
 

 

 

RF coils for high resolution imaging of the human
visual cortex at ultra-high fields
Citation for published version (APA):

Sengupta, S. (2018). RF coils for high resolution imaging of the human visual cortex at ultra-high fields.
[Doctoral Thesis, Maastricht University]. Ipskamp Printing BV. https://doi.org/10.26481/dis.20181128ss

Document status and date:
Published: 01/01/2018

DOI:
10.26481/dis.20181128ss

Document Version:
Publisher's PDF, also known as Version of record

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can
be important differences between the submitted version and the official published version of record.
People interested in the research are advised to contact the author for the final version of the publication,
or visit the DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these
rights.

• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above,
please follow below link for the End User Agreement:
www.umlib.nl/taverne-license

Take down policy
If you believe that this document breaches copyright please contact us at:

repository@maastrichtuniversity.nl

providing details and we will investigate your claim.

Download date: 22 May. 2023

https://doi.org/10.26481/dis.20181128ss
https://doi.org/10.26481/dis.20181128ss
https://cris.maastrichtuniversity.nl/en/publications/3418f4ca-8194-4e7a-8f2d-5babe771db46


Dissertation

RF COILS FOR HIGH RESOLUTION
IMAGING OF THE HUMAN VISUAL

CORTEX AT ULTRA-HIGH FIELDS

Shubharthi Sengupta

2018





RF COILS FOR HIGH RESOLUTION
IMAGING OF THE HUMAN VISUAL

CORTEX AT ULTRA-HIGH FIELDS

Dissertation

To obtain the degree of Doctor at Maastricht University,
on the authority of the Rector Magnificus, Prof.dr. R.M. Letschert,

in accordance with the decision of the Board of Deans,
to be defended in public

on Wednesday, November 28, 2018, at 10:45 hours

by

Shubharthi Sengupta



Promotor
Prof.dr. Rainer Goebel

Copromotor
Dr. Alard Roebroeck
Dr. Gregor Adriany

Assessment Committee
Prof.dr. Peter de Weerd, Maastricht University (Chair)
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1.1 A Brief History of NMR

Magnetic resonance imaging (MRI) has become an indispensable tool
when it comes to non-invasive imaging of the human body, for both
medical and research purposes. The principle of nuclear magnetic res-
onance (NMR) forms the basis of every MRI experiment, and was first
described by Isidor Isaac Rabi [1]. A few years later both Felix Bloch [2]
and Edward Purcell [3] observed and documented the phenomenon of
Nuclear Magnetic Resonance (NMR) using condensed matter, simulta-
neously and independent of each other. Their efforts led to them being
awarded the Nobel Prize in Physics in 1952.

Applications of NMR for medical purposes were showcased by Dama-
dian in 1971 by studying the differences in relaxation times (T1 and T2)
between healthy and cancerous tissue [4]. In 1973, Lauterbur utilised
the principles of NMR to develop a new imaging technique he coined
”Zeugmatography” (Zeugmo - to join), referring to the joining together
of a weak gradient magnetic field with the stronger main magnetic
field allowing the spatial localisation of two test tubes of water [5]. In
2003, Lauterbur [6] and Mansfield [7] - another pioneering figure in
the field - were awarded the Nobel Prize in Physics. Magnetic reso-
nance imaging (MRI) has since established itself as a standard in clin-
ical imaging. The development of functional imaging has now made
MRI an indispensable tool in physiology and psychology, while allow-
ing researchers to not only study the structure, but the functioning of
the human brain.

Magnetic field strengths have also come a long way since the days of
Bloch, when he demonstrated ”nuclear induction” using a 0.18T static
magnetic field. The first clinical MR systems installed were no stronger
than 0.5T [8]. Over the course of the next 2 decades, 1T and 1.5T
systems remained the workhorses in the clinical domain. At around
the same time, the development of 3T systems allowed for higher
Signal-to-Noise ratio (SNR) since SNR scales almost linearly with field
strength. This development would lead to reduced scan times and
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Chapter 1. Introduction

higher spatial resolutions. Since then, magnetic fields strengths have
only increased, with 7T becoming the new imaging standard across
MR research areas at several locations worldwide [9, 10, 11]. Presently,
a handful of sites have magnets functioning at 9.4T and above, with
the sole purpose of increased SNR and reduced scanning times [12].
However, imaging at these high fields is not without its disadvantages.
In addition to B0 inhomogeneity [13, 14], strong transmit B1 inhomo-
geneities remain at 7T and above, as the proton resonant wavelength
is shorter than the dimensions of the human body areas being imaged,
making it more difficult to produce a uniform RF field over the sample
volume [13, 15]. That notwithstanding, several recent advancements
in software and hardware methods have helped researchers mitigate
the issue of field inhomogeneities and tissue heating at 7T, such that it
is well on its way to becoming the new clinical standard for MRI [16].
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1.2 Principles of Magnetic Resonance
Imaging

Atoms are the basic unit of matter. Atoms in turn, consist of electrons
and nuclei. One of the fundamental properties of most nuclei is spin.
Spin is a form of angular momentum, not produced by a rotation or
movement, but is an intrinsic property of the nucleus itself. The spin
angular momentum J of atomic nuclei is quantized, and takes values
of the form:

~J = ~~I = ~
√
I(I + 1) (1.1)

where ~I is the spin momentum (vector) and I is the quantum number
(scalar). The spin angular momentum ~J has a magnetic dipole moment
~µ:

~µ = γ ~J = γ~~I (1.2)

where γ is the gyromagnetic ratio. The gyromagnetic ratio can have
a positive or a negative value, depending on the nuclear isotope. In
the absence of a magnetic field, the orientation of ~µ is random and the
orientation distribution of a collection of spins is isotropic

The value of the gyromagnetic ratio γ is different for every element in
the periodic table, and nuclei with a large value of γ are most easily
detected in NMR experiments. Also, almost every element has an iso-
tope with non-zero nuclear spin. The 1H nucleus is the most frequently
used isotope in NMR imaging and spectroscopy, due to its large γ and
easy availability in nature.

The angular momentum is a vector quantity ~J = (Jx, Jy, Jz). The z
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Chapter 1. Introduction

component of J, in a magnetic field ~H = (0, 0, Hz), will be quantized:

Jz = mI
h

2π
(1.3)

wheremI = -I,-I+1..,0...,I-1,I ,I is the total spin number and h is Planck’s
constant, where

~ =
h

2π
(1.4)

When placed in a static external magnetic field ~H = (0, 0, Hz) , nuclei
with nuclear spin I can adopt one of the spin states ( 1/2 or -1/2 for
I=1/2 and 1, 0 or -1 for I=1) corresponding to possible orientations of
the magnetic moment µI (parallel or anti-parallel to H0, in the case of
I=1/2). For I=1/2, two spin energy levels exist. They are referred to
spin-up and spin-down states, or α and β states respectively.

The energy difference between the 2 states is:

E = −hγµ0µrH0

2π
(1.5)

where µ0 and µr are the intrinsic and relative permeability. The equa-
tion can thus be rearranged into:

E = −~γB0 (1.6)

where B0 is the magnetic flux density.

The nuclei can undergo transition between the upper and lower en-
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ergy levels, by absorbing or emitting a photon. Particles in the lower
energy states absorb a photon and migrate to the next energy level.
The energy of this absorbed photon must be equal to the difference of
the two energy states. The energy of a photon is Ep = hυ, where υ is
the frequency of the photon. Hence,

Ep = E ⇒ hυ0 = −~γB0 (1.7)

Taking the second part of the equation and solving it, we get:

2πυ0 = ω0 = −γB0 (1.8)

where ω0 is referred to as the resonant frequency or the Larmor fre-
quency. The negative sign indicates that the magnetic energy is low-
est if the magnetic moment is parallel to the B0 field. Apart from the
externally applied magnetic field, the spins experience the very small
field fluctuations of the surrounding nuclear spins, which influences
the orientation of the spin.

Since the environment has a finite temperature, it is slightly more prob-
able that the nuclear spin is driven towards an orientation with low
magnetic energy than towards an orientation with high magnetic en-
ergy. When samples are placed in a magnetic field, over time, a few
more nuclei fall in the α state. This excess of spins in the α over the β
states accounts for the entire net magnetization that is used in an NMR
experiment. The difference in the number of spins in the two states, as
given by a Boltzmann distribution, is:

∆N =
N~γB0

2κTs
(1.9)
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Chapter 1. Introduction

where N represents the number of protons, Ts is the temperature of
the sample in Kelvin and κ stands for the Boltzmann’s constant. Given
that the magnetic moment of each proton is γ~

2 , the net magnetisation
available for MR signal generation can be written as:

M0 =
N~2γ2B0

4κTs
(1.10)

This equation posits that the net magnetisation available for MR signal
generation is therefore directly proportional to the strength of the main
magnetic field B0, resulting in the availability of more SNR at higher
field strengths.

8



1.3 The MRI system

Fig 1.1 shows a block diagram of a typical MRI scanner system, with
details of the individual units listed below.

Figure 1.1: Block diagram of an MR imaging system

The Magnet

The development of wide-bore, superconducting magnets has been
crucial towards MR imaging of human subjects at high field strengths.
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The coil windings are constructed using superconducting wire - gen-
erally an alloy of niobium-titanium (NbTi) or niobium-tin (Nb3Sn) - as
they are capable of conducting much larger electrical currents, result-
ing in higher magnetic field strengths. The magnet generates the static
magnetic field B0 which aligns the magnetic moments of the nuclei of
the sample, producing a net magnetization. For high resolution MR
imaging, it is imperative that the B0 field is as homogeneous as possi-
ble across the imaging FoV. In this homogeneousB0 field, the magnetic
moments of the nuclei precess with approximately similar phases and
Larmor frequencies, allowing their MR signals to accumulate.

Gradient Coils

Gradient coils are particularly important for MR imaging as they spa-
tially encode the MR signals by causing a variation in Larmor fre-
quency as a function of their position [6, 7]. The gradient coils gen-
erate controlled magnetic field gradients across all 3 axes ( x, y and
z) and the application of all 3 gradients allows the MR signals from
each imaged voxel to have its own unique combination of frequency
and phase. Gradient coils can be classified into 3 types, namely: the
Frequency Encode Gradient (FEG), the Phase Encode Gradient (PEG)
and the Slice Selective Gradient (SSG), and are driven using a pulse
programmer, a Digital-to-Analog converter (DAC) and a current am-
plifier. Gradient coils can typically produce gradients from 20 to 100
mT/m.

RF Transmitter and Receiver

The RF transmitter generates a B1 magnetic field, orthogonal to B0,
that flips the net magnetization M0 away from the static field B0 and
towards the transverse plane by an angleα, determined by the strength
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and duration τ of the applied B1 field. The RF transmit system sup-
plies precision-controlled pulses of varying phase and amplitudes onto
one or more near-field RF antennas, commonly referred to as RF coils.
The RF transmitter signals must be amplified (to kW levels) in order to
sufficiently excite the sample under investigation. The amplification is
achieved through the use of RF power amplifiers (RFPA). RFPAs con-
sist of RF driver stages, amplifiers and directional couplers which help
in monitoring the output power levels. Typical RFPAs in use can pro-
vide up to several kW of power.

