectrum in the
frequency-domain function (Figure 2.11).

The detected FID signal comprises the x and y components of the net magnetisation
(My and My) and they are proportional to these two equations

My = M ocos( t); (2.21)

My = Mosin( t); (2.22)

Where t is the angle of rotation vector, where is the o set, and both are describing
the phase () and this signal can be expressed as a function of time as follows:

26



2.Theory and Literature Review

Figure 2.11: Fourier transformation of the FID signal from the time-domain to the frequency-
domain.

(Adapted from [73])
Sx (t) = Spcos( t); (2.23)

S,(t) = Sesin( t); (2.24)

where $ is the size of the overall signal, and it is a function of time since it is expressed
as (1) or Sy(t).

For the FT, these two components are considered as the real and imaginary parts of
the complex function, similar the time domainS(t) ; where S(t) = Sy(t) + i Sy(t).
Thus, by substitution in Equations 2.23 and 2.24, the S(t) can be expressed as

S(t) = Sgcos( t)+i Spsin( t),

S(t) = Spexp(i t); (2.25)

As mentioned earlier,M x, decays exponentially over time; thus, the equation can be
expressed as follows .
S(t) = Seexpi t)exp_l_—; (2.26)
2

In the frequency domain, the real and imaginary parts are a spectrum; the real part is

called the absorption mode, and the imaginary is called the dispersion. The absorption
mode is always positive while the dispersion has both positive and negative values
(Figure 2.12).

Only by integrating the area under the line in the absorption spectrum, can the relative
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Figure 2.12: Spectrum line shape showing the absorption and dispersion modes for the real and
imaginary parts.
(adapted from [73])

number of protons be determined. Thus, it is a direct relationship between the size of
the signal in the time domain (Q) and the peak height of the spectrum [73].

Therefore, to e ciently compute the entire signal, the number of points in the signal
series should be in the order of N =2 where n is a small integer. Moreover, to
represent the received signal correctly, the spectrum should be digitised properly by
the spectrometer, and the sampling rate should be twice the highest frequency of the
received signal based on the Nyquist theorem condition [74] or sampling theorem.
Frequently, quadrature detection is used in the NMR spectrometer, enabling sampling
at the same rate as the highest frequency. For instance, if the received signal is under
sampled, the spectrum will no more represent the position of the frequency peaks
correctly and cause aliasing [75].
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2.3 Literature review

This section is devoted to reviewing two topics: the signi cant development in the

unilateral magnet designs utilised in a wide range of applications, speci cally in the
medical eld, and the placental relaxation time to generate reference values to evaluate
the constructed system presented in this thesis.

2.3.1 Unilateral low eld magnet system

As mentioned in the introduction chapter, there are two types of unilateral magnet
designs: high gradient and sweet-spot magnets. When designing the magnet, the type
of the required information is essential; this is because each design has its strength and
weakness. Therefore, several magnet designs had been reported over the past years
in various elds, and according to their geometry, they were classi ed into U-shape,
bar, and barrel magnets. Additionally, the categorization into gradient or sweet-spot
magnets depends on the direction of the Bto the surface of the magnet or eld line
shape [76]. Therefore, reviewing the high gradient magnet designs aids in illustrating
the project perspective, although the system developed in this project utilised the
sweet-spot type.

2.3.1.1 High Gradient magnet design - NMR-MoUSE

The portable NMR-MoUSE was investigated in the medical eld several years ago be-
cause of the advances in permanent magnet technology and lower installation/maintenance
cost. The U-shape geometry is a conventional design and is composed of two block
magnets with anti-parallel polarisations placed on an iron yoke, and the static eld is
parallel to its surface and enables the combination of the sample and surface RF coil
[16]. The early version of the NMR-MoUSE provides a 1 mm depth resolution with
maximum depth penetration of 5 mm [13]. The poor resolution for this early version
is caused by the high variation in the static magnetic eld ( B). Thus, e orts have
been made to improve the uniformity of the static gradient (@) to reduce B along

the lateral direction by modifying the magnet geometry. Additionally, to minimise the
variation at the depth resolution, the ratio (G—‘z’) should be optimised without a ect-

ing the inherent sensitivity measurement by limiting the minimum value of the MF
strength to 0.1 T [77].

Evolution occurred with the pro le NMR-MoUSE, constructed in 2005 by Perlo et al.
[16], who presented a new geometry of a U-shaped NMR sensor with a maximum depth
pro le of 10 mm and spatial resolution better than 5 m by re-positioning the sensor
with respect to the sample. It consisted of four permanent magnet blocks positioned
on an iron yoke. Magnets with the same polarisation were separated by a small gap
ds (2 mm), while magnets with the opposite polarisation were separated by a gap d
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(14 mm) that produced an MF of B, = 0.4T at a depth of 20 mm with Gy = 20 T/m.
Figure 2.13b shows the schematic diagram for this sensor. In addition, they could
reach a depth of 18 mm by maintaining the same magnet size and increasing the gaps,
and keeping their proportions xed (& = 3 mm, dg = 30 mm), thereby achieving an
MF of By = 0.25 T with static gradient 11.1 T/m. This sensor was placed on a lift to
position the thin sensitive volume inside the object. The system was equipped with a
low inductance surface RF coil to avoid re-tuning when changing the loading during
the scan. The slice thickness ranged from a fem to 100 m .

Figure 2.13: Schematic diagram for the NMR MoUSE. a) An early version of the U-shape NMR
MoUSE; b) Pro le NMR MoUSE.

(Adapted from [77])

Therefore, a few studies focused on the pathologies of near-surface tissue, which is a
few millimetres under the skin, such as tendons and skin [78]. Moreover, the U-shaped
NMR-MoUSE was observed to be a useful follow-up system, particularly for patients
whose region of interest is known. As an example, for breast cancer, which is a common
cancer type a ecting women worldwide, follow-up is vital after operation or radiation
therapy. In addition, the integrity of cancer was observed to be assessed faster after
contrast agent injection to enhance the SNR [3].

A 2005 study [21] measured the jTrelaxation after administering a contrast agent to
explore the skin and subcutaneous fatty tissue using NMR-MoUSE. They observed that
malignant tissue has a faster signal recovery than scar or healthy tissue does. Hence,
the changes in the relaxation time can be di erentiated between the skin structures.
However, they admitted that before clinical application, more cases were required as
their study was only performed on three patients.

Moreover, recent studies that employed the prole NMR-MoUSE in medicine were
conducted, such as the 2015 study of articular cartilage diseases such as osteoarthritis
[23] to monitor a at sensitive volume aligned horizontally in human joints. The joint
degeneration caused by early-stage osteoarthritis can be diagnosed since the relaxation

30



2.Theory and Literature Review

times and di usion coe cients are expected to deviate signi cantly from that of healthy
tissue. Additionally, two studies were conducted ex-vivo on mammographic density in
2018 [24] and in 2019 [27] to measurg &nd T, using NMR-MoUSE PM5, respectively.
This is because the mammography density is considered a risk factor for breast cancer
and a source of masking in the X-ray examination. In the J based study, tissue
composition, fat, and water were quanti ed, and in T, based study, high and low
breast densities were distinguished. For both studies, this was a promising approach
for in-vivo clinical applications.

2.3.1.2 Sweet-spot magnet design

The sweet-spot was de ned by Pulyer and Perlo J. [79; 80] as a point in a space at which
at least all the rst-order derivatives of the constant gradient eld magnitude are zero.
This approach was developed to compensate for the low- eld associated with reducing
the Gq e ect, thereby, resulting in an increase in the size of the excited sensitive volume
(Vs). Thus, the sensitivity of the NMR signal will be maximised, where the product
of VsB3 de nes the sensitivity of the magnet. This technique narrows the variation

in the resonance frequencies among the spins inside the object, resulting in a large
excited volume for a xed excitation bandwidth and an increase in the interrogated
depth. Therefore, the numbers of polarised spins in the sensitive volume depend on
the gradient strength and excited bandwidth of the RF pulse [77; 80].

The magnet geometry that achieves this gradient cancellation combines two units of
anti-polarised magnets blocks and di erent magnet sizes. As a rule of thumb, the
condition to generate a sweet spot for the planar magnet depends on the distance ratio
between the two magnet blocks (a) and the magnet height (h), and it should be higher
than one ({ > 1). For the barrel magnet type, the magnet height should be larger than
the diameter, and the depth of sweet spot depends on the inner diameter [5; 79; 80].
Figure 2.14 depicts these two types of magnet geometry.
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Figure 2.14: Two geometries for sweet spot magnets. a) Two blocks of anti-polarised magnet blocks
without an iron yoke, b) U-shape magnet is similar to the NMR-MoUSE, and it has an iron yoke to
direct the led lines, and c) barrel magnet, where the arrows on the cylinders indicate the direction
of magnetisation.

(Adapted from [3])

The two magnets described in Figure 2.14 do not di er only in the geometry but also

in the direction of the By eld. In U-shape geometry, the eld is parallel to the sensor
surface, while in the barrel magnet, the eld is perpendicular to the surface. Thus,
they have to pair with a di erent type of RF coil to create a B, eld ? to Bo. For

the rst geometry, a simple loop current surface coil is su cient to provide an NMR
signal from the sensitive volume, whereas for the second geometry, a relatively complex
surface coil is required, such as a gure-eight surface coil. Figure 2.15 shows these two
types of the surface RF coils. The common characteristic for both coil designs is that
the coil size should be greater than the sensitive volume, which can be determined by
3D spatial variation measurement of the B eld [3].

Figure 2.15: Surface RF coils. a) Single current loop RF coil produces aBeld perpendicular to
the coil surface; b) Figure-eight coil produces a B eld parallel to the coil surface.

(Adapted from [3])
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For both types of coils, the SNR decreases as a function of the depth. The SNR
degenerates with the inverse square for the depth. A larger depth requires a larger
coil as a larger number of turns are required to maintain the inductance. Moreover,
the sensitivity for a single current loop is higher than that of the gure-eight coil by a
factor of 2 [2; 3].

A new version of the barrel magnet, called MObile Lateral Explorer (MOLE) and
operating at 3.3 MHz, was introduced by Manz et al. [28], for which the homogeneous
eld is 76.7 mT at 15 mm away from the surface. The device diameter is 200 mm
and consist of eight discrete barrel magnet spaced uniformly inclined at an angle of
11.8 with a central magnet positioned to provide a uniform region (Figure 2.16). The
sweet-spot can be adjusted by tilting the angle of the bar magnets. They achieved
a eld uniformity of 15,000 ppm over a range between 4 to 16 mm from the device
surface, with maximum sensitivity at a depth of 10 mm. This system was coupled with
a gure-eight surface coil to transmit and detect the NMR signal.

Figure 2.16: NMR-MOLE, a)top gure is a schematic diagram for the 8 bar magnet with a magnet
in the central axis, while the bottom gure is the entire assembly for the magnets array and the
surface coil; b) a printed circuit board (PCB) gure-eight coil, composed of two-loop with 14 turns
and separated by 12 mm.

(Adapted from [28])

As previously mentioned, one of the advantages of using sweet-spot magnets is the
studying of liquids and biological tissues because of the lower di usion attenuation. A
2018 study by Barbieri et al. [26] utilised the unilateral NMR to diagnose osteoporosis.
The NMR experiment was performed by employing two types of instruments, namely
NMR MoUSE PM10 as a constant MF gradient and NMR mobile lateral explorer
(MOLE) to present the sweet-spot because of the homogeneous eld. NMR-MOLE
was used to perform the di usion-weighted (DW) T, - T, (DW -T ;-T,) experiments,
because of the higher SNR and larger sensitive volume compared with NMR MoUSE.
The sensitive volume was 26 mm x 26 mm x 6 mm for NMR-MOLE and 16 mm x 16

33



2.Theory and Literature Review

mm X 0.330 mm for NMR MoUSE PM10.

In 2006, Perlo et al. [81] proposed a high uniformity U-shape magnet design up to 8 ppm
using the shimming approach. The design was composed of two anti-polarised magnet
blocks positioned on an iron yoke and separated by a gap. The di erence was that the
eld homogeneity was controlled via shimming units. These small magnets bar were
positioned in the gap between the two main blocks, but with opposite magnetisation
directions to the main magnets (Figure 2.17a). This approach assists in matching the
spatial By variation with the B; eld and reduces the strength of the G. The system
was paired with a single rectangular loop RF coil and weighted 36 Kg. The chemical
shift was observed when the system was operated at a magnetic eld close to the sensor
surface, which was equal to 0.25 T with a gradient eld of approximately 0.4 T/m.

The previous con guration was criticised in 2007 by Marble et al. [18], as it requires
large magnet arrays relative to the sensitive volume to enable the vertical eld lines
over the magnet to reorient themselves horizontally in the sweet-spot. In addition,
zeroing the second spatial derivative of the Bresults in a negative e ect on eld
strength and array size. In contrast, Marble et al. proposed a di erent geometry
composed of three magnets, two axially magnetised with a shim bar in between and
having a similar magnetisation direction (Figure 2.17b). This con guration generated
a By parallel to the surface with a sweet-spot at 10 mm from the sensor, and the
magnetic eld strength was 0.11 T. It enabled a simple loop RF coil to be employed;
thus, sensitivity is increased dramatically compared with designs paired with special
surface coils. Their system measurements were 100 mm x 115 mm x 6 mm, weighting
5 Kg.

Figure 2.17: Schematic diagram for the magnet designs of a) Perlo et al. and b) Marble et al.
(Adapted from [18])
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In 2007, Perlo et al. [31] improved the magnet design of 2006 to be very highly
homogeneous and reached up to 0.25 ppm at an MF of 0.2 T situated 5 mm from the
RF coil surface. This improvement was achieved using eight shim components placed
in the gap (Figure 2.18a). The main magnet bar had a dimension of 280 mm x 280
mm x120 mm, and the surface RF coil had an outer diameter of 7 mm. The sensitive
volume size was 5 mm x 5 mm x 0.5 mm. Such a high homogeneous eld enabled
Perlo et al. to clearly realise the chemical shift, such as in water/crude oil mixtures.
This design of Perlo et al. was adopted in the medical eld in 2011 by Van et al.
[22] to pro le human skin. The adoption was with a slight modi cation to the inner
edge of the main magnet unit, along with movables shim units (Figure 2.18b). This is
because most of the skin layer exists within the rst 2 mm from the body surface and
is composed of wavy interfaces between layers. Thus, the pro le NMR-MoUSE with a
resolution better than 20-30m would not reveal the ne structural detail for the skin
layers due to the high gradient, which would result in a at sensitive volume of few
hundreds of m . For skin pro ling, a sensitives volume of size 2 mm was required, and
this was achieved by using a sensor with a low gradient, which is su cient to excite the
interesting area with acceptable uniformity at the required depth. Therefore, with the
modi cation of the design by Perlo et al. a resolution of 25m at the central region
from 0.5 to 1.5 mm up to 50 m at the border was obtained with a G of 2 T/m.
The application of in-vivo NMR-MoUSE for humans is promising for skin pathology,
skincare, and diagnosis at tissue depth ranging from 10 to 15 mm.

Figure 2.18: Schematic diagram for a) Perlo et al's. highly homogeneous magnet design and b) Van
et al's. magnet design to pro le human skin.

(Adapted from [22; 31])
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In 2002, Pulyer et al. [79] proposed a planar or unilateral magnet design, in which the
magnet source was placed to one side, providing more open access. This was because
the target region was not enclosed by the magnet source and could relatively e ciently
generate remote saddle points in the eld prole. A paper in 2014 by Dabaghyan
et al. [5] adopted the Pulyer et al. principle [79]. They demonstrated a prototype
system applying the design of remote NMR measurement for bedside pulmonary density
measurement; they used a low- eld unilateral magnet design to measure the NMR
signal from the lung, a notoriously challenging tissue to MRI, with a target volume of
the order of 30 cmi. Their system was similar to the NMR-MoUSE concept, where the
By is parallel to the surface of the magnet. Magnet geometry was constructed from two
equal and opposite antiparallel dipole rectangular arrays composed of 240 small NdFeB
magnets. The distance between the inside array end edges was approximately 300 mm.
The saddle point was generated at approximately 80 mm above the magnet surface.
Figure 2.19a shows the geometrical con guration of the Dabaghyan et al. permanent
magnet system, and Figure 2.19b shows the system prototype. The eld strength at
the sweet-spot was 8.8 mT (it was more than an order of magnitude smaller than the
0.25 T and above of the pro le NMR-MoUSE family). This was achieved using a short
solenoid coil of height and radius 50 mm in the centre between the magnet arrays. To
solve the problem of low MF and the sensor sensitivity (SNR B(7)=4), they selected a
target volume larger than the imaging voxel size in a 1.5 T clinical scanner.

Figure 2.19: a) Geometrical con guration of the anti-parallel permanent magnet system; the arrows
indicate the eld direction at each magnet face, the distance between the centres of the two magnet
assembly is 2a, and the eld uniformity region is located at distance b above the magnet surface. b)
Prototype of MRI lung-density monitor.
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In 2019, two studies were published on the potential application of the unilateral MRI
sensor for medical diagnosis. The rst study was conducted by McDaniel et al. [82], in
which they developed a lightweight MR cap (8.3 kg) for 3D brain imaging to monitor
patients at the point-of-care (Figure 2.20a). Their prototype was operated at 64 mT
over an average FOV of 30 mm x 80 mm x 80 mm for a sensitive volume at a depth of
30 mm beneath the scalp. The device was composed of 37 blocks of permanent magnets
arranged in the 3D printed acrylic former in a cap shape that t an adult head. The
cap also included a build-in gradient for slice selection and an external pair of gradient
coils for phase encoding located outside the magnet assembly. In addition, the RF
coil for transmitting and receiving the signal was located inside the magnet (Figure
2.20b). The system depth pro les for the phantom study obtained a high resolution
of 0.89 mm, and the multi-slice images were acquired with a resolution of 2 mm in-
plane and 6 mm slice thickness for a total experimental time of 11 minutes. However,
McDaniel et al. acknowledged the truncation boundary and image artifacts due to the
inhomogeneous B map that resulted in a reduction in the size of the region of inter-
est. They conducted all experiments in a shielded environment using laboratory-grade
instruments for RF ampli ers that cost $15,000 and a console that cost ¢$35,000.

In contrast,the MR cap with a T/R switch and gradient power ampli er/pre-ampli er
was cost-e ective and highly compact.

Figure 2.20: Photographs for a) Drawing for the concept of the 'MR cap' showing the possible po-
sition and movement of the system around the head. b) Shielded box containing the prototype sys-
tem with a tested phantom at the centre of the RF coil.
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Greer et al. [34] had proposed a hand-held portable unilateral MRI sensor with po-
tential applications in various elds such as medicine. The sensor was contained in 3D
printed housing and PCB manufactured to include all other components such as the
RF coll, gradients, and matching network (Figure 2.21). The sensor was composed of
ve permanent magnets and three copper shields. To optimise the SNR and eld uni-
formity, they swept the positions of the main magnets at the top and along the y and
z directions. The optimal geometry was at a z-separation of 45.7 mm and y-separation
of 5.4 mm. The RF coil was composed of three turns, with an inner diameter of 9 mm
and an outer diameter of 13.1 mm. Their FOV was approximately equal to the size of
the RF coil inner diameter, and the sensitive pro le was at depth ranged from 4 to 8
mm. The depth of investigation was at 6 mm at an MF of 0.186 T with a @strength

of 2.2 T/m. The experimental time to acquire the images for 3D phantom was 108
minutes with a resolution of 0.33 mm over a FOV of 9 mm x 9 mm for ten images per
scan. Hence, they suggested that the experimental time could be reduced by reducing
the resolution.

Figure 2.21: a) Schematic diagram of the proposed hand-held sensor, indicating all components. b)
The complete assembly for the hand-held MRI sensor.
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In this project, the objective is to probe the placental tissue, located several centimetres
in-depth within the mother's uterus. According to Victoria et al. [83], the average
thickness for anterior healthy placenta is 25 mm using the ultrasound and 29 mm
using MRI, and it is > 80 mm for the posterior placenta. Therefore, the constructed
unilateral magnet should provide a su cient depth of investigation to reach the position
of the placenta.

Among the reviewed unilateral prototypes in this section, the model by Dabaghyan
et al. [5] was with some modications selected to satisfy the project objectives.
Dabaghyan et al. proposed a system characterised by an open-access, low-MF sys-
tem, portable, and unnecessary RF shield room. There is no use of gradient coils and
their associated power supplies, which result in a relaxation measurement approach in
which the measurement of spins from the localised region is acquired. Overall, these
features produce an inexpensive device because image construction is not used.
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2.3.2 Placenta

The placenta is a temporary foetal organ that functions as an interface for mater-
nofoetal exchange between the mother and embryo. This organ evolves from the fer-
tilized egg shortly after implantation and is composed of the foetal tissue (chorion)
and maternal tissue (decidua basalis), the inner layer of the uterus, and is shed during
delivery. The placenta connects to the foetus via the umbilical cord, and on the other
side to the maternal uterus [84; 85].

The development of a healthy foetus strongly depends on the adequate function of the
placental. Thereby, the process of placenta development involves a precise and tight
remodelling of the maternal spiral arteries in the uterine wall to provide the developing
placenta with su cient maternal blood [85]. The placental tissue is primarily formed
from the foetal trophoblast, an embryonic stem cells representing the outer layer of the
fertilized ovum (blastocyst), and it develops into a large part of the placenta, including
chorionic villi. Villi are nger-like structures that are metabolically active tissue pro-
ducing hormones, absorbing nutrients, gas exchange, and eliminating unwanted waste
[41; 85].

Trophoblasts are divides into two layers: the underlying layer called the cytotrophoblast
(proliferative stemlike cells) and the overlying layer known as syncytiotrophoblast, a
multinucleated cell layer that covers the placenta surface resulting from the dier-

entiation and fusion of the cytotrophoblast cells. Syncytiotrophoblast covers the villi,

completely lines the intervillous space, and becomes in direct contact with the maternal
blood and anchors into the decidua [85].

The extravillous trophoblast develops an invasive cell (endovascular trophoblast) which
drills into the maternal decidua tissue and uterine wall to replace the maternal endothe-
lial cell and change the characteristics of the blood vessels. Subsequently, spiral arteries
in the decidua are remodelled to becomes wider and less resistant, facilitating increased
blood ow to the intervillous space to ensure su cient supply for the foetus during the
pregnancy period [85].

In compromised pregnancies, abnormal cytotrophoblast di erentiation and extravillous
trophoblast invasion of the maternal decidua occurr early in the rst trimester. The
trophoblast is more proliferative and less invasive, and these events result in a compar-
atively week invasion of uterine spiral arteries, causing an increase in uteroplacental
resistance and the release of placental material into the maternal circulation [37; 84].
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A common maternal complication from abnormal placentation is PE; moreover, com-
mon foetal complications are FGR, preterm delivery, and perinatal death [36]. Hence,
understanding the placental structure is important. Figure 2.22 shows the di erence
between healthy and PE placentas. The poor invasion may result in early PE associ-
ated with FGR or pure FGR. Moreover, astereologicaf study indicated di erences
between PE and FGR in placental morphology, primarily at the villous membrane,
related to di usive conductance, which reduced in the FGR group (both pure and as-
sociated) compared with the pure PE and normal group [86]. Furthermore, cellular
senescence, the gradual deterioration of function characteristic of most complex life
forms, is accelerated in both diseases because of placental oxidative and endoplasmic
reticulum 2 stress. Moreover, di erential DNA methylation analysis has shown that
late PE does not accelerate ageing, but early onset PE does do [39].

Figure 2.22: Placentation. Normal placentation shows in the top image, showing foetal cytotro-
phoblasts invade the maternal decidua and transform the spiral artery from low to a high capac-
itance vessel to provide adequate placental perfusion for the growing foetus. The image below il-
lustrates the preeclamptic placenta; the cytotrophoblast fails to invade the decidua, and the spiral
artery remains with a small capacitance.

(Adapted from [88])

LApplied to randomly generate thin sections, facilitating minimally biased and economical quan-
titation of the three-dimensional [3D] structure of the placenta from molecular to whole-organ levels
[86].

2A multifunctional organelle required for lipid biosynthesis, calcium storage and protein folding
and processing [87].

41



2.Theory and Literature Review

2.3.2.1 Preeclampsia (PE)

Clinically, PE manifestation begins after the 28 week of gestation and may result in
morbidity and mortality for both the mother and neonate [37; 38]. In severe PE cases,
women develop HELLP syndromelaemolysis', elevated liver function enzymes, low
platelets density), eclampsia, and other end-organ damages [37]. Several studies have
been conducted to understand the evolution pathophysiological and morphological of
the PE disorder (e.g. stereological placenta analysis) [37; 38; 84; 89]. However, the
causative factor for this disorder is not yet known. Stereological analysis has revealed
that pure PE has a limited e ect on the placenta morphological structure, vascular
development, and total volumes. In contrast, it a ects the intervillous space and
terminal villi volume compared with healthy groups [84; 89]. First-trimester metabolic
detection results have shown that early and late PE are di erent disorders, as ranked
by variable important in projection (VIP) analysis [90]. A clear separation between
early and late PE stages is essential for understanding the progression of this disease;
hence, researchers have suggested that early PE is < 34 weeks and commonly associated
with FGR, while late PE is 34 weeks and associated with moderate maternofoetal
complication. Thus the outcome from late-onset PE is more favourable [43; 89; 91].