Once the RF excitation pulse has played out, the nuclei start releasing
the absorbed energy. A receive (Rx) coil placed in close proximity to
the sample picks up this energy and produces an electrical signal that
represents the emitted MR signal. It is then fed into Low Noise Ampli-
fiers (LNAs) that form the first amplification stage of the signals, and
are therefore often referred to as pre-amplifiers. Depending upon the
size and volume of the sample being imaged, one or more receive coils
may be used for MR signal acquisition. Utilising an array of phased
receive coils is advantageous as array coils produce superior SNR and
can also help in shortening acquisition times through the use of par-
allel acquisition techniques [17, 18, 19]. Depending upon the type of
sample being imaged, a variety of coils - namely loops, dipoles or mi-
crostrips - can be used for signal detection [20, 21, 22, 23].

Within the context of receive coils, it would be important to recall the
principle of reciprocity [24, 25]. The sensitivity at any point in space,
within a coil’s FoV during signal reception, is directly proportional to
the B1 field at that point generated by an unit current passing through
the same coil. Therefore, according to the principle of reciprocity, in
order to maximise the signal induced across the coil terminals, the B1

field incident on the coil should also be maximised. This shows that
coils should be designed such that they conform to the geometry and
contours of the sample under investigation, as the B1 field for any
point within the coil’s FoV decreases with increasing distance away
from the coil surface.
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1.4 The Radiofrequency Coil

The RF coil acts as the primary interface between the subject/sample
being imaged and the magnet. As the MR signal being emitted by the
sample is weak, sufficient care must be taken when designing a receive
coil. Fundamentally, the RF coil is an inductor which is sensitive to a
magnetic field. Using Biot-Savart’s Law, the magnetic field of an RF
coil can be calculated as:

~B(~r) =
µ0I

4π

∫
d~l × ~r
|r|3

(1.11)

where µ0 is the permeability constant in vacuum and I the current in
the differential element d~l.

The net magnetisation of the sample, as discussed in the preceding
sections, must be tipped away from its state of equilibrium and into
the transverse or xy plane, in order to generate the FID (Free Induc-
tion Decay) signal. This is achieved by the application of an RF, or B1

field oscillating at the relevant Larmor frequency, perpendicular to the
main magnetic field. This B1 field can be divided into two counter-
rotating components, namely B+

1 and B−
1 , also known as the transmit

and receive fields respectively [25]. While B+
1 is the field component

that rotates with the precession of the magnetic moment, the B−
1 com-

ponent rotates in the opposite direction, both at the resonant Larmor
frequency ω0. It can be written as:

~B+
1 =

~B1,x + i ~B1,y

2
(1.12)

and
~B−

1 =
( ~B1,x − i ~B1,y)

∗

2
(1.13)
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where ~B+
1 , ~B−

1 , ~B1,x and ~B1,y are all complex vector quantities while ∗

indicates the complex conjugate.

The magnetic field created by an unit current passing through a con-
ductor is defined by Ampere’s Law and can be written as:

∮
B · dl = µ0

∫
J · ds (1.14)

where B is the magnetic field and J is the net current density. The
power incident from the RFPAs are channelled into the transmit coils,
which then conduct the currents required in producing the homoge-
neous magnetic field (B+

1 ) across the sample under investigation. An
RF pulse is applied to tip the net sample magnetisation into the trans-
verse plane by an angle α, also known as the flip angle. This can be
written as:

α =

∫ τ

0
γB1dt (1.15)

where τ is the length of the RF pulse duration.

Once the RF transmit pulse is switched off, the precessing magnetisa-
tion in the transverse plane begins relaxing towards its state of equi-
librium, i.e., aligned with the main magnetic field B0. If another RF
coil were to be placed in close proximity to the sample, the relaxing,
precessing magnetisation would induce an oscillating voltage signal
across the coil terminals. This signal, exponentially decaying and un-
affected by any gradient pulses, is know as the FID or Free Induction
Decay.

For the aforementioned receive RF coil, we can apply Faraday’s Law of
Induction, which states that a time-varying magnetic field will induce
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Chapter 1. Introduction

a voltage across the terminals of a closed loop, or in this case, across
the terminals for a receive coil. This can be written as:

ξ =

∮
E · dl⇒ −dΦs

dt
= − d

dt

∫
B · ds (1.16)

where ξ is the induced voltage or EMF, and is proportional to the rate
of change of magnetic flux Φs through the closed surface.

The energy stored in an inductor L due to current I flowing through it
is written as:

U =
I2L

2
(1.17)

where U is the energy available to the probe from the decaying MR
signal. As mentioned above, the coil isn’t an ideal inductor, but also
possesses an intrinsic resistance R. This generates losses in the form of
Ohmic heating, which can be formulated as:

W =
I2R

2
(1.18)

The resulting efficiency of the coil can be measured as the ratio of
stored to dissipated power, and can be written as

Q = 2π
U

W
= ω

L

R
(1.19)

where Q is the coil quality factor (Q-factor) and R represents the total
loss factor. We can thus conclude that reducing the total loss factor R

14



would result in a higher coil Q-factor. When a coil is loaded with a
sample, the coil’s resonance is dampened and its impedance changes
slightly. An important metric to quantify a loaded coil’s performance
is the Q-ratio, which is the ratio of the unloaded coil Q-factor (QUL) vs
the loaded coil Q-factor (QL). Therefore maximising the QUL is imper-
ative to coil design. The loss mechanisms, representative of the total
loss factor R, can be further enumerated as below:

• Resistive or Ohmic losses : Losses in the coil conductor and/or
the components used in the coil assembly are termed as resis-
tive losses (RΩ). Skin effect plays a major role here. The skin
effect is the tendency of an alternating current to distribute itself
over the conductor such that the current density near the surface
of the conductor is more than that at the core of the conductor.
The skin effect increases the effective resistance of the conductor
with increasing frequency and is proportional to

√
ω where ω is

the operating frequency. These losses are more pronounced for
microcoils as the diameter of wire used for coil construction is
very small, leading to much higher skin effect losses [26].

• Radiation losses: Radiation losses can be defined as the RF en-
ergy lost to the radiated far field of the coil and can be termed
as Rr. Radiation losses increase proportionally with frequency
(∝ ω4) and with the surface area (A2) of the coil in question [27].
This results in decreased transmit efficiency, decreased SNR and
increase in power absorbed by the sample. An effective method
of reducing radiation losses in loop coils is to add an RF shield
at an optimal distance away from the coil, resulting in increased
Q-ratio. The Q-factor of an unloaded coil can then be written as:

QUL =
ωL

Ru
(1.20)

where Ru is the combined Ohmic resistance RΩ and radiation
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Chapter 1. Introduction

resistance Rr of the coil.

• Tissue and Sample losses: When a coil is loaded with a dielectric
sample, additional losses arise from induced eddy currents and
displacement currents in the sample volume. While displace-
ment currents can be mitigated by using distributed capacitors
on the coil loops, losses generated due to eddy currents induced
in the sample is not quite unavoidable. Distributing capacitors
of equal value along the loop is a tested method of reducing dis-
placement currents and the electric field buildup around a ca-
pacitor, with the capacitors spaced apart by λ/20 to λ/10, where
λ is the operating wavelength [28]. If the capacitors are not dis-
tributed in such fashion, it may result in reduced unloaded coil
quality factor (QUL) while also rendering the loop sensitive to
changes in the sample or load.

Figure 1.2: E-field distribution comparison simulation at 400 MHz for a
6 cm diameter loop (L) Loop coil with a single capacitor showing large E-
field build-up around capacitor (R) Distributing capacitance equally across
the loop results in lower E-fields around capacitors

The corresponding quality factor of a loaded coil with sample
resistance Rs can be written as

QL =
ωL

Ru +Rs
(1.21)
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and when the Q-ratio (QUL/QL) is maximum, the coil is domi-
nated by sample noise.

While the inductor/coil isn’t self resonant, it is the addition of capac-
itance that makes the circuit resonant. When the capacitive reactance
(XC = -1/ω0C) and the inductive reactance (XC = ω0L) are equal to
each other, the coil is resonant at frequency ω0. The resonant frequency
of the resulting circuit can be written as

ω0 =
1√
LC

(1.22)

Figure 1.3: (L) RLC resonant circuit with the real and imaginary parts of
the impedance Zc (R) The same circuit with added tuning and matching ca-
pactiors CT and CM respectively

However, it must be noted, that the RF coil is far from being an ideal
inductor. The RF coil acts as an inductor whose impedance can be
formulated as:

Zc = Rc + jXc (1.23)

Where Rc is the coil resistance (usually in the order of a few Ohms).
In order to maximise the power transfer from the coil onto the pream-
plifers, the coils’ output impedance must match the input impedance
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Chapter 1. Introduction

of the preamplifier, i.e the conjugate of the amplifier input impedance
Z∗
c must be equal to the transformed impedance of the coil, which is

usually 50Ω [29].

In order to match a coil’s output impedance to 50Ω, a tuning-matching
network consisting of a tuning capacitor (CT ) in parallel with the
coil and a matching capacitor (CM ) in series with the coil, is imple-
mented.

1.5 Multi-transmit coils for high field MRI

With increasingB0 field strengths and corresponding Larmor frequen-
cies, the RF wavelength inside tissue approaches the dimensions of the
sample being investigated, resulting in transmit artifacts as RF pene-
tration and interference patterns become dominant [9, 30, 31, 32]. This
leads to non uniform B1 field patterns and a significant difference be-
tween transmit and receive B1 field profiles [25, 33, 34]. In order to
achieve transmit homogeneity in the region of interest, multi-transmit
coils capable of localised RF shimming are implemented.

For a volume transmit coil with n current-carrying elements, the RF
field produced can be written as

∣∣∣∣∣
n∑
i=1

B+
1i
~(r)

∣∣∣∣∣ (1.24)

where B+
1 denotes the transmit field component, i denotes the indi-

vidual coil element and ~r denotes the location within the transmit
coil’s field of view (FoV). The B+

1 fields add constructively, leading
to a higher flip angle at the center of the coil, with transmit efficiency
decreasing away from the coil center as the B+

1 fields now interact in
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a partially destructive manner. This combination of constructive and
destructive interferences in the RF field lead to B+

1 inhomogeneities at
high fields.