2.3.2.2 Foetal Growth Restriction (FGR)

FGR is a failure of the foetus to reach the determined potential of genetic growth.
This potential complication is clinically suspected if an estimation of foetal weight,
size, or symmetry during the routine sonography has abnormal results [92]. It a ects
up to 10% of pregnancies, and there are several causes, including foetal, maternal,
environmental, and placental factors. This foetal condition is less common, and up to
40% of the cases occur due to mothers su ering from PE or gestational hypertension
(GH) [41]. The stereological analysis for pure FGR or FGR with PE has shown that
the total di usive conductance is lower than controls or pure PE cases; this is due to
the decrease in the total volumes and surfaces of trophoblast in peripheral villi, causing
uteroplacental hypoxia [86].

IDestruction of red blood cells by the rupture of the cell envelope and release of the contained
haemoglobin.
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2.3.2.3 Placenta thickness

Placental thickness is considered an additional indicator of a healthy pregnancy. A
thick placenta is associated with increased perinatal mortality and morbidity, as well
a higher incidence of either large or SGA babies at term 40. Thick placentas have
been observed in perinatal infections, maternal diabetes, and maternal anaemia, while
thin placentas have been observed in FGR, PE, foetal infection, and chromosomal
abnormalities [93].

In 1994 1998, 17254 pregnant women underwent ultrasound screening for severe tha-
lassemia [94]. The screening was performed at mid-pregnancy, from 18 to 21 gestational
weeks, and the placental thickness was measured and recorded. The values of normal
placenta for 18, 19, 20 and 21 gestational weeks were 24.0.45, 24.2+ 0.54, 25+ 0.55

and 25.2+ 0.6 millimetres (mm), respectively, while the suggested cut-o thickness for
abnormal placenta was above 3 cm. Furthermore, a study performed in 2000 included
561 singleton pregnant patients screened in 1996 1998 [95]; the results indicated that
the criteria for diagnosing thick placenta using 40 mm as a cut-o might may indicate
normal placentas as abnormal if the gestational age group is not de ned. Moreover,
the researchers claimed that the 90th percentile from each group could be used as a
cut-o . They used a cut-o for the second trimester (20 22 weeks) of 35 mm and the
third trimester (32 34 weeks) of 51 mm.

In 2004, a clinical ultrasound study was conducted on 333 normal pregnant women
in the rst half of pregnancy between 8 and 20 weeks of gestation [96]. The data
indicated that the placental thickness was directly related to gestational age; using
linear regression modelling, the following equation was obtained: placental thickness
(in mm) = gestational age (in weeks)O 1.4 5.6 (r = 0.82); Table 2.1 listed these values.

Table 2.1: Measurements of placenta thickness in normal pregnancy by Tongson et at.in 2004.

Weeks Cases Meatt SD (mm)
8 9 5.9+ 2.1
9 23 6.4+ 2.3
10 28 8.4+ 25
11 24 9.2+ 3.0
12 37 11.2+ 3.1
13 29 14.2+ 2.5
14 35 15.5¢ 2.7
15 36 17.0+ 3.6
16 28 17.8+ 3.8
17 28 18.4+ 3.8
18 18 20.5+ 3.3
19 27 20.3t 4.0
20 11 21.8+ 3.3
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In 2011 [83], an evaluation for the thickness of a normal placenta was conducted using
clinical MRI for 53 patients in the second trimester and seven patients in the third
trimester, and the data were correlated with ultrasound measurement. These values
are presented in Table 2.2. Moreover, the researchers reported that a placental thick-
ness above 4 cm is considered abnormal.

Table 2.2: Normal placenta measurements using MRI and ultrasound in the second and third preg-
nancy trimesters by Victoria et al. in 2011.

Modality ~ Overall thick- 2" trimester(22+ 2) 39 trimester(31 + 3)
ness(mean) mm weeks weeks

Ultrasound 10 40 (25+ 0.05) 13 37(24+ 0.05) 21 34 (29+ 0.04)

MRI 17 59 (29 + 0.08) 17 59(28+ 0.08) 24 40(33+ 0.06)

Another study was conducted in 2012 on the placental thickness in the second trimester
(18 22 gestational weeks: 6 days), for the posterior and anterior placenta. This study
included 114 cases, 57 for each group [97]. The measurements for each case and overall
values are listed in Table 2.3.

Table 2.3: Measurement of normal placenta thickness for posterior and anterior cases by Lee et al.
in 2012.

Week + days Anterior Posterior Overall
(meart SD)mMm  (meant SD)mm  (meant SD) mm

18 +6 18.2+ 6.34 26.7+ 7.64 23.9+ 8.04
19 +6 20.2+ 6.44 27.1+ 7.00 23.8t 7.52
20 +6 21.1+ 4.89 28.8+ 5.54 24.6+ 6.35
21 +6 23.6+ 4.54 27.3+ 5.44 25.3+ 5.17
22 +6 20.3+ 9.37 33.7+ 14.49 28.0t 13.62
Average 21.7+ 5.73 28+ 7.12 24.6+ 7.29

A further study was conducted in 2013 [98] using ultrasound to investigate the cor-
relation of placenta thickness to gestational age in normal and FGR placentas at the
umbilical cord insertion in the late 29 and 3¢ trimester. A total of 498 patients were
investigated, and the nding was divided into two groups: group A (foetal weight < 2.5
kg, n =122) and group B (fetal weight 2.5 kg, n= 376). Placenta thickness indicated
statistical signi cance (p-value > 0.05) for group A between weeks 26 27 and 30 31
compared with group B (Table 2.4).
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Table 2.4: Placenta thickness in normal and FGR cases by Mathai et al. in 2013

Gestational Cases Normal (mean Cases FGR(mean
age(weeks) + SD)mm +SD) mm

26 27 4 30.4+ 0.03 2 24.8t 0.01
3031 11 31.3+ 0.02 7 27.6= 0.05

Another study in 2015 [99] was performed in the rst trimester to analyse placenta
volume in pregnant with PE. Pregnant women between 11 and 14 weeks were included,
and 84 cases with PE versus 904 that were normal were presented. They observed that
the placenta volume of PE patients was lower than the normal ones. Table 2.5 shows
these di erences between normal and PE (early onset + late onset).

Table 2.5: Placenta volume in normal and PE cases, sl trimester by Plasencia et al. in 2015

Gestational Cases Normal (mean Cases PE(mean
age(weeks) + SD)cnm?® +SD)cn?®
1114 904 63.62t 20.74 84 50.4¢ 21.35

A study in 2018 investigated the relationship between the placental thickness and ges-
tational age of the foetus in normal pregnancy in the second and third trimesters [93].
The study was performed on 100 pregnant women. Table 2.4 shows the mean placental
thickness in relation to the gestational age in weeks. The study concluded that placenta
thickness could be used as an additional parameter to correlate with the gestational
age during routine ultrasound measurements if the last menstrual period (LMP) was
not de ned and to detect developing intrauterine growth restriction. Moreover, this

measurement is not for any specic disorder; it is an assessment tool to monitor foe-
tuses at risk [93; 95].

Table 2.6: Mean placental thickness values in relation to gestational age by Sinha et al. in 2018.

Gestational age Cases Thickness Range
(weeks) (meanx SD) (min max)
mm

1418 20 19.82+ 3.4 14.6-23.7
1923 17 26.21+ 1.0 24.9- 27.4
24 28 16 27.52+ 3.3 22.3-30.4
29 33 23 35.65+ 3.3 30.4-38.2
34 38 24 38.9+ 0.04 38.1-38.2
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In conclusion, all the mentioned studies indicated a positive correlation between the
placental thickness and foetus gestational age. We can observe that this is a linear
relationship. Moreover, the placenta thickness is lower in compromised pregnancy,
such as those a ected by PE and FGR, compared with the normal pregnancy. This
review on placenta thickness helped to identify criteria for the depth of investigation
for this project.

2.3.2.4 Placenta relaxation time

Di erent MRI techniques are increasingly used to investigate the human placenta in-
vivo, particularly in compromised pregnancies. MRI relaxation times, both transverse
(T,) and longitudinal (T 1), are considered biomarkers for biological tissue. Di erent
body tissues have speci c characteristic relaxation times that depend on the number
of free or bound protons [100]. Hence, healthy and diseased tissues can be identi ed
using this technique. In 1998, the rst in-vivo studies by Gowland et al. and Duncan
et al. [101; 102] demonstrated the measurements of placenta MR relaxation time; (T
and T,) and perfusion estimation for 41 normal and 11 abnormal pregnancies. The
researchers used the inversion recovery and Look Locker echo-planar imaging (EPI)
sequence technique to measurg,while for T, measurements, a spin echo EPI sequence
was used at 0.5 T. The researchers observed a signi cant decrease inahd T, from

the 20th week of pregnancy in normal pregnancies, which they related to the natural
tissue changes of the placenta during pregnancy and possibly changes in the blood
oxygenation level. A reduction was also observed in the abnormal group of the same
gestational age, but the sample size was too small to be veri ed statistically. Such
results could be obtained using a low-cost alternatives to MRI; such observations could
be made in a clinical setting, thereby preventing the requirement for a costly MRI scan.

Table 2.7 shows data extracted from the graphs of a 1998 study [102] that investigated
the placental relaxation time for normal and compromised pregnancy using echo planer
MRI, and it is clear that there is a negative relationship with gestational age.

Table 2.7: Mean placental relaxation time for T; and T, for normal and compromised pregnancies,
using 0.5 T MRI by Duncan et al. in 1998.

Gestational weeks Normal Normal T, Compromised Compromised
T1(ms) (ms) T1(ms) T, (mMs)

20, nr1=5, n1,=7 1364 259 - -

25, =3, Nt,=7 1247 226 - -

30, nr1=4, nt,=7 1295 205 n=3, 1038 n=5, 137

35, it1=5, nt,=13 1220 189 n=4, 1120 n=7, 175

40, nr1=2, Nt,= 2 1120 165 - -
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In 2004, Ong et al. [103] analysed and compared placentas at 16 36 gestational weeks
for normal and compromised pregnancies (PE and FGR). The researchersused a 0.5 T
EPI scanner using the magnetisation transfer (MT) technique and stereological analysis
method. MT was used to quantify the ratio of bound protons to the total number of
protons in a given sample, and stereological analysis was used to estimate the ratio of
residual non-vascular volume to the total placental volume. The researchers observed
that MT was not altered signi cantly in either normal or abnormal placentas. In
addition, in the cross-sectional studies on the foetal capillary to total placenta volume,
the residual to total volume (R:T) ratio did not change. According to the ndings,

the changes in the relaxation time in the 1998 studies [101; 102] were not because of
the vascular and non-vascular modi cation, but instead possibly because of placental
morphology changes. These changes include the volumes, surfaces, and lengths of the
placenta’'s main functional compartments.

In a 2005 review study on placental MRI, Gowland [47] mentioned the ndings of
Duncan et al. [102] on the relaxation time (T and T;) in normal pregnancy. They

observed a shorter relaxation time in pregnancies a ected by PE and FGR, but the
values were not reported. Table 2.8 shows the; Tand T, values for normal pregnancy
using a 0.5 T MRI scanner.

Table 2.8: Mean placental relaxation time for T; and T, for normal preghancy at a 20 week gesta-
tional age and term using MRI 0.5 T by Gowland in 2005

Gestational T, (ms) , n=48 T, (ms) , n=36
weeks

20 1350 250

Term (42) 1200 175

Further research was conducted in 2011 by Wright et al. [100] to verify the ndings of
the 1998 studies [101; 102] using higher- eld 1.5 T MRI. The study included 30 normal
pregnant females between 22 and 42 gestation weeks. They observed the same be-
haviour for both relaxation times, which decreased as gestational age advanced. More-
over, they observed that the T values declined signi cantly because of the stronger
MF applied. Seventeen placentas were investigated serologically; seven placentas that
were collected in the same week as delivery indicated a signi cant correlation between
the brin volume densities and ratio of brin to villous volume density and T,. They
concluded that T, and T, are in uenced by the change in placental structure. Table

2.9 shows the data for the normal placenta relaxation time.
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Table 2.9: Mean placental relaxation time by gestational age using 1.5 T MRI by Wright et al. in
2011.