RF shimming

If the volume coil mentioned above were to be divided into separate
individual current-carrying elements, it would result in a transmit ar-
ray whereby each element can be driven independently [35, 36, 37].
The net B1 field produced by an array of n transmit elements is the
complex sum of the fields generated by the n elements, weighted by a
complex amplitude a, and can be written as:

∣∣∣∣∣
n∑
i=1

B+
1i
~(r)

∣∣∣∣∣ = a1 ·B+
11
~(r)e−jωt1 +a2 ·B+

12
~(r)e−jωt2 + ....an ·B+

1n
~(r)e−jωtn

(1.25)

This enables better control over the phase and magnitude of the cur-
rents delivered to the transmit coil, and therefore, the subsequent B+

1

fields generated by each element. The method of controlling the phase
and amplitude of the currents supplied to each transmit coil is referred
to as RF shimming [38, 39]. RF shimming can be implemented through
static and dynamic methods. When static shimming, the transmit el-
ements are phased apart from each other using varying, pre-defined
lengths of coaxial cables connected to the feed ports as shown in Fig
1.4, by using power splitters such as a Wilkinson power divider [40]
and also through static phase and gain control. In dynamic shimming,
each transmit element is connected to its own dedicated RF amplifier,
allowing for much finer control over the phase and amplitude of the
currents being fed to the coils, as seen in Fig 1.5. This approach is
also known as the parallel transmit method (pTx) and when combined
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with optimised gradient waveforms helps achieve better control over
B+

1 homogeneity and consequently the distribution of electric fields
produced in the tissue under investigation, leading to local SAR re-
duction [41, 42].

Figure 1.4: Static RF shim Schematic for a static RF shim setup

Figure 1.5: Dynamic RF shim Schematic for a dynamic, parallel transmit
setup
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1.6 Phased arrays for MRI

The introduction of the concept of coil arrays allowed the use of 2
or more localised coils, instead of a single surface coil, for MR sig-
nal detection [43]. Provided the two loops are perfectly decoupled -
wherein the mutual inductances of the two loops are negligible lead-
ing to minimal interaction between them - effective scan time could be
reduced. The two decoupled loops can be thought of as two indepen-
dent sources that provide information about a single point/voxel in
the coils’ combined FoV. Figure 1.6 provides a illustrative example of
coil decoupling as a function of the distance between loops.

Roemer reported the first practical use of phased arrays by using over-
lapped coils (0.25 times the coil diameter for circular loops and 0.1
times the width for square loops) to achieve mutual decoupling be-
tween neighbouring elements, and employing low input-impedance
preamplifiers connected to each loop to further decouple next adja-
cent phased array elements [21]. The latter method of decoupling is
referred to as preamplifier decoupling, a concept that has found use in
array coil design and decoupling ever since. Roemer’s results showed
that the setup could achieve the high SNR associated with small loops
across a large FoV when employing a phased array layout, without any
penalties to imaging time. Additionally, adjacent loops can be decou-
pled inductively - whereby 2 inductors (one for each loop) are wound
in opposite directions and placed next to each other along their main
axis [44, 45]. The physical dimensions of the wound inductors depend
on the size and the distance between the loops being decoupled. The
use of phased arrays for high resolution imaging has since seen the de-
velopment of coils for imaging various parts of the body and has gone
onto become a standard in commercial MR imaging, leading to the
push towards more research into optimising this imaging standard.

In order to harness the localised SNR gain afforded by smaller loops in
comparison to larger ones, phased array coils comprising of a variety
of channel counts have been developed over time - ranging from a
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16 channel phased array head coil at 1.5T by Porter et al. [46] to a
128 channel phased array receive coil by Hardy et al. [47]. Wiggins
presented a 32-channel phased array coil for head imaging at 3T, which
utilised a soccer-ball geometry of hexagonal and pentagonal elements
to provide effective coverage of the head as well as optimal decoupling
between coil elements [48]. The 32 channel coil was able to achieve
an overall SNR gain of upto 3.5 times that of a commercial head coil,
while exhibiting reduced g-factors (or noise amplification factor) for
accelerated imaging. This concept was furthered by the 64 channel
coil at 3T by Keil, where the loops employed were smaller than those
of the 32 channel coil [49]. Results showed an increase in SNR by upto
1.3 times that of the previous 32 channel coil, with reduced g-factors.
Since then, Wiggins pioneered the dense 96 channel coil array [50],
further improving on the available SNR, followed by the 128 channel
cardiac coil array by Schmitt [51].

Coil image reconstruction algorithms also play a crucial role in MR
imaging as they allow for methods to optimally combine the MR sig-
nal data from all the coils in an array in order to generate an image
with optimal SNR with reduced scan time. Accelerated imaging re-
construction protocols include SENSE [18] (Sensitivity Encoding for
fast MRI), GRAPPA [19] (generalized auto-calibrating partially paral-
lel acquisition), and SMASH [17] (simultaneous acquisition of spatial
harmonics), among others.

By increasing the number of individual coils within an MR phased ar-
ray, we can achieve higher image SNR, reduced scan times via down-
sampling of k-space and utilising coil sensitivity maps to compensate
for said missing samples [18, 52] and finally, by increasing the image
FoV while not incurring any time penalties. The main drawbacks re-
lated with massively parallel MR arrays are size and cost, and both in-
crease with increasing array sizes, and the added complexity it brings
with.
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Figure 1.6: Phased arrays. Illustration of inter-coil coupling with respect to
coil separation and overlap [53]

1.7 Electromagnetic Field Simulations

In order to determine the interaction between the body being imaged
and the RF field generated by the transmit coil, numerical simula-
tions are undertaken. Using complex body voxel models, 3D electro-
magnetic simulation softwares (CST, HFSS, SEMCAD etc) solve dis-
cretized, time dependent Maxwell’s equations across the simulation
space iteratively while reaching a steady state. While not only aid-
ing in SAR simulations, these softwares also help in optimising spe-
cific RF coil designs by generating transmit B+

1 distributions. This
is of primary importance at higher fields ( ≥ 7T) as RF wavelengths
becomes smaller, with wavelengths in tissue approaching the dimen-
sions of the adult human head at 9.4T. This results in interference ef-
fects which leads to transmit inhomogeneities in the FoV. It is there-
fore crucial to perform transmit field simulations with an emphasis on
B+

1 homogeneity, while ensuring a low SAR level in order for RF coil
hardware to comply with regulatory guidelines related to energy abso-
prtion and heating due to exposure to RF fields, in human tissue . As
mentioned before, the EM simulations work by solving a discretized
model of the RF coil design and tissue under investigation, in either
the time domain or the frequency domain. To this effect, the computa-
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tional domain is discretized into smaller, cubical structures called Yee
cells, which are used to define the electrical (Ē = Exx̄+Eyȳ+Ez z̄) and
magnetic (H̄ = Hxx̄+Hyȳ+Hz z̄) field components along the three axes
[54] . The propagation of an excitation is then calculated along the 3D
grid of the Yee cell using discrete time steps, given certain boundary
value conditions.

For solving Maxwell’s equations, one can either use the Finite Differ-
ence Time Domain (FDTD) method for solving the differential form of
the equations, or use the Finite Integration Technique (FIT) method to
solve the integral forms of the same. In this work, the simulation soft-
ware CST (3DS Simulia, Darmstadt, Germany) was used to implement
the FDTD method.

Figure 1.7: The Yee cell. Assignment of the field vector components on an
FDTD cell for Yee’s algorithm

1.8 RF Safety and SAR

During the transmit phase, a portion of the incident power is absorbed
by the sample, resulting in heating effects. Care must be taken to re-
strict the rise in temperature of the subject being imaged. While the
exact change in temperature cannot be measured during a scan, an es-
timation in change in temperature can be approximated by monitoring
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the Specific Absorption Rate (SAR). SAR can be defined as

SAR =
RF energy dissipated in sample

sample weight × time
(1.26)

The power dissipated, P, can be written as

P =

∫
σ(r) |E(r)|2

2
dr (1.27)

where σ is the sample conductivity in the electric field E. The resulting
SAR can be calculated as

SAR ∝
∫
σ(r) |E(r)|2

ρ(r)
dr (1.28)

and can be simplified to

SAR =
σE2

ρ
(1.29)

Standards for SAR limits for MR imaging are set by the International
Electrotechnical Commission (IEC) which provide regular and up-
dated guidelines for SAR safety and monitoring. The current IEC nor-
mal operating mode limits (according to IEC standard 60601 -2-33) [55]
are 4 W/kg over the whole body, 3.2 W/kg over the head and 10 W/kg
over any 10g sample of tissue, over a duration of 6 minutes and aver-
aged over 10g of tissue under investigation. Peak SAR for short dura-
tions of 10 seconds are limited to 2 times the stated values.
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1.9 Objective and overview of this thesis

Figure 1.8: Overview of this thesis with details of coil development for lo-
calised, high resolution and large field of view MR imaging

The aim of this thesis is to investigate and develop RF coils for high
resolution imaging of the human visual cortex at field strengths of 7T
and above, with a focus of conformal, phased array coil geometries to-
wards realising homogeneous B1 transmit and receive fields and high
Signal to Noise ratios (SNR). Novel RF coil layouts and designs are
simulated, implemented and tested through the use of optimised RF
pulse sequences, see Fig 1.8. The potential of conducting high reso-
lution anatomical, functional and quantitative imaging are discussed,
with an emphasis on functional and structural imaging of human cor-
tical layers.

For imaging human cortical layer function, the main MRI tool is
functional MRI (fMRI). fMRI acquisitions measure the brain activity
through the detection of haemodynamic responses associated with
stimuli [56, 57, 58]. MRI acquisition methods have had a substantial
effect on our understanding of one of the most fundamental human
sensory systems, namely the visual system and by extension, the hu-
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man visual cortex. Furthermore, cortical layer structure can also be
investigated through several MRI contrast mechanisms (T1, T2, T ∗

2 ) to
delineate cortical areas [59], allowing for so-called in-vivo histological
MRI [60, 61]. However, the available resolution for in-vivo histological
MRI remains insufficient to resolve individual cortical layers.

Therefore, with respect to imaging cortical layer structure, high reso-
lution ex-vivo MRI can be used as the first step towards investigating
MRI contrast in the cortex, which can then be validated by using es-
tablished histology techniques on the same tissue. This is why after in-
vestigating state-of-the-art RF coil designs for in-vivo human cortical
fMRI (Chapter 2), this thesis turns to coil designs for improved ex-vivo
human cortical structure studies (Chapter 3-5).

In Chapter 2, a 16 channel receive coil array is paired with a 4 chan-
nel transmit coil array for high resolution functional and anatomical
imaging of the human visual cortex at 7T. Compared to a whole head
coil at 7T, we show that the designed coil provides a more homoge-
neous transmit field in the region of interest, upto 1.5 times more SNR,
lower g-factors for accelerated imaging and is also capable of showing
activation deeper into the occipital lobe.