Gestational weeks + Days T (ms) T, (Ms)
2023 +6,n=1 1407 217
2427 +6,n=7 1170 225
2831 +6,n=8 1000 195
3235+6,n=2 935 198
3639+ 6,n=10 904 194
4041 +6,n=2 1017 163

In 2013, Derwig et al. [48] performed a study to measure placental perfusion using
a 1.5 T echo-planar MRI scanner to determine the relation between the placental
T, relaxation time and uterine artery Doppler ultrasound pulsatility index (PI). The
study included 40 singleton pregnancies in the second trimester (24 29 weeks); the
Pl was measured using Doppler ultrasound and,Twas measured using a 1.5 T echo-
planar scanner. T©-weighted structural images were used to visualise the details of
the placenta and foetus, and single-shot fast spin-echo scans were acquired in both the
sagittal and axial orientation. The researchers observed that, in all 40 cases, the T
was signi cantly a ected by whether the foetus was small for gestational age (SGA)
or appropriate for gestational age (AGA). Additionally, the median T, relaxation time
was lower in 25 cases of SGA (88 ms) compared with AGA (149 ms).

Moreover, the Pl was signi cantly a ected by the SGA or AGA status; the Pl in SGA
(1.96) was higher than that in AGA (1.0). Hence, the researchers concluded a signif-
icant association between T and the degree of the uterine perfusion measured using
ultrasound. Additionally, a lower T, in delivery was associated with SGA, as opposed
to uncomplicated pregnancy. Moreover, they suggested that the MR, Tmeasurement
is more sensitive than PI for predicting SGA at birth. Table 2.9 shows the Jvalues for
normal and abnormal placentas. The study selected only, because this measurement
is faster than T; and less sensitive to movement artifacts.
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Table 2.10: Results of T, mean values using 1.5 T MRI scanner, for the ™ trimester of pregnancy
for the normal and abnormal placenta. The SGA group was divided into those with and without
PE and those with and without low estimated foetal weight (LFW) at the time of the MRI exami-
nation by Derwig et al. in 2013.

Gestational weeks (24 29) T (ms)

Normal placenta, n = 15 149 (137 160)
SGA group, n = 25 88 (69 100)
PE,n=7 90 (46 92)

No PE, n =18 86.5 (69.8-113.5)
LFW @ MRI scan, n =11 69 (46 82)
Normal foetal weight @ MRI 93 (89.5113.5)
scan,n=14

As a summary for the placenta relaxation section, the reviews has indicated how both
T, and T, decreases as the gestational ages increases for both healthy and compromised
pregnancies. In compromised pregnancies, the biomarker values are lower than in
normal pregnancies. This decrease is expected as these parameters are a ected by
placenta morphology and oxygenation (Figure 2.22). The presented values in this
section for both T, and T, were used as a references to select a safe tissue mimicking
substance for the experimental parts, as described in Chapter 3. Subsequently, they
were employed to evaluate the sensitivity of the constructed system, as described in
Chapter 5.
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2.4 Conclusion

The brief overview of the NMR basic principle indicates how the NMR phenomenon
depends on the intrinsic property of the nuclei. The most important nucleus the hy-
drogen proton, which is present in the water molecule and thus in all biological tissue.
Generation of NMR signals in biological tissues depends on three types of magnetic
eld: B, for polarisation and precession, and the radiofrequency eld (B for ipping

net magnetisation into the x-y plane, and the linear eld gradient (G) for phase en-
coding and imaging. The literature review on the unilateral magnet designs assists
in adopting the required magnet con guration. The review section on the placenta
provides the basis for the expected trends of the tissue relaxation time. This project
focused on simple and portable hardware to acquire the NMR signal spectroscopically.
Thus, no gradient coils were included.

The eld of application is the major driver for adopting an adequate magnet con g-

uration. Moreover, the leading criteria that have to be considered are the depth of
investigation, and the system's appropriate sensitivity. The following table indicates
the required speci cations for the developed system in this thesis.

Table 2.11: Developed hardware speci cations

Speci cation Justi cation Criteria
Low magnetic eld No shielding room <20 mT
Cost-e ective A ordable examination As much as ul-
trasound cost
Open access Accessible for pregnant women Planar magnet
Portable Employed at a clinical setting Ultrasound
clinic
Depth of Investigation Anterior placenta 24 mm
Sensitivity Measure T, and T, relaxation 217 80 ms and
time 1407 1017 ms
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Chapter 3

Tissue mimicking study

3.1 Introduction

This chapter describes the identi cation of materials to mimic the relaxation time
parameter of the placenta; subsequently, the materials for each relaxation time were
identi ed separately. Such experimentation is essential because it would assist in eval-
uating the e ciency of the newly developed system in this project. NMR systems
have been evaluated in di erent studies for quality control or pulse sequence optimi-
sation based on sample viscosity [104; 105; 106; 107]. The viscosity of a solution is
one of the factors that is a ected the MR relaxation time of a material in that viscos-

ity relies on the molecular size and physical and chemical environment of the nucleus
[3; 108; 109; 110].

Thus, various substances have been employed as phantom to measure spin spin and
spin lattice relaxation times. For instance, copper sulfate-doped agarose gel [111], cop-
per sulphate-doped agar gel [105], nickel-doped agarose gel [107], and copper sulphate
[104] have been used to shorten both;Tand T, values. For T, measurement, poly-
dimethylsiloxane (PDMS) has been used [106]. However, the materials used to shorten
the spin lattice relaxation time are not safe. The safety data sheets for both copper
sulphate [112] and nickel sulphate [113] indicate that they are toxic and carcinogenic.
Thus, special precautions is required when manipulating such materials. Therefore, it
was preferable to develop a range of safe and repeatable reference material to test the
developed sensor.

In this study, a safe and non-expensive material was employed to simulate placenta
relaxation times T, and T,. For T,, a range of silicone oils (PDMS) viscosities were
employed. The PDMS safety data sheet [114] indicates that the PDMS ingredients
are not hazardous nor carcinogen. For (I a novel-safe food substance was utilised,
which is full-fat milk powder. In food science, water self-di usion in dairy products
have been observed to rely on the volumes of the protein, lactose, and fat in the sample
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[115; 116; 117; 118]. Therefore, the concentration of milk powder in distilled water can
be manipulated to produce di erent viscosities. The spin lattice time is in uenced by
the molecular self-di usion, as mentioned in Chapter 2; thus, the high concentration
results in a decrease in the Tvalues.

Unlike a healthy placenta, the relaxation time of a compromised placenta (PE) in each
period of gestational age was not discussed in previous studies. The most examined
gestational age was the second trimester, which begins approximately from week 24
to 29, and the T, values were ranged from 46 to 92 ms with a mean value of 90 ms
[48]. However, all previous studies indicated that the relaxation time of PE follows the
same trend, but with lower values. Hence, the placenta relaxation time was mimicked
depending on the value extracted from the research on healthy placentas by Wright
et al. [100]. For Ty, the values were 1407, 1170, 1000, 935, 904, and 1017 ms, and
the T, values were 217, 225, 195, 198, 194, and 163 ms, where each value represents a
di erent gestational age, namely 20 23, 24 27, 28 31, 32 35, 36 39, and 40 41 weeks,
respectively.

3.2 Method

A clinical MRI scanner (1.5 T MAGNETOM Avanto, Siemens, Erlangen, Germany)
was used to generate reference values for both spin spin and spin lattice relaxation
times. These values indicated the eligibility of the developed system in this project to
replace high- eld clinical MRI. The experimental details to achieve this objective are
described below.

3.2.1 Silicone oil for T , measurement

Silicone oil (PDMS) is considered a perfect candidate for spin spin relaxation time
measurements. This is because of its physical structure, which forms a proton-rich
environment with low-frequency motions, and the polymer chain is composed of two
methyl groups on each unit [119].

3.2.1.1 Sample preparation

Eight silicone oils bottles (Schumacher Racing, Northampton, UK) with di erent vis-
cosities (300, 600, 900, 2k, 5K, 10k, 15K, 30k) of centipoise (cP) were collected to
obtain di erent e ective transverse relaxation times (T5 ). Each bottle contained 60

ml of silicone oil, and all metallic stickers were removed before being positioned inside
the MRI scanner. Figure 3.1 shows one of the PDMS bottles that was used in this
experiment with a silver sticker on the back.
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Figure 3.1: Silicone oil with a viscosity of 2k cP. This metallic sticker on the back of the bottle
should be removed before the MRI scan.

3.2.1.2 MRI Measurement

In the clinical scanner, all samples were measured parallel to each other using the
spine coll to receive the radiofrequency signals. Spin echo (SE) imaging sequence was
performed similarly to the CPMG pulse sequence to extract the §T value for each
viscosity on a later stage. This experiment was performed using a range of echo times
(TE) (12.4, 20, 25, 30, 35, 40, and 50 ms) with a 1230 ms repetition time and coronal
orientation. For each echo time, the scan was acquired using 16 echoes and 32 slices,
and the total scan time lasted 7.54 minutes. A total of 16 images were acquired
and transferred to an in-house MATLAB software (MathWorks, Natick, MA, USA) to
produce a T, map. Figure 3.2 shows the images of the PDMS samples at di erent TE
values, and the viscosity of each sample is indicated in the rst image.

A region covering the centre in each of the samples was selected from the image in
Figure 3.2 to observe the § data and determine its numerical value. The region of
interest was averaged in each of the 16 echo images in MATLAB over the same area
and plotted against the centre line of the echo. A mono-exponential t was then used
to determine the value of the § . Maps of the T; were also produced using the same
tting method but for each individual voxel rather than an average. These are shown

in Figure 3.3.
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Figure 3.2: Images showing the nal echo image from PDMS samples at di erent TE values. The
annotation on the rst image on the left side indicates the viscosity for each sample.

Figure 3.3: PDMS T§ image maps created in MATLAB for each echo time.
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3.2.1.3 Results and discussion

This study investigated di erent T§ values for each PDMS concentration, and it was
clear that the PDMS a ected spin spin relaxation time. These values covered the en-
tire range of the placental tissue transverse relaxation time. It has been observed that
as the PDMS concentration increased, the values of Tdecreased, which was expected
and agreed with the observation of previous studies [106; 107; 120]. Table 3.1 shows
TS values for each PDMS viscosity, and Figure 3.4 depicts the relationship between
the TS values and PDMS viscosity.

Table 3.1: TS as a function of increasing the PDMS viscosity using a 1.5 T clinical MRI

PDMS viscosity (cP) T5 (ms) Standard Deviation ( ms)
300 340 7

600 240 5

900 190 2.5

2K 165 2

5K 140 1.7

10K 130 15

15K 120 15

30K 105 15
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Figure 3.4: TS value against PDMS viscosity using a 1.5 T clinical MRI.
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3.2.2 Full-fat milk powder for T  ; measurement

In this study, full-fat milk powder was used to shorten the T over a wide range of
values. This novel food material is considered safe, a ordable, and repeatable samples
can be prepared as required [110]. Therefore, the e ectiveness of the full-fat milk
powder was evaluated using two di erent magnetic elds strengths: 1.5 T clinical
MRI, and 0.3 T magnetic resonance sensor.

3.2.2.1 1.5 T MRI Measurement

The preliminary experiment was conducted with an ankle coil to illustrate the suitabil-
ity of the prepared concentrations as T calibration samples and to verify that full-fat
milk powder does indeed a ect the spin lattice relaxation time [110]. Subsequently,
similar concentrations were freshly prepared and measured with spine coil, as explained
in the next subsections.

3.2.2.1.1 Sample preparation

The required materials to prepare the samples were only full fat milk powder (NIDO,
Nestle, Vevey, Switzerland) and distilled water. The milk powder was dissolved in
distilled water at seven di erent concentrations, all as weight per volume (w/v), of
5%, 11%, 18%, 23%, 38%, 50%, and 64% in sample tubes and were mixed thoroughly
before the clinical MRI images were collected.

An example of the preparation of 11% concentration: a 0.95 g of full fat milk powder
was dissolved in 7 ml distilled water, yielding a total solution volume of 8.5 ml, and
the concentration was calculated as follows:

(material weight/total volume) x 100 = (0.95/8.5) x 100 = 11.2 %

Each concentration was very well mixed in a 15 ml plastic tube, then dispensed in a
selected well. This dispensing took the form of the acronym of 'NTU' (Nottingham
Trent University) in three well plates composed of 24 wells in each plate (Figure 3.5).
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Figure 3.5: Full-fat milk samples with di erent concentrations in the form of the letters NTU, each
row representing di erent concentrations as indicated on the image.
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3.2.2.1.2 MRI Measurement

The spine coil was used to receive RF signals for these samples as inherently at. The
well plates were imaged using an inversion recovery pulse sequence with the following
applied varying inversion times: 100, 500, 750, 1000, 1250, 1500, 1750, 2000, 2250,
2500, 3000, 3500, 4000, and 4500 ms with a 5000 ms repetition time and 68 ms echo
space. Coronal orientation was employed, and the total experimental time was 1.54
hour. The T, values were extracted using the previously mentioned in-house MATLAB
software to produce an inversion recovery ;Tmap; the values of T, were encoded on

the colour scale.

Nevertheless, as a preliminary step to verify that the milk powder varied the values of
the T, seven concentration were prepared in 15 ml plastic tubes and examined in two
patches utilising ankle coil (Figure 3.6). The experimental procedure was similar to the
spine coil measurements, except that the orientation was sagittal. The inversion time
commenced from 500 ms for concentrations 5%, 11%, and 18%, while for the remaining
concentrations, the inversion time began from 100 ms, as with the spine coil.

Figure 3.6: T, inversion recovery map for the rst three milk concentrations using an ankle coil
in 1.5 T MRI. The left-hand image shows the prepared samples of di erent concentration, and the
right-hand image represents the T, map for each tube. The colour bar scale is T in ms

As shown in Figure 3.7, the inversion time variation a ected the image contrast for each
section in the NTU letters that had di erent milk concentrations. After the inversion
recovery T, map was obtained, the T value was extracted by selecting a region inside
the centre of each well and then averaging the value for each concentration. Figure 3.8
shows an example of T values obtained for the concentrations of 5% and 50% of the
15 ml plastic tube samples that was measured using the ankle coil.
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Figure 3.7: T; map of di erent milk concentrations using inversion recovery sequence in 1.5 T MRI.
Concentration is increasing from left to right, four for each sample. The colour bar scale is T in
ms.

Figure 3.8: T, values for two concentration of full fat milk-powder solution measured using the an-
kle coil and produced by the MATLAB software.
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3.2.2.2 0.3 T magnetic Resonance Sensor Measurement (MRS)
3.2.2.2.1 Sample preparation

Fresh solutions of full fat milk powder were prepared for the measurements in the 0.3 T
MRS. For each of the seven concentrations, three samples were extracted and dispensed
in separate standard NMR 5 mm glass tube to collect average measurements for each
concentration. The tested concentration was similar to the concentration used with
the clinical MRI, which were 5%, 11%, 18%, 23%, 38%, 50%, and 64% w/v.

3.2.2.2.2 MRS Measurement

A customised magnet was used as a magnetic resonance sensor, and it could be de-
scribed as a closed-loop, iron yoke magnet (Figure 3.9). The magnetic eld generated
from this sensor was 0.3 T, equivalent to a resonance frequency of 19.38 MHz. For the
transmitting and receiving RF signals, an RF coil, as a part of a commercial NMR
probe (Part 514 606, Leybold Didactic GmbH, Huerth, Germany) was positioned over
the two permanent magnets. The NMR probe ensured a homogeneous eld in the
sample region, and the sample was placed in the RF coil for signal detection [110].

Figure 3.9: Snapshot of the customised close-loop 0.3 T magnet used as a sensor, showing the setup
parts.

Data was collected using Prospa software (Version 3.22, Magritek, Wellington, New
Zealand), for which the RF coil was connected to a Kéaspectrometer (Magritek,
Wellington, New Zealand) through a standard series-parallel tuning and matching cir-
cuit.
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T, measurements were achieved using a Tnversion recovery sequence with seventeen
inter-experimental repetition times (Tgy ) that were incremented non-uniformly as fol-

lows: 25, 1000, 50, 400, 60, 3000, 75, 1500, 100, 6000, 800, 125, 90, 300, 150, 2000, and
200 ms. The maximum recovery time was set at 10000 ms, a 7 Vlalue as estimated

by the 1.5 T MRI scanner. The SNR intensity was improved through the summation of

eight echoes with the shortest enabled TE. The entire MRS was placed in a bench-top
Faraday cage to reduce external noise (Figure 3.10).

Figure 3.10: Faraday cage containing the customised 0.3 T MRS and connected to the Kéapec-
trometer through a cable.

The collected data via the Ked were manipulated through an online program (mri-
Toolbox website,© 2011-13 Alan McMillan) [121]. The mono-exponential t for the
signal intensity against the inversion times was performed to extract the j;Tvalues.
Figure 3.11 depicts the T values for 5% and 64% full-fat milk powder concentration
processed using the mriToolbox website. The online program used the non-linear least-
squares t and the fact that 18C is never perfect. The equation to estimate the T
value has the following form:

Tl TR
M, = Mg[l 2Aexp(—=—)+exp(—=)]+ C; (3.2)
T T
where A is equal to (1 - cos), is the inversion pulse angle, and C represents the noise.

The signal to noise ratio of the data exceeds 2; therefore, a simple o set to represent
the noise is suitable, as discussed in [122].
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Figure 3.11: Example of T; values for two full-fat milk powder concentration (5% and 64%) using
the online program (mriToolbox); the right corner of each concentration indicates the T; value.

63



3. Tissue mimicking study

3.2.2.3 Result and discussion

Di erent concentrations result in an alteration in the sample's viscosity, and as a well-
known result, this has a prominent e ect on the spin lattice relaxation parameter.
This study demonstrated that as the concentration increases, the viscosity increases,
and as anticipated, the T, relaxation time values decrease. This decrease is due to
the relationship between the viscosity and molecular size of the sample; as mentioned
earlier, full-fat milk powder consists of lactose, protein, and fat, and both fat and
protein have comparable molecular sizes. Hence, the higher concentration of these
components results in more abundance of these molecules, and thus, a slower nucleus
rotation. Consequently, the relaxation time decays rapidly [117; 118].

Samples measured using the 1.5 T MRI indicated the decrease in the values of T
as the viscosity increased. The T values using the ankle colil for the di erent milk
concentrations in the 15 ml tubes are presented in Appendix A. Table 3.2 shows the
T, averaged values for each milk concentration using the spine coil.

Table 3.2: T, averaged values as a function of the increasing full-fat milk powder concentration
using 1.5 T clinical MRI with a spine caoil.

Milk concentration % Averaged T, Standard Deviation
(ms) ( ms)

5 1707 7

11 1464 20

18 1249 38

23 1187 28

38 837 34

50 887 8

64 528 13

Moreover, Figure 3.12 shows the relationship between thg Telaxation time values as
the milk concentration increased using the spine coil. The gure of {Tcorresponds to
the increase in the milk concentration using the ankle coil is presented in Appendix A.
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Figure 3.12: T; values as a function of full-fat milk powder concentration using 1.5 T MRI with a
spine coil.

A similar results was observed for the samples measured using the 0.3 T MRS. It was
clear that, as the concentration increased, the{Ivalue decreased. The values of, Wwere
estimated by averaging the values of three samples for each concentration. Table 3.3
shows the averaged values of;Trelative to the milk concentration. Figure 3.13 shows
the inverse relationship between milk concentration and ;Tvalues. The repeatability

of the measured sample was evaluated using the error bars of the standard deviation
of the T, values.

Table 3.3: T, averaged values as a function of the increasing full-fat milk powder concentration
utilising 0.3 T customised closed-loop magnet.

Milk concentration % Averaged T; (ms) Standard Deviation ( ms)
5 1682 223

11 1322 43

18 1063 64

23 939 26

38 724 23

50 540 21

64 431 5
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Figure 3.13: T; values as a function of full-fat milk powder concentration using the 0.3 T MRS. The
error bars represent the standard deviation of the measurements.

Despite the large di erence in the strengths of the magnetic elds of the customised
closed-loop sensor (0.3T) and the clinical MRI using the spine coil (1.5T), the full-fat
milk powder samples exhibited approximately similar values for the spin lattice relax-
ation time. This similarity was observed from the tting coe cient for the exponential
curve, which was -0.022X in both systems. The reason for this similarity in values
might be due to the fat in the full-fat milk powder having a comparable size to the
protein and the fat is weakly dependent on the intensity of the magnetic eld [118; 123].

Generally, this study succeeded in the use of full-fat milk powder samples as a standard
calibration substance for the development of a magnetic resonance sensor.
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3.3 Conclusion

The results in this study reveal the safe and inexpensive wide range for both dnd T,
that can be extracted from silicone oil and full-fat milk powder, respectively. The vis-
cosities demonstrated in this study encompass the entire range of placenta relaxation
times at di erent gestational ages. The various viscosities of the silicone oil and full-
fat milk powder that were tested using clinical MRI indicated an excellent relationship
with the spin spin and spin lattice relaxation times, respectively. For the spin lattice
relaxation time, the full-fat milk powder dissolved in distilled water exhibited an e -
cient outcome in both clinical MRI and low- eld magnetic sensors in having a similar
exponential tting coe cient. This material is considered a safe, a ordable, and easily
replicated tool to calibrate MR sensors. A freshly prepared sample is recommended to
be used within 0 4 hours to avoid substance separation and, consequently, uctuation
in the T, values. These materials were used separately as a safe tool to validate the
development of a low- eld NMR system, as explained in Chapter 5. Moreover, the pos-
sibility of combining these materials to create a tissue-equivalent phantom is discussed
in Chapter 5.

67



Chapter 4

Electronics system for a low- eld
NMR spectrometer

4.1 Introduction

This chapter presents the development of an electronic system that can be operated

at an RF below 1 MHz. Although most low- eld NMR spectrometers are operated at

a frequency ranging from 10 to 20 MHz [3; 8] or at Earth's eld [124], the operating

frequency used in this study has become more common [5]. This range of frequency is

considered a motivating cross over, and although it is above the audio domain (20 Hz
20 kHz), the RF electronics design is economical.

However, the main challenge in low-NMR MF systems is extremely low SNRs, as the
SNR depends on the strength of the static MF (B), sample volume, and character-
istics of the detection coil. For instance, when using an electromagnetic coil as g B
eld, a stabilised power supply is fundamental for establishing a constant eld value
and, therefore, resonance frequency. Moreover, an enhancement in signal processing is
essential to overcome the SNR problem [4; 125]. Moreover, a low noise pre-ampli er
is considered one of the key elements for receiving the NMR signal in a low magnetic
eld [126].

The SNR in a low-NMR MF system can be enhanced by using a digital signal processing
(DSP) system, as demonstrated by earlier researchers [4; 127; 128; 129]. The DSP
system functions as a controller and an interface between the frequency translator and
digital synthesiser. The primary components of the NMR spectrometer are the magnet,
console, and host computer. The DSP operates similarly to a radio system in that it
has components such as a transmitter, synthesiser, and receiver.

In this study, the electronic system used was a commercial magnetic resonance console
called SpinCore (RadioProcessbl , SpinCore, Gainesville, FL, USA), which is a digi-
tal RF excitation and broadband data acquisition system with spectrometer frequencies
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ranging from O to 100 MHz [130]. The RadioProcessor board combines three major
units: the data acquisition core, excitation core, and PulseBlaster timing core, which
provides high-resolution timing control for the entire system. This commercial spec-
trometer does not comprise the required signal ampli ers, which are the pulse power
ampli er, transcoupler (duplexer), and pre-ampli er, as these depend on the applied
frequency. Therefore, this chapter will discuss the employment of two di erent RF
power ampli ers and pre-ampli ers: the o -the-shelf components as a typical system
and the existing generation of the operational ampli er (Op-Amp) as cost-e ective
parts.

Moreover, as a preliminary step to verify the e ciency of the electronic system for
the low MF-NMR spectrometer, a relatively homogeneous MF for both Band B,
was used. The aim of this step was to avoid the variation in the magnetic eld that
could be generated from the single-sided NMR sensor and surface coil and to focus on
developing the low- eld NMR electronic system.

4.2 NMR spectrometer system

The entire system was composed of three main parts: the MF source, which was an
electromagnetic (EM) laboratory coil, the SpinCore console, and the host computer.

Each part of this spectrometer system had an essential role in acquiring the nuclear
magnetic resonance signal, as is explained further below.

The rst part included the EM coil and NMR probe. The EM colil functioned as the
main static MF source (B). The produced MF was controlled using a programmable
DC power supply to ensure power stabilisation and determine the actual current (A)
that generated the required MF to satisfy the resonance frequency of the RF coil. The
NMR probe was a resonance-frequency circuit composed of a home-made solenoid coil
and xed high-voltage capacitors. A solenoid coil in the probe circuit was used to
generate the EM eld (B;) to interact with the nuclei of the sample. This coil was
used to transmit and receive the NMR signal simultaneously.