In Chapter 3, we investigate the construction of a 16 channel cylindri-
cal phased array receive coil for imaging large, post-mortem occipital
lobe samples in a wide-bore 9.4T human scanner. Compared to the use
of a whole head coil at 9.4T, the constructed coil showed SNR gains of
up to 5 times, with increased transmit homogeneity achieved through
parallel transmit techniques. Using this setup, we achieved 60µm
anatomical images for the entire occipital lobe showing increased spa-
tial definition of cortical details compared to lower resolutions, while
also achieving sufficient control over SNR, B0 and B1 homogeneity
and multi-contrast sampling to perform quantitative T2* mapping over
the same volume at 200µm

27



Chapter 1. Introduction

In order to facilitate extended field-of-view imaging of large, intact
post-mortem brain samples, the design and characterisation of a con-
formal 24 channel receive / 8 channel transmit coil at 9.4T is detailed
in Chapter 4. Given that B1 field inhomogeneities tend to be particu-
larly amplified at high field strengths, a combination of kT-points en-
abled parallel transmit methods, close-fitting receive coils and multi-
contrast sampling were used for generating anatomical and quantita-
tive datasets at 100µm and 200µm respectively, with the aim of en-
abling brain atlassing and cortical laminar discrimination over the en-
tire post-mortem brain.

Most ex-vivo histological MRI so far has been performed on thin slices
of tissue (in the order of µm) using bespoke RF coils in either a hori-
zontal, high field animal scanner or in vertical bore scanner. In Chap-
ter 5, we present a prototype of a large field-of-view, planar phased
array receive and transmit coil capable of high resolution imaging of
ex-vivo tissues slabs upto 17 cm in diameter and 5-10 mm in thick-
ness. Given recent advances in histological staining and microscopy of
thick post-mortem samples, this RF coil study presents a novel method
of undertaking high resolution post-mortem imaging for subsequent
coregistration with histological data.

Chapter 6 provides a brief summary and discussion of the work un-
dertaken.
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fMRI of the human visual cortex at 7T

Abstract

Purpose

To design, construct and validate radiofrequency (RF) transmit and re-
ceive phased array coils for high-resolution visual cortex imaging at 7
Tesla.

Methods

A 4 channel transmit and 16 channel receive array was constructed on
a conformal polycarbonate former. Transmit field efficiency and ho-
mogeneity were simulated and validated, along with the Specific Ab-
sorption Rate, usingB+

1 mapping techniques and electromagnetic sim-
ulations. Receiver signal-to-noise ratio (SNR), temporal SNR (tSNR)
across EPI time series, g-factors for accelerated imaging and noise cor-
relations were evaluated and compared with a commercial 32 channel
whole head coil. The performance of the coil was further evaluated
with human subjects through functional MRI (fMRI) studies at stan-
dard and submillimeter resolutions of up to 0.8 mm isotropic.

Results

The transmit and receive sections were characterized using bench tests
and showed good interelement decoupling, preamplifier decoupling
and sample loading. SNR for the 16 channel coil was ∼ 1.5 times that
of the commercial coil in the human occipital lobe, and showed better
g-factor values for accelerated imaging. fMRI tests conducted showed
better response to Blood Oxygen Level Dependent (BOLD) activation,
at resolutions of 1.2 mm and 0.8 mm isotropic.
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Conclusion

The 4 channel phased array transmit coil provides homogeneous ex-
citation across the visual cortex, which, in combination with the dual
row 16 channel receive array, makes for a valuable research tool for
high resolution anatomical and functional imaging of the visual cortex
at 7T.
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2.1 Introduction

At clinical MR field strengths up to 3T, head optimized Radio Fre-
quency (RF) coils tend to be receive-only designs which utilize larger
RF body coils hidden behind the bore liner for homogeneous transmit
field generation. This setup typically allows for excellent accessibility
and space in the system bore, e.g. for fMRI task presentation capabil-
ity. At ultra high fields, however, the RF wavelength nears the size
of the object and RF penetration and interference patterns become a
dominant concern [9]. This leads to non uniform B1 field patterns and
a significant difference between transmit and receive B1 field profiles
[33, 34, 25]. In this regime, standard RF body coil technology based
on either quadrature birdcage or transverse electromagnetic (TEM) de-
signs fail to achieve the required homogeneity and transmit efficiency,
and thus RF transmit body coils are not implemented in commercially
available Ultra High Field (UHF) scanners. Consequently at 7T it is re-
quired to either build a dedicated larger RF transmit coil and combine
this with a receiver only array [63, 64, 65, 66] or to utilize transceiver
arrays [23, 67, 68].

Functional images of the human brain at ultra-high fields of 7T and
above are often acquired using a cylindrical quadrature volume trans-
mit (Tx) coil and whole head phased array receive coil. Though such
a fixed phase coil allows for a high B+

1 value at the center of the head,
the Tx efficiency is significantly lower along the periphery and inferior
extents of the brain, particularly along the occipital and inferotemporal
visual cortex. Higher transmit efficiency can be achieved with trans-
mit arrays which allow for greater B+

1 control through RF shimming
methods. For fMRI applications that do not require whole head cover-
age and allow a more focused approach – such as studies of the visual
and auditory cortex – it is possible to achieve very high resolution even
with more limited number of receive coils [69]. Both these issues can be
addressed by a) using a phased-array, semi-cylindrical Tx coil layout,
where B+

1 can be homogenized by phase and amplitude shimming in
the region of interest [70], and by b) additionally utilizing overlapping
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arrays of small receive coils with closely attached preamplifiers at 3T
[50] and 7T [71].

For fMRI applications, cylindrical transmit coils close to the head sig-
nificantly limit the ability for task presentation even in a (60 cm diam-
eter) body gradient setup. Task presentation is even more difficult if
high performance head gradient inserts are used for higher spatial and
temporal resolution imaging and the available space for coil housing
and task presentation hardware decreases to around 36 cm. For human
visual system fMRI studies, both in the body as well head gradient set-
ting, coil housing designs which are open at the anterior patient side
have significant advantages in terms of fMRI task presentation ability
as they easily allow both goggles or mirrored projection setups with
large field of view. This is particularly important for ultra-high res-
olution studies of the visual cortex where both MRI data quality and
stimulus presentation quality are of the utmost importance.

If transmit arrays are used in addition to the multiple receive elements,
the phase and magnitude of the individual transmit elements can be
adjusted (i.e., B1 shimming) to provide an optimized transmit field.
The optimized transmit field might entail uniformity throughout the
brain, or it might be adjusted to provide maximum efficiency in a more
targeted region of interest. Transmit arrays can mitigate Specific Ab-
sorption Rate (SAR) issues at high fields [72], as they can be designed
to achieve maximum efficiency for the limited regions of interest and
can also capitalize on B1 shimming techniques.

On the receive side, because coil sensitivity profiles are used for spa-
tial encoding, it is important for the receiver layout to comprehensively
cover the volume under investigation. Earlier work in phased-array re-
ceiver coil design established the benefits of using close-fitting, small
diameter surface coils for image locations close to the coil surface [21].
Wald and others [73, 74, 75, 48] showed that by incorporating denser
receiver coil matrices over the same total surface area, the sensitivity
profile of the coil array could be increased substantially for locations
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close to the coil array surface, ideally without compromising sensitiv-
ity at larger distances into the imaging volume. Their analysis predicts
that with the increase in the number of receiver channels, it is possible
to increase the sensitivity near the array without compromising or los-
ing the sensitivity at distances further away from the coil plane[50].

Here we evaluate the advantages of building an open, half cylindrical
Tx coil layout with a conformal small loop size receive (Rx) coil layout
optimized for functional MRI of the occipital and inferior and middle
temporal visual cortex at high spatial resolution and compare this with
a standard whole head array. For the initial half volume coil work we
limited ourselves to a 16 receive channel layout for a fairer comparison
to the 32 channel whole head array. The coil geometry is chosen such
that the receiver coils maintain the critical overlap between neighbour-
ing coil elements, thus minimizing mutual inductance while covering
the entire occipito-temporal visual cortex, with very high SNR in the
cortex. The coils are mounted on a close-fitting former [76] to maintain
close proximity between subject and the receive array. For maximal
image SNR, acceleration, SAR reduction, and subject access (i.e. vi-
sual presentation, motion monitoring cameras or motion reducing bite
bars) an open coil as well as a combination of transmit and receive
arrays is desired.

2.2 Methods

Coil design

The coil was constructed on a 3D printed former made from polycar-
bonate (PC) using the Fused Deposition Modelling (FDM) (Virtumed
LLC, Minneapolis, MN, USA ) method and consists of 2 modular parts:
one for dedicated receive and one for dedicated transmit function.
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16 receive coils were built on a conformal former that was modeled
after an average-sized human head (Fig 2.1A). The inner receive array
former is 3 mm thick to ensure minimal distance between the coil and
the anatomies under interest, thus maximizing higher receive signal
sensitivity. The receive coil layout was designed to ensure maximum
SNR in the visual cortex, extending from early visual areas (V1-V4) an-
terior into occipital, inferior and lateral temporal cortex. Given that the
2 rows of receive coils encapsulate the region of interest in an arc, the
coil was named as ”Visual Arc”. The receive coils were constructed us-
ing 2 mm thick silver-coated copper wires - with each individual coil
being 6 cm in diameter - and are laid out in a 8x2 matrix of 16 coils
that encapsulate the human occipito-temporal visual cortex (Fig 2.1C,
2.2B). A critical overlap (of 0.20 to 0.25 times the loop diameter of each
coil; curvature of the receive former dictated the optimal overlap in
case of particular coil elements)[21] between all coils was maintained
to minimize mutual inductance between coils and to ensure mutual
decoupling. Teflon tubing was inserted over each coil such that the
overlapping areas of each coil pair would be sufficiently insulated from
each other. Two distributed capacitors for each circular loop were di-
vided symmetrically along the coil loop. A detailed schematic of the
individual receive coil element is shown in Fig 2.3.

Figure 2.1: 7 Tesla close fitting dedicated visual cortex coil for high resolu-
tion imaging. (A) Shows the assembled coil with provisions for wide field-
of-view task presentation mirror (B) The 4 channel phased-array transmit coil
with a dedicated power splitter (C) Shows the 2x8 receive coil layout, cable
routing and the preamplifier box.
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Figure 2.2: Transmit and receive setup. (A) Design of the 4-channel phased
array transmit coil with an RF shield, showing the placement of the subject
relative to the coil. (B) The 2 receiver coil rows, indicated in blue and red,
encapsulate the human visual cortex.

Figure 2.3: Receive coil schematic. Design of a single receiver coil with the
balun circuit, split capacitors, passive and active detuning and preamplifier
attached with a λ/4 coaxial cable

A 4-channel half-circle phased array transmit coil was constructed con-
centric to the phased array receive circuit using 1.2 cm wide adhesive
copper tape (3M, Minnesota, USA) on a half-cylindrical, 3D printed
former (Stratasys, Eden Prairie, MN, USA). Fig 2.2 shows a representa-
tion of the placement of the subject, relative to the transmit array and
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also the placement of the 2 rows of receive coils and their proximity of
the sample under investigation.