Since the characteristic of the detection RF coil is very important for the SNR, the
coil was fabricated from Litz wire (500 g, 81 strands of 0.04 mm copper warped in
silk, 0.67 mm wire diameter) to reduce coll resistance at low frequencies and provide
a high-quality factor [4]. Moreover, a winding machine was used to build the RF coil
to ensure that all the layers were superimposed correctly. The diameter and height of
the RF coil were 20 mm, composed of 3 layers of 30 turns of Litz wire. Subsequently,
the RF coil and xed high-voltage capacitors were contained in an aluminium box and
inserted in between the poles of the EM coils (Figure 4.1).

The gap between the two poles was 5 cm, the EM coil was driven to 0.0189 T, which
corresponded to a frequency of 0.8075 MHz using a 0.332 A current provided by the
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programmable DC power supply set at 20 V.

Figure 4.1: Electromagnetic coil with the aluminium box inserted between the iron poles. The
right-hand image shows the probe parts inside the aluminium box.

The NMR probe was connected to a transmitter/receiver (T/R) switch or duplexer,
which was used to blank the pre-ampli er to avoid the overloading and destruction
caused by the high power excitation pulses. It also isolated the transmitter from
the receiver during the receiving period to prevent electrical noise from the transmit
channel [4].

4.2.1 Electronic system with o -the-shelf units

The second part of the low- eld NMR spectrometer was the electronic system, rep-
resented by the SpinCore console. Figure 4.2 depicts the block diagram of the elec-
tronic system of the low-MF NMR spectrometer using the o -the-shelf components such
as front-end electronics. These components were the RF power ampli er (BT00500-
AlphaS, TOMCO, 100 kHz 30 MHz, Stepney, Australia), a duplexer (custom built
transcoupler, nmr-service.de, Germany) which operated from 0.7 to 1 MHz, high gain
and low noise ZFL-500LN-BNC pre-ampli ers (MiniCircuits, 0.1-500 MHz, GND+15v,
Brooklyn, NY, USA), and the low pass Iter of 1 MHz (EF508, Thorlabs, Newton, NJ,
USA).

The excitation core of the RadioProcessor board generated both RF analogue signals
and digital outputs. It was represented by a direct digital synthesis (DDS) board, which
controlled the digital transmitter channel of the spectrometer system. The function of
the transmitter was to provide a short RF pulse. These pulses irradiated the sample in
the probe with the desired frequency and pulse length at the correct phase and power
level [131]. The digital transmitter channel included a frequency synthesiser, RF signal
generator, and transmitter controller. The RF ampli er was not part of the DDS board
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Figure 4.2: Block diagram for the low NMR spectrometer electronic system.

but of the transmitter channel. The DDS board synthesised the excitation pulse and
ampli ed the pulse generated by an RF power ampli er (TOMCO) at 125 mV.

Moreover, signal coherence was maintained between the acquisition and excitation cores
by deriving the detection of the acquisition core [130]. First, the frequency synthesiser
was the source of a stable RF signal with the required frequency using a standard
reference frequency of 50 MHz. Second, the RF controller, under the computer interface
control, gated the output of the synthesiser generated signal to form short timing
pulses at a low amplitude level. Third, the transmitter controller was used to create
the modulated phase, pulse power, and pulse switching. Subsequently, the digital-
to-analogue (DAC) converted the information obtained in digital form, the generated
signal that was controlled by the host computer, to analogue information in the form
of a voltage and current (sine wave signal).

This pulse was sent to the RF coil through the duplexer, and when the pulse was turned
o, the NMR signal was detected by the same coil and transmitted to the digital receiver
via the same duplexer. The receiver channel included a pair of high gain and low noise
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ZFL-500LN-BNC pr-ampli er mini circuits with two of the 1 MHz low-pass lters to
Iter the noise outside the frequency bandwidth, and the digital receiving board (DR).
The DR represented the acquisition core and captured the received signal through
a high-resolution analogue-to-digital converter (ADC) [130]. The received signal was
demodulated digitally using digital quadrature detection and Itered to reduce the
signal to baseband. These demodulated signals transmitted to the DSP for digitizing
by an ADC (75 MHz) for data processing and display such as the Fourier transform of
the time domain data, which was performed by the hosted computer.

The PulseBlaster timing core was used to simplify the creation of complex pulse se-
guences via robustly designed instruction set. This timing core controlled all system
features functionality, for instance, the triggering data acquisition, frequency, and gat-
ing RF output in addition to the control of the digital outputs.

The third part was the host computer, a tool used for communication between the user
and spectrometer via the MATLAB program. An in-house MATLAB (MathWorks,

MA) program was used as a graphical user interface (GUI) to program and control
the RadioProcessor board, in which the program controlled the digital pulse and RF
generation of the board. It also enabled the end-user to design the operating window
as required (Figure 4.3). The designed panel had di erent sections to control the NMR
signal parameters: the hardware, echoes, and experiment sections. The SpinCore con-
trolled the entire operation by appropriately synchronising the excitation and internal
acquisition core parameters.

These sections contained parameters that were related to both excitation pulse and
acquisition time. The parameters that related to the excitation pulse were the NMR
frequency (f) (MHz), 90 lengths (pulse length), phase shift, amplitude, echo time (TE),
and repetition time (TR). The ones related to the acquisition time were the ADC f,
dwell time (DW), number of echoes (NE), number of echo points (PPE), and number
of average scans (N Reps). These input parameters were required to be set correctly
to obtain useful CPMG data, and the experimental procedure could be repeated as
required to improve the SNR.

The function of the input parameters is explained as followsADC f is a sampling clock
frequency xed at 75 MHz. At this sampling frequency, the input signal can be sampled
up to 37.5 MHz (the Nyquist frequency @ax) = % the sampling frequency) [130]. The
function is to convert the obtained analogue information such as the amplitude of the
input signal to digital information, de ned in numerical values concerning a reference
signal produced by a DAC. The process includes digitisation and encoding, in which
the signal is digitised by converting the electric voltage of the input signal into a set of
coded binary electrical levels, and the digitised input signal is output in series (pulse-
train) form and a parallel (simultaneous) form with the most signi cant bits rst [131].
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Figure 4.3: MATLAB GUI main front panel illustrates the basic parameters used to generate an
NMR signal. The top two sections represent the plots for the time of and spectral density domains,
respectively. The third section depicts images of the real, imaginary and modules components of the
spin echo.

NMR frequency (f) is the desired spectrometer frequency in MHz, re ecting the
NMR probe tuning circuit output (resonance frequency). ThédW is the interval time
between the sampling point ( = 1/ (2* Ggax)); a signal at Ggax will have two data
points per cycle and the sampling rate = (1/DW) KHz [73].

The PPE sampled per echo must be a binary number (2n) to be able to process the
data using the fast Fourier transform (FFT) algorithm. Based on these acquisition
parameters (DW and PPE), calculation of the acquisition time (AT) can be performed
for the total amount of the time that the data are sampled for each experiment (AT=
DW X PPE). An important means of obtaining a good spectrum is setting the desired
spectral width (SW) of the stored baseband data. It represents the range of frequencies
that are measured or the bandwidth of the measured baseband data. The SW begins
from O kHz to 1/2 the sampling rate (SW= 1/2DW).
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90 lengths (pulse width)  represents the time duration of the excitation pulse in s.
This time should be calibrated each time there is a new probe and a di erent sample.
The objective of this pulse is to rotate the net magnetisation from the equilibrium
state (Z direction) into the x-y plane, where the magnetic moment loses the coherence
and the FID signal produced. Moreover, it determines the bandwidth of the excited
frequency.

Phase shift is the phase of the output signal in degrees. It determines the appearance
axis of the applied magnetic eld (B,), which caused by the oscillating RF current in
the coil [73].

The dialogue has twolter types : bypass (BP) and narrow. The BP lter permits
the signals within the accepted frequency band to pass through and the signals above
or below the cut-o frequency will be attenuated. The narrow bandpass Iter isolates
the spectrum's narrow region and has a bandwidth of less than 6% of the centre of the
wavelength value.

NE represents the spin echo train in an experiment, re ecting the number of 180
pulses applied in the experiment. The optimum number of echoes to acquire the whole
decay of the echo signal is equal to ((3)/TE). This NE is separated by the TE , which

is the time from the centre of the 90 RF pulse to the echo peak in s. This time is
equal to the delay time required for the FID to completely dephase and the delay time
for the spin echo rephase after the 18Qoulse. This parameter is related to the }
relaxation measurements.

N Reps. is the number of repeated scans, which are averaged at the end of the
experiment.

TR is the time between 90 excitation pulses (refer to Figure 2.10). It is adjusted by
the 'last delay’, which is the time parameter between the end of the pulse sequence and
the beginning of the next pulse sequence, consecutive scans, in a millisecond. It should
be su ciently long to facilitate a comfortable long recovery time, which is equal to 5
Ti.

Amplitude is the scaling factor for the excitation signal amplitude, which is the
amplifying power applied to the RF signal before it is sent to the RF coilBlanking is
the span time before the excitation pulse, enabling the RF power ampli er to warm-up
[130].

Pulse type : The hard pulse is a short and robust time pulse that rotates the total
net magnetisation from the equilibrium state. The soft pulse is soft with a long time
pulse that rotates part of the net magnetisation; it is used as a selective pulse.
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4211 Materials and methods

Part 1 : The system was investigated using a sample of olive oil in a plastic transparent
transfer pipette with a diameter of 14 mm placed in the coil. The experimental mea-
surement was obtained using the CPMG pulse sequence in the MATLAB GUI window.
The hardware section parameters were a;Hrequency of 0.8705 MHz with a DW of
3.5 s. The 90 pulse length was 5 s, and the phase shift was 100 degrees. For the
echo section, the parameters were 16 echo numbers, 608Gor the echo time, and the
points per echo were 256. The experimental parts involved the number of the averaged
scans, which was 256 to improve the SNR, the delay time was 100 ms, the total time
for repetition was 196 ms, and the amplitude was 125 mV. The amplitude of the 80
pulses was twice the amplitude of the $Qpulses, but with a similar duration for both.

Part 2 : The capability of the electronic system in di erentiating between di erent
materials was inspected. The tested materials were pure sun ower oil (Sainsbury Ltd.,
London, UK), olive oil (Sainsbury Ltd., London, Spain), CuSQ dissolved in distilled
water (100 millimolar (mM)), superparamagnetic iron oxides dissolved in distilled wa-
ter (SPIOs 0.1% ) and still smart water (vapour distilled spring water with added
electrolytes, Coca-Cola Enterprises Ltd., UK). Similar transparent transfer pipettes
were used for each material. The CPMG pulse sequence was used to meas@read it

is a well known method for such measurements [3; 5; 34]. This process was repeated to
create a train of echoes with an exponential envelope of time-constar§ T The use of
this experiment and the averaging of results resulted in an improvement in the SNR.
Thereafter, the value of the T, was calculated by rst de ning the modulus for the
real and imaginary components of the spin echoes and then the modulus integration
for each of the echoes. The §T was calculated as the decayed time constant using
the mono-exponential t to the time decay by adopting the Levenberg Marquardt
least-squares minimization.

The CPMG experiment parameters were 5s long RF pulses for both 90 and 180,

and the B; frequency was 0.8075 MHz with a 18(hase shift. The amplitude was 125
mV and an average of 256 scans was obtained. The NMR echo signal intensities were
acquired using an interval time of 25 s, with 8 points per 250 echoes. The echo time
was 500 s for the sun ower, olive oil, and CuSQ, and 5000 s for the SPIOs and still
water. The repetition time was 225 ms for the sun ower, olive oil, and CuSQ 2250

ms for SPIOs, and 4750 ms for still water.
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4.2.1.2 Results and discussion

The measured NMR quantities of a sample are restricted by the instrument noise limit
and the permitted experimental time. Therefore, NMR experiment parameters should
be set appropriately to acquire useful outcomes [63]. Numerous NMR experimental
parameters trials were conducted until the rst successful experimental test for the
above described electronic system was obtained. The outcome was promising, and the
NMR signal was produced from the olive oil sample, as shown in the time domain
section in Figure 4.4, for which 16 spin echoes produced successfully.

One of the essential factors that produced this result was to assure that the magnetic
eld across the solenoid coil precisely matched the frequency of the resonating circuit,
which was set at 0.8075 MHz in the GUI panel. This matching was achieved by mea-
suring the MF inside the coil using a Gauss meter (Hirst Magnetics Instruments Ltd.,
GMO08-2476, Probe PT11651, Cornwall, UK), and accordingly adjusting the current
ow through the EMC to attain an MF equal to 18.9 mT at the centre of the coil.
Moreover, the use of the correct pre-ampli er and low-pass Iter permitted only the
signals below 1 MHz to pass.

Figure 4.4: NMR signal obtained from olive oil sample using an EMC operated at 18.9 mT, which
corresponded to B = 0.8075 MHz. The SpinCore was connected to the TOMCO as the RF power
ampli er and pairs for each of the o -the-shelf components: mini circuit ZFL-500LN-BNC and low-
pass lter as the pre-ampli er. In the time domain section, the blue colour of the spin echoes repre-
sents the modulus integration for the real and imaginary components echoes.
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Moreover, the e ciency of the electronic system in di erentiating between di erent
materials was investigated. Figures 4.5 and 4.6 show an example of the NMR signals
that were acquired for the di erent sample viscosities: sun ower oil, olive oil, CuSO
(100 mM), SPIOs 0.1%, and still water. The right-hand side of the gure presents the
echoes train generated by the CPMG sequence using the MATLAB GUI. The modulus
of the real (red) and imaginary (green) components are represented as a blue overlay.
The left-hand part shows the integrals of produced echoes in a red circle and the t
curve is in blue; the t parameter is shown above the plot and the J shows in s.
The time constant T was extracted from the average of three measurements for each
of the materials using the CPMG pulse sequence. Furthermore, Table 4.1 shows the
averaged B values for each material with the standard deviation (SD).

Figure 4.5: Estimated T§ for sun ower oil and olive oil using the EMC operated at 18.9 mT and
solenoid coil for NMR signal detection with a TOMCO RF power ampli er.
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Figure 4.6: Estimated T5 for di erent materials using the EMC operated at 18.9 mT and solenoid
coil for NMR signal detection with a TOMCO RF power ampli er.
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Table 4.1: TS values for di erent materials using the EMC operated at 18.9 mT with a TOMCO
RF power ampli er

Material TS5 (ms) +SD (ms)
CuSQ, (100 mM) 2.34 0.21
Sun ower oll 29 0.52
Olive oll 31 0.1
SPIOs (0.1%) 777 16
Still water 843 23

The estimated values of the § for the di erent samples in this study were reasonable
relative to their molecular compositions. The proton mobility of the sample was the
main key factor a ecting the e ective spin spin relaxation time. The T§ values for
olive and sun ower oils were relatively similar. However, they have di erent percent-
ages of fatty acids, as indicated by Popescu et al. [132]. The results of this study agreed
with those of Xu et al. [133], which indicated that both oils are relatively similar, but
theirs had higher values, with the T values being 65.5 ms and 67.5 ms for sun ower
and olive oil, respectively. Nevertheless, the;Ivalue of the sun ower was in agreement
with another study [134], with the value ranging from 28 to 32 ms for the linoleic type
of sun ower oil. Moreover, Santos et al. [135] indicated a ;Tvalue for olive oil of 44
ms using a Halbach array with a solenoid coil as a sensor. In this study, th§ Tlower
values were most likely due to the di erent gradient strengths in the di erent types of
sensors used and di erent echo times used in the di erent experiments, both of which
contribute to the value of the T5 (Equation 2.20). The precession of the system used
here was observed to be e ective in previous experiments where consistent values were
observed for the same samples.

For CuSQ,, the acquisition time was set to be exceedingly long, resulting in higher
noise and a lower SNR. Accordingly, a lowerST was obtained compared with the value
obtained by Melville et al. [136], which was 9.6 ms. For SPIOs and still water, the
transverse relaxation of protons in the sample that contained the SPIO nanoparticles
had a lower value than water, and this was due to the nonuniform eld generated by
magnetic particles and consequently a faster dephasing of precessing spins in the x-y
plane.

In summary, the developed electronic system su ciently discriminated between the
di erent compositions of the tested materials. These values are compared with the
NMR measurement that was performed using the constructed single-sided NMR system
in Chapter 5.
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4.2.2 Electronic system using an operational ampli er

An Op-Amp is a versatile electronic device widely used in instrumentation applications
owing to its low cost and high performance. It is a high-gain directly coupled voltage
ampli er with di erential voltage inputs and a single-ended output [137]. The dif-
ferential inputs have opposite polarities, where the voltage |V + is the non-inverting
input and the voltage V,y is the inverting input. Unlike the ideal Op-Amp, a prac-
tical Op-Amp is characterised by a nite gain for a de ned bandwidth of frequencies,
and outside this bandwidth, the gain will decline. Additionally, it has a nite input
impedance and a low output impedance [138].

This section describes the employment of a modest Op-Amp in a simple form of an
inverting design. The design involves only two resistors and a decoupling capacitor
(Figure 4.7). The desired gain of the circuit can be controlled by selecting the correct
values for the resistors, and the voltage gain can be calculated using the equatiqiFA
(R(feedback)/R (in)) [137]. This design can e ectively provide the front-end electronics
for both an RF power ampli er and signal pre-ampli ers for frequencies below 1 MHz.

Figure 4.7: Schematic diagram of an inverting Op-Amp
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4221 Materials and methods

Similar to the experiment described above, the EMC, NMR probe, and SpinCore Ra-
dioProcessor have been used to produce the signal from an olive oil sample in a 14 mm
diameter tube. All the measurements were performed using a CPMG sequence with
the amplitude of the 180 pulses being twice that of the 99 pulses but with a similar
pulse length durations. Figure 4.8 depicts the schematic diagram for the front-end
electronics circuit; an inverting Op-Amp (Linear Technology LT1363 [139]) was used
as an RF power ampli er and inverting Op-Amp (Linear Technology LT1222 [140])
as a pre-amplier. The LT1363 Op-Amp is characterised by a high speed, low sup-
ply current, and signi cant slew rate with an outstanding DC gain performance. The
LT1222 Op-Amp is characterised by low noise and high speed with a higher DC gain;
however, it has a smaller current sourcing capability than LT1363 [71]. LT1222 circuit
is stable in a noise gain of 10 without compensation. Both circuits of a voltage feed-
back amplier (LT1363 and LT1222) provide excellent settled features with a single
gain stage that makes them ideal options for data acquisition system, bu er, and cable
driver applications owing to the capability of driving any capacitive load [139; 140].
Moreover, Figure 4.8 shows the use of a pair of back-to-back Germanium (Ge) diodes,
which functioned as an e ective duplexer owing to the low power requirement and
appropriateness for battery-powered applications.

Figure 4.8: Schematic diagram for the inverting Op-Amp that represents the power ampli er
(LT1363) and pre-ampli er (LT1222). All capacitors are of 0.1 F, and the Ge diodes act as a du-
plexer. The NMR probe comprises the inserted sample coil, and tuning and matching circuit are
marked by a dotted line.

The entire electronic system functioned as follows: the signal generated by the SpinCore
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exited the RF output of the Radioprocessor board and was fed to the inverting Op-Amp
circuit (LT1363) via a decoupling capacitor. The LT1363 circuit has a gain-bandwidth
product of 70 MHz, and according to the value of the resistors used in this circuit,
the produced gain is approximately 12, and the frequency bandwidth is 5.7 MHz. The
required operational power supply for the RF power ampli er and the pre-ampli ers
was + 15 V. Therefore, the supply voltages for both ampli ers were a pair of Traco
Power TSRN 1-24150 DC-to-DC converter/switching regulators. This power regulator
enables a single dc supply from 16.5 to 42 V, which is an advantage of the application of
battery power. These regulators were connected to a digital control DC power supply
(TENMA ™ | 72-2630, UK) to supply the required voltage.

The output signal from the LT1363 ampli er was again decoupled and fed to the pair
of the back-to-back Ge diodes, which formed a part of the duplexer that su ciently
isolated the transmitter output from the probe tuning circuit and pre-ampli er during

the sequence of the receiving process. Additionally, it prevented the signal leakage
from the SpinCore RF output from disturbing the detection circuit [71].

The olive oil sample was inserted in the coil of the previous home-built NMR probe,
where the tuning and matching capacitor was xed to yield a resonant frequency of
0.808 MHz. Similar to the previous setting, the NMR probe was placed in between the
poles of an electromagnet coil to guarantee the accurate eld for the tuned frequency
at a current of 0.335 A.

Since the returning NMR signal from the coil was an order of magnitude smaller than
the signal generated from the LT1363, other pairs of back-to-back Ge diodes were
grounded to protect the pre-ampli er. Hence, the maximum voltage input to the pre-
ampli er was restricted to 0.2 V, which o ered e cient protection than the 0.6 V
provided by Silicon (Si) diodes. The signal from the Ge diodes was fed to a simple
inverting Op-Amp circuit (LT1222) through a decoupled capacitor. The LT1222 has a
500 MHz gain bandwidth product, and owing to the value of the resistors used in this
circuit, the produced gain is approximately 340, and the frequency bandwidth is 1.47
MHz. Consequently, this circuit e ectively served as a low-pass Iter to prevent the
noise of the high frequency from returning to the SpinCore. Moreover, this circuit was
investigated by adding 1 MHz low-pass lIters (ThorLabs, EF508) on the input and
output of the LT1222 terminals, and an insigni cant di erence was observed.

An optimum 90° pulse duration length should be selected to obtain an optimal per-
formance for the new front-end electronics. Therefore, a ®@alibration in the tool
section in the GUI window was run to determine the optimum value, for which the
amplitude power level was increased to 500 mV. The pulse duration was from 10 to
80 s with eight increments, each increment being equal to 1Gs. The following ex-
periment parameters were employed: a proton resonance frequency of 0.808 MHz with
an interval time of 20 s spaced by an echo time of 20006s. The PPE was 32, with
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an echo number of 64. The TR was 228 ms with 128 average scans with a®Zittase
shift. After the optimum 90° pulse duration was obtained, the NMR signal could be
acquired.

4.2.2.2 Results and discussion

Since the 90 pulse is responsible for ipping the net magnetisation from the equilibrium
state to the x-y plane, an accurate value for the pulse duration is critical. The pulse
duration is primarily in uenced by the following factors: the probe (type, dimension,
and age), tuning (wrong tuning results in longer 90pulses), voltage power supply to
the front-end electronics (for which a higher power results shorter pulses), amount of
the RF power delivered to the probe, type of power ampli er, and interrogated nucleus
[141].

Therefore, for the current hardware con guration, a 90 calibration was used (Figure
4.9). The plot shows the optimum 90 pulse length value for the measured signal
integral over a range of duration times. The peak value represents the optimum pulse
duration value used in the NMR experiment, which was 40s in this scenario. As a
rst attempt, the LT1222 was used as an RF power ampli er with a power supply ot

12 V, and the optimum value was 45 s. As expected, when the RF power decreased,
the pulse length increased.

Figure 4.9: A 90 degree calibration demonstrating the optimum pulse length duration value at
the peak (40 s) using the LT1363 circuit as a power ampli er and the LT1222 circuit as a pre-
ampli er.
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Other trials were conducted with the LT1222 as an RF power ampli er, and the receiv-
ing channel circuit was similar to that described in Section 4.2.1. The optimum pulse
duration was obtained at 57.5 s (Figure 4.10). In this trial, the echo time was 1500

s, PPE was 32 for 128 echoes, TR was 292 ms, and 64 average scans had’gph86e
shift. Again as expected, the hardware con guration a ected the pulse duration.

Figure 4.10: 90 pulse length calibration for the LT1222 as an RF power ampli er and o -the-shelf
electronics as a pre-ampli er; the optimum value at the peak was 57.5 s

After the optimum 90° pulse duration was obtained for the simple inverting Op-Amp
electronic circuit, the NMR signal was produced with a pulse length of 40s (rst
section of Figure 4.11). Furthermore, similar to the method in Section 4.2.1.1, the
e ective spin spin and spin lattice relaxation times were extracted for the olive oil
sample. Moreover, the echo train indicated that the rst Hahn echo was slightly lower
than the subsequent echoes, which is a common phenomenon for pulse NMR at low
frequencies [71].
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Figure 4.11: NMR signal of an echo train of 64 spin echoes with a g of 2000 s obtained using the
simple inverting Op-Amp LT1363 circuit as a power ampli er and LT1222 as a pre-ampli er at a
pulse length of 40 s.

The NMR signal in Figure 4.12 was obtained using a CPMG sequence with front-end
electronics composed of LT1222 as a power ampli er and the o -the-shelf electronics
as a pre-amplier. The employed pulse duration was 57.5s. Moreover, the initial
Hahn echo was similar to one observed in Figure 4.11. Additionally, the reader can
notice that in the time-domain section, the real and imaginary components are ipped
to the negative direction; this was because a di erent phase shift was applied, which
was 180.