Coil circuitry

Each receive coil was connected to a lattice-balun or LC balun cir-
cuit [48],[77] and a tuning and matching network comprising of high-
voltage ceramic trimmer capacitors CT and CM (1-10pf, Johanson
Technology, CA, USA) for tuning the coil to resonance at 7 Tesla and
matching the coil’s output impedance to a noise match of 50Ω. Using
small FR4 boards, passive detuning circuitry consisting of an LC circuit
in parallel with a high voltage diode was placed on the loop, opposite
to the balun circuit. Each coil was tuned and matched to 297.2 MHz
and connected to a low input-impedance preamplifier (WMA7TRA,
WanTcom Inc., MN, USA) using ∼ λ/4 (170 mm) length coaxial cable
(Huber-Suhner, K02252D), to achieve preamplifer decoupling between
individual coil elements by transforming the high impedance at the
coil output to the corresponding low impedance at the preamplifier
input [21],[77]. The balun circuit incorporates an active detuning cir-
cuit across the matching capacitor, using the balun inductor and a PIN
diode. When forward biased, the parallel resonant LC circuit adds a
high impedance in series with the coil loop, effectively blocking cur-
rent flow in the receive loop during transmit. The cable length was ad-
justed carefully for each coil to achieve preamplifier decoupling with-
out requirement of further lumped element phase shifting circuitry.
The cables of the lower row were then routed along the center of the
upper row coil loops (virtual ground plane) such that there was min-
imal influence on the reflection and transmission parameters of two
adjacent elements in each row.

The preamplifiers themselves were arranged in a 8x2 matrix mirror-
ing the receive coil layout and are placed on a “preamplifier mother-
board” which contained the required circuitry for providing the PIN
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diode voltages for actively detuning each receive coil element during
transmit. The preamplifiers were also arranged along the B0 field or
the z-direction of the magnet to minimize any Hall effect which might
affect the field effect transistors (FETs) used in these preamplifiers [78].
Cable traps on the output of each preamplifier were required and im-
plemented - by fashioning a solenoid (2 turns, 4 mm diameter) from
the coaxial cable connecting the preamplifier output to the plug that
connects to the magnet bed and bridging a variable capacitor across
its ends and tuning it to the resonant frequency of 297.2 MHz. Neigh-
boring cable traps were oriented perpendicular to avoid interactions.
The traps were all positioned outside the immediate RF transmit loop
locations. The traps significantly reduced common-mode currents and
were found to be essential to suppress interactions with the transmit
coil.

Of the 4 coil elements of the transmit array, the two peripheral coils
are 12x12 cm2 and contain ten 12pf capacitors distributed along the
coil length, while the two central coils are 12x14 cm2 with four 12pf
and six 10pf distributed along the coil length, thus ensuring an ex-
tended coverage of the occipital pole and cerebellum (Fig 2.1B, 2.2A).
A Wilkinson power splitter was implemented at the transmit input to
split the transmit signal into 4 equal amplitude excitations for each
transmit coil. Each loop was initially phase-shifted by 45◦ relative to
the previous loop by using cables of differing phase lengths, thus en-
suring a 135◦ phase shift between the farthest transmit elements. An
RF shield was placed concentric to the transmit array, 3 cm away from
it. The shield was designed from double sided 50µm thin copper sheet
with 8 etched overlaps to minimize eddy current losses. Each transmit
loop was tuned and matched to 297.2 MHz and 50Ω respectively using
high-voltage variable capacitors (NMNT10-6E, Voltronics Corp, MD,
USA), with high-power PIN diodes (MA4PK3000, Macom, MA, USA)
connected to each coil in order to detune the transmit array during
receive. (Fig 2.4)
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Figure 2.4: Transmit coil schematic. Design of a single transmit coil with
distributed capacitors, tuning and matching capacitors and active detuning.

Bench measurements

Bench tests were performed using an Agilent HP E5071C ENA Se-
ries network analyzer, a customized coil-plug bed and a human torso-
shaped phantom (49.8% demineralized water, 48.8% sucrose, 1.3%
KCl, 0.10% Dowicil; Max Planck Institute for Biological Cybernetics,
Tübingen, Germany ) as load. Measurements were performed to check
for loaded (QL) and unloaded (QU ) Q ratios, receive coil decoupling
and preamplifier decoupling for each coil element. The measurements
on the bench validated coil tuning and matching, preamplifier decou-
pling for each coil element and active coil detuning.

The coil quality factor ratio (QU/QL) was measured for a single receive
coil element using a dual-loop decoupled (∼ 50dB) inductive probe
lightly coupled to the coil loop under test: once as a single element
outside the receiver array and once within the populated array while
keeping all other receive elements in a detuned state.
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Each loop on the receive array was tuned to the corresponding Lar-
mor frequency of 297.2 MHz and matched to 50Ω. Coupling between
neighbouring elements was additionally measured through S21 mea-
surements by directly connecting the coil outputs to the network anal-
yser, while keeping all other elements detuned. Using this setup, the
overlap between neighbouring elements could be further optimized to
ensure minimal mutual inductance.

Preamplifier decoupling of a single loop was measured as the change
in the S21 measurement using a pair of deoupled pickup probes, when
the coil element was first power matched to 50Ω under load but with-
out the preamplifier present and when the coil was terminated us-
ing the powered-on low input impedance preamplifier, while all other
coils in the receive array were detuned. The active detuning for each
receive element was measured as the difference in an S21 measure-
ment, using a pair of decoupled pickup probes, between when the coil
is matched to 50Ω and when detuned.

The assessment of the characteristics of the 4-channel transmit loop
was undertaken in the same manner. Each loop of the transmit chan-
nel was tuned and matched to 297.2 MHz and 50Ω respectively using
an S11 measurement, with the coil connected directly to the network
analyser while loaded with the human-torso phantom. The geomet-
ric coupling between adjacent coil elements was measured as the S21

between the outputs of the loaded coil. Active detuning of each coil
was recorded as an S21 measurement using a pair of decoupled pickup
probes lightly coupled to the coil under investigation, and forward bi-
asing the diode in order to detune the coil. Each coil was terminated to
50Ω during this measurement, while keeping the other 3 loops in the
detuned state.

41



Chapter 2. A specialized multi-transmit head coil for high resolution
fMRI of the human visual cortex at 7T

EM Coil simulation

The 4 – loop phased array transmit coil was simulated in CST (Com-
puter Simulation Technologies, Darmstadt, Germany) in the time-
domain, to determine the excited B+

1 field strength and homogeneity,
and to also validate the coil for Specific Absorption Rate (SAR) limits
[79]. The coil elements were defined using the software’s in-built 3D
CAD designer and included all 4 transmit elements as perfect electri-
cal conductors, with 2 discrete and 8 lumped element ports on each
transmit coil.

The coil elements were all precisely modeled to accurately reflect the
physical design of the coil, including the dimensions and material
properties of the elements. The 2 mm diameter wire used for connect-
ing overlapping segments of each coil was also modeled into the sim-
ulation setup. The discrete ports allowed us to place variable tuning
/ matching capacitors and 50Ω ports in the simulated coil schematic
along with predefined capacitors (RLC, series) placed at the lumped
element ports along each coil.

The simulation paradigm was completed by placing a human voxel
model extended up to the shoulders (Gustav, HUGO voxel family, CST,
2 mm isotropic resolution) as the load for the transmit coil and defin-
ing a high-resolution mesh (> 50 million mesh cells) around the coil
and load. The receive array, along with cable traps, coaxial cable lines
and PIN diode detuning cable lines were excluded from the simulation
to avoid complex 3D meshing and to save processing time. SAR maps
were generated using the electric and magnetic field monitors avail-
able through the software and were averaged to 1g and 10g volumes
over the voxel model’s region of interest. The calculated SAR profiles
are shown in Fig 2.5.
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MRI Data Acquisition and Reconstruction

Data was acquired on a Siemens MAGNETOM 7 Tesla actively-
shielded MRI system (SIEMENS Healthcare, Erlangen, Germany) with
an SC72 gradient coil capable of a maximum gradient strength of
70mT/m with a maximum slew rate of 200T/m/s. Data pertaining
to coil characterization, namely tSNR, g-factor maps and noise corre-
lation matrices were obtained through in-vivo scans across both the
Visual Arc and a 32 channel whole head coil (Nova Medical Inc., MA,
USA) for two healthy subjects. Subjects for the study filled out a writ-
ten consent form prior to imaging, as approved by the Ethical Review
Committee Psychology and Neuroscience (ERCPN) of Maastricht Uni-
versity.

Transmit field orB+
1 field quantification was achieved by using the Ac-

tual Flip Angle method (AFI) [80]. In-vivo tSNR (Temporal Signal-to-
Noise Ratio) maps were obtained at two different resolutions using the
University of Minnesota’s multi-band EPI package for Gradient Echo
BOLD EPI [81] with the following parameters: Echo Time (TE) = 17 ms;
Repetition Time (TR) = 2000 ms; Partial Fourier (PF) = 6/8; GRAPPA 3;
Bandwidth (BW) = 1488 Hz/Px; Echo spacing = 0.78 ms; field of view
(FoV) = 192 x 192 mm for a 1.2 mm isotropic acquisition and Echo Time
(TE) = 23 ms; Repetition Time (TR) = 2000 ms; Partial Fourier (PF) =
6/8; GRAPPA 3; Bandwidth (BW) = 1102 Hz/Px; Echo spacing = 1.03
ms; FoV = 130 X 130 mm for a 0.8 mm isotropic acquisition. Noise
covariance data was acquired using the same pulse sequence with the
transmit voltage set to 0 volts, or without an RF excitation.

For phantom datasets the following parameters were used for EPI ac-
quisitions: Echo Time (TE) = 18 ms; Repetition Time (TR) = 3000 ms;
Partial Fourier (PF) = 6/8; GRAPPA 3; Bandwidth (BW) = 1394 Hz/Px;
Echo spacing = 0.82 ms; field of view (FoV) = 166 x 166 mm2 for a
1.2 mm isotropic acquisition and Echo Time (TE) = 27.6 ms; Repetition
Time (TR) = 3000 ms; Partial Fourier (PF) = 6/8; GRAPPA 3; Band-
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width (BW) = 1002 Hz/Px; Echo spacing = 1.1 ms; FoV = 166 X 166
mm2 for a 0.8 mm isotropic acquisition.

Image SNR for both coils was computed using a pseudo-replica ap-
proach [82, 83] from the short-TE GRE image and noise data acquired
using the same subject, which is also the data used for g-factor analysis.
Noise data was acquired using each coil without RF excitation and the
standard deviation and correlation of the noise data were computed.
We generated a 100 replicas by adding random samples from the noise
scan onto the GRE k-space of the standard image acquisition prior to
Fast Fourier Transform (FFT), while maintaining the noise correlation
between the receive channels. The final image SNR was then calcu-
lated as the ratio of the mean of the image to the standard deviation of
the noise over these 100 replicas. A mask covering the brain volume
containing the occipital lobe was created to determine SNR values.

tSNR maps were computed as the mean signal intensity over time di-
vided by the standard deviation of the time series, averaged over a 100
volumes after detrending for linear and 1-2 cycle oscillations and up
to second order harmonic oscillations. Data analysis was performed
using BrainVoyager QX 2.8 (Brain Innovation, Maastricht, The Nether-
lands) and custom-written routines in MATLAB (The MATHWORKS
Inc., Natick, MA, USA). In addition to the MPRAGE and and fMRI
scans, we acquired noise-only scans and fully sampled 3D GRE for
evaluation of the noise correlation and the parallel imaging perfor-
mance of the two coils. Both scans (in-vivo and phantom) were per-
formed using a 3D GRE sequence with the following matched param-
eters: Echo Time (TE) = 2.64 ms; Repetition Time (TR) = 30 ms; FoV =
256 x 256 mm2; 2 mm isotropic; the noise scan was acquired with fewer
KY andKZ encode and by turning the transmitter voltage to zero. The
GRE scan was Fourier-interpolated to a matrix size of [120 x 120 x 120]
in order to allow emulation of different SENSE undersampling factors
on the bases of data set (R= 2, 3, 4, 5, 6, 8). For a quantitative compar-
ison of the parallel imaging performance of the two coils, noise cor-
relation matrices, coil sensitivity maps and g-maps were calculated in
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MATLAB.

Sensitivity maps were computed as described by Walsh [84]. For the
g-factor maps we used the formulation given in the original SENSE
paper [18].

gρ =
√

[(SHΨ−1S)−1]ρ,ρ(SHΨ−1S)ρ,ρ (2.1)

where Ψ is the covariance matrix. Both g-factors and corresponding
SENSE reconstructions were performed at undersampling factors be-
tween 2 and 6, by sub-sampling the full k-space data set that had been
re-sampled to [120 x 120 x 120]. The reconstruction itself was a SENSE
reconstruction as described in [18]. We have chosen SENSE g-maps be-
cause we feel that this is more general , but alternatively GRAPPA or
pseudo-replica based g-maps could have been shown.

The visual paradigm used for fMRI data acquisition consisted of high
contrast flickering checkerboards (flicker rate of 7.5 Hz) as a passive
viewing task with central fixation dot on the screen. A block design
was chosen with 18 blocks of checkerboards with length 4 TRs (8s)
interspersed with rest periods of 5, 6, or 7 TRs (jittered). The frontal-
open design of the 16 channel coil allowed for a visual angle was 29◦ -
extending into the subjects’ near-peripheral vision; for the 32 channel
whole head coil the visual angle was 10◦ - extending into the subjects’
central and paracentral vision [58] - as its viewing angle is limited due
to the coil’s design.
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2.3 Results

Inter-element decoupling between pairs of transmit elements was -
13dB or lower. Active pin-diode detuning of each transmit loop,
recorded as an S21 measurement using a double-loop probe, was about
-20dB. Table 1 shows the S-parameter matrix for the 4-channel phased
array transmit coil when loaded with the human-torso phantom. Elec-
tromagnetic simulations of transmit array for SAR validation yielded
a peak SAR value of 0.385 W/kg in the human voxel model for a fixed-
phase increment across coils, for a 1 Watt sinusoidal RF excitation split
across 4 channels equally through the Wilkinson power splitter, as il-
lustrated in Fig 2.5. To ensure patient safety, a conservative factor of
1W/kg was chosen as the SAR limit.

Table 2.1: S-parameters in dB showing the transmission and reflection coef-
ficients for the 4-channel transmit coil when loaded with the human torso
phantom.

Channel 1 2 3 4
1 -29.8 -13.5 -15.2 -21.4
2 -30.3 -14.2 -16.6
3 -28.2 -14.8
4 -31
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Figure 2.5: SAR results. Specific Absoprtion Rate or SAR10g for the HUGO
voxel model as simulated in CST, shown along all 3 axes. Peak SAR10g was
computed as 0.385 W/kg.

Fig 2.6 shows the simulated and measured B+
1 maps along a trans-

verse slice for the voxel model and the human subject respectively.
The measured B+

1 data was acquired using a quantitative B1 mapping
method, co-registered to an anatomical image of the same slice in the
axial plane. Both simulation and measured data show good correlation
between each other, with a substantially homogeneous B+

1 excitation
profile achieved across the visual cortex.

The unloaded Q factor QU (indicative of coil losses) for an isolated re-
ceive element was about 240 and the loaded Q factor QL, indicative of
coil and tissue losses, was 25, giving us a QU/QL of about 9.6, indicat-
ing sample noise dominance. For a single receive loop surrounded by
5 detuned loops in the array, the same Q factor measurement yielded
a QU/QL of 8.6 (232/27). All receive coils were matched between -
19dB and -23dB for the human torso phantom and for up to 3 different
subject-head sizes. The active PIN diode detuning provided an isola-
tion better than 25dB between tuned and detuned states.The decou-
pling between neighbouring, overlapping receive elements ranged be-
tween -12dB to -18dB. Decoupling between next-nearest neighbouring
elements (or non-overlapping elements) of the array ranged between
-15dB to -24dB. Preamplifier decoupling accounted for an additional
20dB of isolation. The noise correlation matrix, as shown in Fig 2.7,

47



Chapter 2. A specialized multi-transmit head coil for high resolution
fMRI of the human visual cortex at 7T

Figure 2.6: Transmit field maps. (a) Axial slices showing simulated (L) and
measured (R) B+

1 field maps in nT/V. (b) Flip angle maps of the Visual Arc
(L) and Nova coils (R) using a spherical phantom represented by the black
circle
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Figure 2.7: Noise correlation. Noise correlation matrix for the constructed 16
channel Visual Arc coil, with a peak of 54% and a mean of 19%.

was obtained with in-vivo scanning, with the correlation ranging be-
tween 0.2% to 54% with an average of 19%.

Image SNR for both coils is shown in Fig 2.8 for in-vivo scans and Fig
2.9 for a spherical phantom. The mean SNR in the masked volume
was 5318 for the 32 channel whole brain coil and 7139 for the Visual
Arc coil, while the maximum SNR values in the same volume were
6988 and 10014 for the whole head coil and the Visual Arc coil respec-
tively.

Temporal SNR maps were generated for both the 16 channel visual
coil and the standard 32 channel whole head coil at 1.2 mm isotropic
resolution using a gradient echo – EPI sequence and the same mea-
surements were repeated with a spherical phantom. A small region
of interest covering the primary and secondary visual areas (V1 & V2)
was defined and maximum and mean tSNR values were computed in
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Figure 2.8: Signal-to-Noise comparison. (A) SNR map of the 32 channel head
coil with a human subject (B) SNR map of the 16 channel Visual Arc coil, with
the same colour scale used for both maps. (C) Mask (in pink) showing brain
volume used for SNR calculation.
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Figure 2.9: Signal-to-Noise comparison. (L) SNR map of the 32 channel head
coil with a spherical phantom and (R) SNR map of the 16 channel Visual Arc
coil, with the same colour scale used for both maps.

the same ROI. Fig 2.10 shows the maximum and mean tSNR value es-
timates generated by both coils in the primary and secondary visual
areas at 1.2 mm isotropic. tSNR was about 1.5 times higher with the
16 channel Visual Arc coil (than with the 32 channel whole head coil),
with the high tSNR receive profile extending into the inferotemporal
cortex. The receive array provides high SNR and sufficient penetra-
tion depth to image the visual cortex into sulcal depths.

Fig 2.11 shows the tSNR estimates for the same subject at 0.8 mm
isotropic resolution. Fig 2.12 and Fig 2.13 shows the entire slice stack
of the phantom EPI measurement, acquired using both left-right and
anterior-posterior phase encoding. tSNR profiles along a central slice
were plotted for both coils at 1.2 and 0.8 mm isotropic using a spheri-
cal phantom. Fig 2.14 shows the tSNR profiles as a function of distance
from the edge of the phantom.
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Figure 2.11: tSNR maps at 0.8 mm isotropic, for an transverse oblique slice
stack along the visual cortex for the (left) Visual Arc coil and (right) the 32
channel whole head coil.

Local g-factor maps in a coronal plane were generated for both the 16
channel visual coil and the 32 channel whole head coil for one dimen-
sional accelerations, both left-right and anterior-posterior, using data
from coil sensitivity profiles and noise correlations as acquired from
subject measurements. g-factors for the Visual Arc coil were lower
than those for the 32 channel whole brain coil for all acceleration fac-
tors, as seen in Fig 2.15. At R=4, the maximum g-factor for the for the
32 channel coil was 1.5 times that of the Visual Arc coil and almost 3
times as much at R=6, as plotted in Fig 2.16. Fig 2.17 shows the SENSE
reconstructed images for both coils.

Functional MRI data was acquired at 1.2 mm (Fig 2.18) and 0.8 mm
(Fig 2.19) isotropic resolution using both coils, as shown in the activity
maps. The maps are thresholded to the same t-value of 3.5 (p<0.01)
across both coils and both resolutions. Through a combination of a
wide visual angle and densely packed receiver coils in the region of
interest, the Visual Arc coil shows activation deeper into the occipital
lobe, both in the superior-inferior and anterior-posterior directions at
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Figure 2.12: tSNR maps at 1.2 mm isotropic, for an transverse slice stack us-
ing a spherical phantom for the (left) Visual Arc coil and (right) the 32 chan-
nel whole head coil using L-R phase encoding (top) and A-P phase encoding
(bottom).
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Figure 2.13: tSNR maps at 0.8 mm isotropic, for an transverse slice stack us-
ing a spherical phantom for the (left) Visual Arc coil and (right) the 32 chan-
nel whole head coil using L-R phase encoding (top) and A-P phase encoding
(bottom).

55



Chapter 2. A specialized multi-transmit head coil for high resolution
fMRI of the human visual cortex at 7T

Fi
gu

re
2.

14
:

tS
N

R
pr

ofi
le

s
w

it
h

re
sp

ec
t

to
im

ag
in

g
de

pt
h.

Th
e

gr
ee

n
lin

e
(i

ns
et

)
re

pr
es

en
ts

th
e

sl
ic

e
al

on
g

w
hi

ch
th

e
tS

N
R

pr
ofi

le
s

w
er

e
pl

ot
te

d.

56



Fi
gu

re
2.

15
:

g-
fa

ct
or

m
ap

s.
C

or
on

al
g-

fa
ct

or
m

ap
s

fo
r

th
e

(a
)

16
ch

an
ne

l
V

is
ua

l
A

rc
co

il
fo

r
A

-P
an

d
L-

R
ac

ce
le

ra
ti

on
s

re
sp

ec
ti

ve
ly

an
d

(b
)

th
e

st
an

da
rd

32
ch

an
ne

l
w

ho
le

br
ai

n
co

il
fo

r
ac

ce
le

ra
ti

on
fa

ct
or

s
R

=
2,

3,
4,

5,
6

an
d

8

57



Chapter 2. A specialized multi-transmit head coil for high resolution
fMRI of the human visual cortex at 7T

Fi
gu

re
2.