Moreover, to verify the capability of the Op-Amp electronic circuit to be operated only
with the power of the battery, the experiment was conducted using two di erent power
supplies to produce the NMR signal. Therefore, a battery power af 18 V and the
TENMA ™ digital DC power supply were used for this experiment (Figure 4.13). As
shown in the time and frequency domain sections in Figure 4.13, the generated NMR
signal intensity via battery was similar to the NMR signal intensity produced by the
digital DC power supply. The experimental parameters used for this comparison were
identical to those in Figure 4.10, but with a higher number of points per echo (64)
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and lower echo numbers (16) that were spaced by 2008. The pulse duration was
increased to 45 s owing to the increased distance between the EMC poles, which was
10 cm instead of 5 cm, as in the previous setting.

As a consequence of the distance increase between the poles, the EMC current power
supply was increased to 0.795 A, to maintain the magnetic eld of 0.804 T at the coill
centre. The repetition time was 132 ms, and the number of the averages scans was
512. The result shows that the Op-Amp circuit can be employed in the elds where
battery power is required.

Figure 4.12: NMR signal of an echo train of 128 spin echoes with a TE of 1500s obtained using
the simple inverting LT1222 Op-Amp circuit as a power ampli er and o -the-shelf electronics as a
pre-ampli er at a pulse length of 57.5 s.
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Figure 4.13: NMR signals of an echo train of 16 spin echoes and 64 points per echo were produced
using two di erent power supplies for the inverting Op-Amp circuits; the digital DC power supply
and a+ 18 V battery.
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The simple inverting Op-Amp circuits exhibited an excellent outcome at frequencies
below 1 MHz. The NMR signal gain using this lower power front-end electronics
was comparable to that of the NMR signal obtained from the commercial ampli ers.
Table 4.2 lists the signal intensities acquired for the di erent front-end con gurations.
Additionally, it shows how the 9C¢° pulse duration was a ected by the type of the
utilised external units ampli ers, regardless the use of the similar NMR probe, static
MF, and the sample in all experiments.

Table 4.2: NMR signal intensities for the front-end SpinCore electronics associated with the elec-
tronic system.

RF ampli er+Pre-amplier Time domain Spectral density Pulse
(a.u) domain (a.u) length (us)

TOMCO+two ZFL500LN 4x10° 2x10'3 5

LT1363+LT1222 2x10@ 6x10-2 40

LT1222+one ZFL500LN 4x10 6x10'2 57.5

LT1363 + LT1222 (Digital  2x1C® 10x10° 45

power)

LT1363 + LT1222 (Battery 2x1C° 10x10° 45

power)

A relatively homogeneous magnetic eld was used in this study through a laboratory
electromagnetic coil to produce the NMR signal information. For applications that
required battery power, permanent magnets would be more convenient, but it would
result in less homogeneity. This might require a stronger ampli cation power that can
be provided by the LT1363 Op-Amp.

The Op-Amp ampli cation circuits are an inexpensive external unit that cost less than
$20 compared with the o -the-shelf RF electronics components that cost more than
$1000 [71]. This is because the Op-Amp can be designed precisely to the required
frequency, whereas the capability of commercial electronics is more comprehensive,
for which a broader range of the frequency than is required for a speci c application
and higher power than it requires can be manipulated, which demands a delicate and
expensive design of duplexer. Furthermore, as mentioned earlier, the bandwidth of the
LT1222 circuit can function as a pre-ampli er and lter for RFs above 1 MHz. Hence,

no low-pass ltering is required compared with commercial RF units.

Finally, note that the exibility and the straightforward construction of the Op-Amp
circuit and the hardware and the home-built software could facilitate other potential
applications such as in electronics education and biomedical engineering.
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4.3 Conclusion

The primary aim of the developed electronic system was a combination with the newly
constructed planar magnets. The new planar magnet provides an in-homogeneous eld
along with the planar coil. Therefore, an optimization of the experimental parameters
is required. For example, the pulse duration is expected to be longer, as a trade-o
due to probe construction and design [141].

This chapter presents an electronic system successfully operated at a frequency below
1 MHz using a comparatively homogeneous magnetic eld for both the static and
oscillating frequency elds. Two types of front-end electronics were used: a typical
system composed of commercial units and a simple inverting Op-Amp. The external
units were associated with the core electronic system (SpinCore), and both provided
reliable NMR signal measurements. However, the current hardware system is not
portable because the weight of the laboratory electromagnetic coil; it can be utilised
as a bench-top spectrometer for di erent applications.
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Chapter 5

NMR-CAPIBarA construction,
evaluation, and optimisation

5.1 Introduction

Changes in the values of the NMR relaxation time parameters for the placenta have
been reported as early as 1998 [101; 102] utilising clinical MRI. Later research con rmed
the 1998 ndings and revealed that for both the transverse and longitudinal relaxation
times, the relaxation time value reduced as the placental gestational age increased
[48; 100]. Further, they showed that these values were lower in the compromised
placenta in comparison with the healthy placenta. Thus, this change in relaxation time
values during pregnancy could be considered an early indicator of placental disease such
as preeclampsia (PE).

Despite this, MRI is not as routine as ultrasound because of the reasons mentioned in
Chapter 1, such as cost and availability. Whereas the average price of an MRI scan is
over $2500, an ultrasound image costs approximately $263 on average [142]. Hence, it
IS not surprising that the ultrasound technique is employed as a routine scan to monitor
the health of the placenta throughout the pregnancy. Although ultrasound imaging
is performed at several points during pregnancy, this technique alone is not capable
of providing su cient information about placental diseases at the early stages before
they have progressed. Nevertheless, it is a useful technique that can help in locating
the placenta with ease. Therefore, developing a simple appliance that can provide
relaxation time measurements of the placenta as a supplementary tool to ultrasound
could serve as a rapid diagnostic approach, helping to recognise mothers at high risk
of PE and monitor them closely.

The low- eld unilateral nuclear magnetic resonance (NMR) technique has gained con-
siderable popularity in di erent applications such as biomedical science and in-situ
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patient health monitoring, due to its low cost, portability, and versatility. In these
applications NMR experiments such as relaxation time measurements have been per-
formed at a single point in space regardless of the eld inhomogeneity and the low SNR
[3; 5].

In the light of this, the main aim of the current work is to present the development

of a low- eld unilateral NMR device called NMR-CAPIBarA: Clinical Assessment of
Patients Implemented with Bar magnet Arrays. This chapter describes the hardware
construction, evaluation steps, and optimisation. The developed unilateral magnet
system is operated at a magnetic eld of 18 mT, which corresponds to a frequency of
0.766 MHz. The apparatus comprises an open access magnet that can accommodate
pregnant women, where the patient is probed from a single side. Consequently, the
placenta can be interrogated by measuring the transverse and longitudinal relaxation
times remotely, and at a distance su cient to reach the anterior placenta of an average
pregnancy.

5.2 Planar magnet construction

The focus of this work is on the class of sweet-spot magnets, which produce a homo-
geneous magnetic eld comprising a saddle region. In this region, the gradient of the
magnetic eld is close to zero. The local homogeneity of the saddle region located along
the axis perpendicular to the magnet surface is much larger than that of the sensitive
area generated in a high-gradient magnet, such as the NMR-MoUSE [3; 33]. This class
of magnets allows a larger sensitive volume to be measured using a xed RF power and
bandwidth. Moreover, the greater uniformity in the magnetic eld across the sample
reduces the signal attenuation caused by the spin's di usive motion. This is valuable
when measuring a sample with signi cant free uids such as human tissue.

Therefore, the planar magnet arrays were constructed using a similar design as proposed
by Dabaghyan et al. [5], but with a fewer number of larger magnet blocks. This part of
the hardware system was constructed based on the principle of the anti-parallel dipole
model [79]. It consists of two equal and oppositely directed dipoles that are spaced
apart from each other, and like the NMR-MoUSE, it provides a static magnetic eld
(Bo) parallel to the magnet surface. This con guration is more convenient for pregnant
patients, as the patient can be probed from a single side.

Each magnet array is contained within an acrylic grid, with one layer consisting of a ve

by two grid of permanent magnets. Each assembly contains 10 cubic N52 neodymium
magnets ( rst4magnets.com, F335-N52-R); each cubic magnet is 50 mm in length, 50
mm in width, and 25 mm in height. Each assembly is 274 mm long, 104 mm wide, and
25 mm high, and the maximum separation between the inner edges of the assemblies is
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300 mm. An aluminium frame is used to house and slide the two rectangular magnet
arrays. Figure 5.1a illustrates the design of the aluminium frame with the magnets
array using the software called SolidWorks, and Figure 5.1b shows a photograph of the
constructed planar magnet arrays.

Figure 5.1: a) SolidWorks schematic diagram of the aluminium frame with the magnets arrays. b)
The planar magnet after construction.
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5.2.1 Theoretical identi cation of the sweet-spot

Pulyer et al. [79] developed a framework for comparing the relative e ciency and the
distance to the saddle point for di erent dipole magnet con gurations. For the model
of the anti-parallel dipole, the remote saddle point is generated at a distance equal to
(a/2) above and below the central gap of the two dipoles, the magnet arrays, where the
dipole is located at the centre of the blocks of the permanent magnet. The distance
between the centre of two anti-parallel dipoles is equal to (2a). The existence of a saddle
point requires that the aspect ratio of (a/h) should be more than one, where h is the
height, the thickness, of the magnet arrays [5]. The e ective penetration depth (b) of
the saddle point is located at b = (a - h)/2, which is called the sweet-spot. Figure
5.2 shows the geometrical schematic diagram of the anti-parallel permanent magnet
arrays, where the most uniform eld, the sweet-spot, was theoretically calculated and
located at a distance equal to 76 mm from the surface of the magnet arrays.

Figure 5.2: Schematic diagram of the constructed anti-parallel planar magnet arrays, the NMR-
CAPIBarA, showing the design geometry and the location of the sweet-spot at 76 mm from the
surface of the magnet arrays.
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5.2.2 Experimental identi cation of the sweet-spot

Quantitative information on the small variation in the magnetic eld over the measuring
region is essential to de ne the most uniform region. Therefore, to de ne the position
of the sweet-spot and the corresponding magnetic eld (MF) strength at that position,

a mapping for the MF pro le was conducted manually at the centre between the two
magnet arrays. The equipment utilised for these measurements was a Gauss-meter, the
GMO08-2476, with a transverse (PT11651) and an axial probe, in addition to a home
laser-cut acrylic map sheet which is positioned at di erent heights from the surface of
the magnet arrays, the depth direction. Figure 5.3a shows a photograph of the acrylic
map sheet that contains 49 hollow acrylic rods, and Figure 5.3b depicts the position of
and the distance between the rods.

Figure 5.3: (a) Photograph of the acrylic map sheet and (b) schematic diagram for the acrylic map
sheet indicating the distance between the rods.

5.2.2.1 Magnetic eld mapping inside a metallic box

As an initial step, the magnet arrays were placed inside a metallic box to isolate
any external noise (Figure 5.4). The magnetic eld that projected above the magnet
arrays was measured in the two axes X and Y using the transverse probe after which
the measurement was repeated with an axial probe. The two magnet arrays were
spaced apart by 250 mm, and all the measurements were conducted at ve di erent
heights from the surface of the magnet: 26, 50,74, 98, and 122 mm. The measurements
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conducted at the Y-axis were not considered because most readings were zero; this is
because the direction of the probe was parallel to the magnetic eld.

The average of the three measurements in each hole in the acrylic tube was calculated
for both probe types. The data analysis was then conducted in three steps to deter-
mine the location of the sweet-spot appropriately and compare it with the theoretical
calculation. First analysis was begun by identifying the position of the most homo-
geneous region in the MF map sheet, which contains the attest curve at all depths.
Second, the depth and the area size that involves less variation in the MF strength was
determined. Third, the shape of the homogeneous eld at the centre was de ned.

Figure 5.4: The metallic box containing the constructed magnet assembly.

To locate the region of the attest curve for the magnetic eld at the previously men-
tioned distances above the arrays, an analysis was performed on the X-axis data of
the rods located along the middle line of the acrylic map sheet from the left to right
side. As shown in Figure 5.5, points 1 and 9 represent the MF measurements in the
hole of the middle rod, while point 2 represents the average measurements of the three
middle rods, as well as those of the other points: 3, 4, 5, 6, 7, and 8. Figure 5.6 shows
that the most homogeneous eld is located at the centre of the acrylic map sheet for
all depths, which represents the central line between the two magnet arrays. Further,
the pro le across the gap direction exhibits a curve shaped like a soup dish near the
magnet surface, at a distance of 26 mm, and attens out with increasing distance, as
seen at a distance of 122 mm, which agrees with other research studies [2].
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