16
:M

ax
im

um
g-

fa
ct

or
s.

M
ax

im
um

g-
fa

ct
or

s
as

a
fu

nc
ti

on
of

th
e

ac
ce

le
ra

ti
on

ra
te

,p
lo

tt
ed

fo
r

th
e

16
ch

an
ne

lV
is

ua
lA

rc
co

il
(b

lu
e

an
d

m
us

ta
rd

)a
nd

th
e

st
an

da
rd

32
ch

an
ne

lw
ho

le
br

ai
n

co
il

(c
ya

n
an

d
m

ar
oo

n)

58



Fi
gu

re
2.

17
:S

EN
SE

R
ec

on
st

ru
ct

io
n.

SE
N

SE
re

co
ns

tr
uc

te
d

im
ag

es
fr

om
th

e
(a

)
V

is
ua

lA
rc

co
il

fo
r

A
-P

an
d

L-
R

ac
ce

le
ra

ti
on

s
re

sp
ec

ti
ve

ly
an

d
(b

)t
he

32
ch

an
ne

lw
ho

le
he

ad
co

il
fo

r
ac

ce
le

ra
ti

on
fa

ct
or

s
R

=
2,

3,
4,

5,
6

an
d

8
fo

r
th

e
sa

m
e

co
ro

na
ls

lic
e

ac
ro

ss
bo

th
co

ils

59



Chapter 2. A specialized multi-transmit head coil for high resolution
fMRI of the human visual cortex at 7T

1.2 mm resolution. The resulting activation signals at 0.8 mm isotropic
resolution conform to a similar pattern, indicating that notwithstand-
ing the small voxel size, fMRI responses can be measured adequately
if appropriate imaging hardware are used.

Figure 2.18: fMRI at 1.2 mm isotropic. fMRI activation maps along 3 planes
for the 16 channel visual coil (top) and the 32 channel head coil (bottom) at
1.2 mm isotropic

Figure 2.19: fMRI at 0.8 mm isotropic. fMRI activation maps along 3 planes
for the 16 channel visual coil (top) and the 32 channel head coil (bottom) at
0.8 mm isotropic
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2.4 Discussion

In this study, we constructed and characterized a semi-cylindrical
phased-array transmit coil and a shape-optimized, 16 channel receive
coil targeted at acquiring high-resolution anatomical and functional
MRI data at 7T. The coil’s performance was evaluated through bench
tests, phantom and in-vivo imaging. The close fitting transmit coil
does not require otherwise time-consuming tune and match adjust-
ments for different subjects, lowering experimental setup time. The
placement of the 2 rows of receive arrays not only covers the entire
visual cortex, but also lies conformal to it, making sure that the coils
are as close as possible to the region of interest and enhancing their re-
ceive sensitivity when compared to that of the 32 channel whole head
coil. We did observe a slight frequency shift between loaded and un-
loaded cases, which was compensated for by using the human-torso
shaped phantom during bench tests. Differences were also observed
between the simulated and measuredB+

1 transmit maps, which can be
attributed to the shape and positional placement differences between
the in-vivo subject and the voxel model used for simulation.

It is also noted that the B1 transmit and receive profiles show the ex-
pected asymmetry at high fields while maintaining a homogeneous
excitation in our targeted ROI (namely the primary and secondary vi-
sual areas), as is the case here. One way of countering this issue is by
shifting the transmit and receive coils or arrays in opposing directions,
by the same angle, along a circular or curved former [85, 66]. Although
this would have been possible to achieve with the transmit coils on the
Visual Arc, the corresponding shift of the receive array would only be
possible with an unsymmetrical holder layout [Figure 2.1(C)], leading
to more restricted visual openness. We did not pursue this option since
we aimed to maintain full presentation capabilities but would consider
it for future work.

The mean noise correlation between receive coil elements was a re-
spectable 19%; however, the worst-case correlations of 54% were found
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in adjacent coil elements in the same column. This high correlation is
due to (1) insufficient overlap and thus decoupling between loops that
traverse the curved surface of the former and (2) due to shared resis-
tance acquired through the sample.

The image SNR measured shows a 1.35 fold increase in mean SNR and
a 1.44 fold increase in maximum SNR for the Visual Arc coil over the
standard head coil (in the occipital lobe), and this can be attributed
to a combination of a tight-fitting former and smaller coil loops. This
is further evident in the tSNR maps, whereby we are able to achieve
sub-millimeter resolutions, allowing us to image the visual cortex into
sulcal depths. The g-factors for the Visual Arc were substantially lower
than those for the 32 channel whole head coil, especially at acceleration
factors intrinsically associated with fMRI data acquisition (R = 3, 4)
though the layout of the receive coils only allowed us to accelerate in
the left-right direction.

Previous studies involving smaller FoV’s covered by extremely high
density 16 channel phased-array layouts of 1x2 cm2 small coils at 7T
have been reported by Petridou et al [71]. While we did not include
such a small FoV array in our comparison, such arrays are expected
to and do have very high SNR for cortical structures in the immedi-
ate vicinity of the coils. We however pursued a path of using larger
coils capable of a more extensive FoV because of the limited coverage
and the inherent rapid fall-off of extremely small loops. Nevertheless,
we expect that in the future high density arrays covering perhaps even
larger cortical regions with channel counts beyond 32 will play a sig-
nificant role in high resolution fMRI.

For fMRI tests, the combination of a wide-angle subject field-of view
(due to the frontal-open design of the Visual Arc) and conformal, small
receive coils allow for efficient visual task presentation and increased
sensitivity to BOLD response, allowing for sub-millimeter fMRI acqui-
sition. The added activation on the anterior side is due to the open de-
sign of the coil, as this cortical region represents more eccentric retino-
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topic positions. We even notice negative activation with the 32 channel
whole head coil in the same regions. They reflect a well known phe-
nomenon of lateral inhibition which causes negative BOLD adjacent to
stimulated areas [86].

The benefits of the 4 channel transmit array could be further enhanced
by incorporating parallel transmit hardware that would allow for bet-
ter control over B+

1 fields and possibly help reduce SAR effects even
further. At the receive end, it is abundantly clear that denser coil arrays
would be beneficial for human brain imaging, ideally using coils of
an optimised diameter (likely around 4 cm) at 7T. Future work would
involve increasing the number of receive channels beyond 32 and to-
wards high channel counts (96 and even 128, as already presented by
Wiggins et al [50] at 3T) while increasing the overall volumetric cover-
age to be able to image the entire human brain.
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Chapter 3. High resolution anatomical and quantitative MRI of the
entire human occipital lobe ex vivo at 9.4T

Abstract

Several magnetic resonance imaging (MRI) contrasts are sensitive to
myelin content in gray matter in vivo which has ignited ambitions of
MRI-based in vivo cortical histology. In addition, quantitative MRI has
been shown to have clear advantages for cortical MRI based histology.
Ultra-high field (UHF) MRI, at fields of 7T and beyond, is crucial to
provide the resolution and contrast needed to sample contrasts over
the depth of the cortex and get closer to layer resolved imaging. Ex-
vivo MRI of human post mortem samples is an important stepping
stone to investigate MRI contrast in the cortex, validate it against his-
tology techniques applied in situ to the same tissue, and investigate
the resolutions needed to translate ex vivo findings to in vivo UHF
MRI. Here, we investigate key technology to extend such UHF stud-
ies to large human brain samples while maintaining high resolution,
which allows investigation of the layered architecture of several corti-
cal areas over their entire 3D extent and their complete borders where
architecture changes. A 16 channel cylindrical phased array receive
coil was constructed to image a large post mortem occipital lobe sam-
ple (∼80x80x80 mm3) in a wide-bore 9.4T human scanner with the aim
of achieving high-resolution anatomical and quantitative MR images.
Compared with a commercial human head coil at 7T, the maximum
Signal-to-Noise ratio (SNR) was increased by a factor of more than
four. Although the transmit profile with a circularly polarized trans-
mit mode at 9.4T is very inhomogeneous over the large sample, this
challenge was successfully resolved with parallel transmit using the
kT-points method. Using this setup we achieved 60µm anatomical
images for the entire occipital lobe showing increased spatial defini-
tion of cortical details compared to lower resolutions. In addition, we
were able to achieve sufficient control over SNR,B0 andB1 homogene-
ity and multi-contrast sampling to perform quantitative T2* mapping
over the same volume at 200µm. Markov Chain Monte Carlo sam-
pling provided max posterior estimates of quantitative T2* and their
uncertainty, allowing delineation of the stria of Gennari over the en-
tire length and width of the calcarine sulcus. We discuss how custom
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parallel transmit and receive radiofrequency coils built to specific large
post mortem sample sizes can provide a future platform for UHF cor-
tical layer-specific quantitative MRI over large fields of view.
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3.1 Introduction

With increases in main field strengths, from 3T to 7T and beyond, and
increases in the number of channels in phased-array RF coils, it has
become increasingly clear that RF coils specifically built to subject or
sample size and shape can offer very large advantages [75, 48, 88, 68].
Although this has specially been true for human in-vivo 7T coil de-
signs, this approach is less developed in the field of ex-vivo tissue
MR. Investigations of human ex-vivo brain samples in particular have
therefore been limited to either tissue samples that fit pre-clinical MR
setups, or the contrast and Signal-to-Noise ratio that can be achieved
with a non-specialized setup, such as an in-vivo head coil.

Recently a number of investigations have shown that several magnetic
resonance imaging (MRI) contrasts (such as T1, T2, T2* and phase)
show sensitivity to iron and, especially, myelin content in gray mat-
ter in vivo [89, 90, 91, 92, 93, 94, 95, 96] which has ignited ambitions of
MRI-based in vivo histology [60, 92, 97, 93, 98]. In some of these inves-
tigations quantitative MRI, providing quantitative contrasts in physi-
cal units rather than T1 or T2* weighted acquisitions, has been shown
to have clear advantages for cortical MRI based histology [92, 97, 99].
However, so far in vivo resolution, even at UHF, has not been suffi-
cient to resolve individual cortical layers. This is why many studies
use ex vivo MRI of human post mortem samples as a stepping stone
to investigate MRI contrast in the cortex, validate it against histol-
ogy techniques applied in situ to the same tissue, and investigate the
resolutions needed to translate ex vivo findings to in vivo UHF MRI
[60, 100, 101, 102, 103, 104, 105].

Ex vivo imaging involves scanning post-mortem tissue over long scan
sessions (several hours to a couple of days) at UHF which can yield
ultra-high resolution datasets far below the millimetre scale while
maintaining a sufficiently high Signal-to-Noise ratio (SNR) for the ac-
quired images. Ex vivo UHF MRI to examine human brain tissue sam-
ples has been predominantly performed on preclinical or animal MRI
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systems [106, 107, 108, 109, 110, 111, 112, 113]. This takes advantage of
the high field strength and increased gradient performance of preclini-
cal systems but is often limited to small human tissue samples (smaller
than about 20×20×20 mm3), restricting size of the brain region exam-
ined. Alternatively, relatively small tissue samples have been investi-
gated on a human 7T MRI system either using a commercial head RF
coil or a small custom built RF coil (e.g. [101, 102, 103, 114]. Extending
such UHF studies to large human brain samples, while maintaining
high resolution, would be an important step because it would allow in-
vestigations of the architecture of several cortical areas over their entire
extent and their complete borders where architecture changes, which
is very relevant to the translation to the in vivo situation. This requires
sample-size specific RF-coils used in a large bore system [115, 101, 102]
which would be difficult in a preclinical system due to space con-
straints.

Therefore, in this study, we focus on a custom built UHF RF-coil as
a key technology for high resolution ex vivo anatomical and quanti-
tative MRI. We designed and characterised a cylindrical phased-array
receive (Rx) coil for use in a large-bore 9.4T system and compared its
performance with that of a standard whole head array coil at 9.4T.
The two specific aims in enabling cortical laminar discrimination over
large FoVs are the following. First, we aim to achieve high resolution
anatomical images (<100 µm) for a large (∼80×80×80 mm3) human oc-
cipital lobe sample. Second, we aim to achieve sufficient control over
SNR, B0 and B1 homogeneity and multi-contrast sampling to perform
quantitative T2* imaging over the same volume at 200 µm. We use the
primary visual cortex along the entire calcarine sulcus as a showcase
to illustrate the capacity to delineate architectural details over a large
surface of cortex. We also highlight how the interaction of RF coil hard-
ware, B1 homogenisation and data analysis must be tuned to achieve
optimal results.
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3.2 Methods

Mechanical RF-coil and sample container
construction

The coil was constructed on a hollow cylindrical transparent polycar-
bonate (PC) former and consists of 16 receive coils built in a phased-
array layout on the outer surface of the hollow cylinder (Fig 3.1A). The
receive array former has an external diameter of 90 mm and a wall
thickness of 3 mm, allowing an inner diameter of 84 mm to accommo-
date ex vivo samples. The receive coils were constructed using 1 mm
thick copper wires coated with a thin layer of polyimide for insulation
- with each individual coil being 42 mm in diameter - and laid out in
a 8x2 matrix of 16 coils that provide a cylindrical region of interest for
imaging purposes. A critical overlap (of 0.20 to 0.25 times the loop
diameter of each coil) was maintained between all coils to minimize
mutual inductance between coils and to ensure mutual decoupling. A
layer of Kapton tape was inserted over each coil such that the overlap-
ping areas of each coil pair would be sufficiently insulated from each
other. Two distributed capacitors for each circular loop were divided
symmetrically along the coil loop. A detailed schematic of the individ-
ual receive coil element is shown in Fig 3.1D. For the sample housing,
a cylindrical container was designed in SolidWorks and 3D printed us-
ing SOMOS XC1112 (DSM, Heerlen, NL) material (Fig 3.1C). This par-
ticular material was chosen as it possesses susceptibility close to that
of water, helping us reduce susceptibility-induced artifacts. The con-
tainer was designed to have an outer diameter of 82 mm and a wall
thickness of 1 mm, allowing for an internal diameter of 80 mm. With a
length of 90 mm, the sample container was able to accommodate large
post-mortem brain samples such as the single human occipital lobe
that was used here. The container was closed using a 5 mm thick 3D
printed cover with a sealing groove along its circumference. As sealant
either silicon pressure paste (Dow Corning, Seneffe, BE) or standard
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water-proof quick drying silicone sealant was applied in the groove of
the container cover which was then pressed down onto the container
to provide a water-tight fit. A hole was drilled onto the container cap
in order to fashion a degassing port, which was then plugged using a
nylon screw and a nitrile O-ring. Additional Kapton tape was applied
to the outside of the container to secure the cover and provide a tight
fit in the coil former.

RF-coil circuitry

Each receive coil was connected to a lattice (LC) balun circuit [77, 48]
and a tuning and matching network consisting of high-voltage ce-
ramic trimmer capacitors CT and CM (1-10pf, Johanson Technology,
CA, USA) for tuning the coil to resonance at 9.4 Tesla and matching
the coil’s impedance to 50Ω. Small, flexible substrates (Rogers RT5870;
Rogers Corporation, Gent, BE) were used to construct passive detun-
ing circuitry consisting of an LC circuit in parallel with a high voltage
diode was placed on the same board as the balun circuit. All coils
were tuned and matched to 400 MHz and connected to low input-
impedance preamplifiers (WMA9RA, WanTcom Inc., MN, USA) us-
ing λ/4 (130 mm) length coaxial cable (Huber-Suhner, K02252D), to
ensure preamplifer decoupling between individual coil elements by
transforming the high impedance at the coil output to the correspond-
ing low impedance at the preamplifier input [21, 77]. The balun circuit
incorporates an active detuning circuit across the matching capacitor,
using the balun inductor and a PIN diode. With the PIN diode for-
ward biased, the parallel resonant LC circuit adds a high impedance
in series with the coil loop, effectively blocking current flow in the re-
ceive loop during transmit. The cable length was adjusted for each coil
to achieve preamplifier decoupling without requiring further lumped
element phase shifting circuitry. The preamplifiers were arranged in
a circular layout mirroring the receive coil layout and are placed on a
circular “preamplifier motherboard” containing the required circuitry
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for providing the PIN diode voltages for active detuning of the receive
elements during transmit. The preamplifiers were also arranged along
the B0 field or the z-direction of the magnet to minimize any Hall ef-
fect which might affect the field effect transistors (FETs) used in these
preamplifiers [116]. Cable traps on the output of each preamplifier
were required and implemented - by fashioning a solenoid (2 turns, 4
mm diameter) from the coaxial cable connecting the preamplifier out-
put to the plug that connects to the magnet bed, soldering a variable
capacitor across its ends and tuning it to the resonant frequency of 400
MHz, while being positioned outside the immediate RF receive loop
locations. The traps significantly reduced common-mode currents and
were found to be essential to suppress interactions with the transmit
coil.

For transmit, a separate 16 channel pTX transmit coil [65] was used.
The receive coil assembly was designed to be concentric to the transmit
coil in order to allow for easy integration between transmit and receive
sections (Fig 3.1B).

Sample preparation

Tissue used for imaging was obtained post mortem from the left hemi-
sphere of a male subject, without known neurological or psychiatric
disorders. The tissue donor gave his informed and written consent to
the donation of his body for teaching and research purposes regulated
by the Dutch law for the use of cadavers for scientific research and edu-
cation. Accordingly, a handwritten and signed codicil from the donor,
posed when still alive and well, is kept at the Department of Anatomy
and Embryology, Faculty of Health, Medicine and Life Sciences, Maas-
tricht University, Maastricht, The Netherlands. The approximately 80
x 80 x 80 mm3 formalin-fixed occipital lobe of the left hemisphere was
first immersed in 6 times its volume of phosphate-buffered solution
(PBS) for 6 weeks to wash out formalin and rehydrate the sample. Af-
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ter washing, the sample was placed in the 3D printed cylindrical con-
tainer and embedded in proton-free, susceptibility matched fluid Flu-
orinert FC-3283 (3M, Delft, NL) for imaging. The container was then
sealed and the cover pressed down to allow the silicone to distribute
evenly along the lid. Using a syringe, Flourinert was injected into the
cylinder to replace air bubbles and the degassing port sealed.

RF-coil bench measurements

Bench tests were performed using an Agilent HP E5071C ENA Se-
ries network analyser, a customized coil-plug bed and a cylindrical
phantom (49.8% demineralized water, 48.8% sucrose, 1.3% KCl, 0.10%
Dowicil; Max Planck Institute for Biological Cybernetics, Tübingen,
Germany ) as load. Measurements performed checked for loaded (QL)
and unloaded (QU ) Q ratios, receive coil decoupling and preamplifier
decoupling for each coil element. The bench tests were undertaken to
validate coil tuning and matching, preamplifier decoupling for each
coil element and active coil detuning.

The coil quality factor ratio (QU/QL) was measured for a single receive
coil element, using a dual-loop decoupled ( 50dB) inductive probe cou-
pled to a single Rx element: once as a single element outside the re-
ceiver array and once within the populated array while keeping all
other receive elements in a detuned state. Each loop on the receive
array was tuned to the Larmor frequency of 400 MHz and matched
to 50Ω. Coupling between neighbouring elements was additionally
measured through S21 measurements by connecting the coil outputs
to the network analyser, keeping all other elements detuned. Using
this setup, the overlap between neighbouring elements could be fur-
ther optimized to ensure minimal mutual inductance. Preamplifier
decoupling of a single loop was measured as the change in the S21

measurement using a pair of decoupled pickup probes, when the coil
element was first power matched to 50Ω under load but without the
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preamplifier present and when the coil was terminated using the low
input impedance preamplifier, while all other coils in the receive array
were detuned. The active detuning for each receive element was mea-
sured as the difference in an S21 measurement, between when the coil
is matched to 50Ω and when detuned.

MRI acquisition and analysis

Data acquisitions were performed on a 830 mm human size bore re-
search 9.4T Siemens MAGNETOM MR system (Siemens Healthcare,
Erlangen, Germany) interfaced with a 16Ch parallel transmit (pTx)
coil. Prior to acquiring high resolution anatomical data, B0 and B1+
shimming were performed. First, a localizer was acquired for spatial-
localization reference; then a fieldmap [117] and DREAM [118] pro-
tocol were acquired to characterise B0 and B1+ map profiles, respec-
tively, along the sample. MATLAB (MathWorks, MA, USA) routines
were used to optimise B0 and B1+ shimming using those acquisitions
[119, 120]. Fieldmap sequences were acquired and shimmed itera-
tively, two to three times, to improve B0 homogeneity.

All acquisitions were performed with a custom 3D gradient echo
(GRE) pulse sequence, modified to allow large matrix sizes and to use
a composite parallel excitation pulse using the kT-points technique for
B1+ homogenization [121]. An Actual Flip-angle Imaging (AFI) se-
quence with n = 5 [80] was acquired later to verify B1+ homogeneity.
The 3D GRE sequence was used to acquire high resolution isotropic
T2* weighted data at: 500µm (Repetition time (TR)/Echo time (TE) =
36 ms/17.68 ms, flip angle (FA) = 35◦, readout bandwidth (BW) = 220
Hz/px, matrix dimensions = 160x156x160), 100µm (TR/TE = 47 ms/22
ms, FA = 49◦, BW = 30 Hz/px, matrix dimensions = 800x800x832) and
60µm (TR/TE = 46 ms/20.1 ms, FA = 49◦, BW = 40 Hz/px, matrix
dimensions = 1400x1400x1280) isotropic resolution. A multi-echo 3D
GRE protocol was used using monopolar RO gradient to acquire multi-
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contrast T2* weighted data for the purpose of quantitative T2* mapping
at 200µm isotropic resolution (TR/TEs = 38.5 ms / 6.45, 14.69, 22.93
and 31.17 ms, BW = 220 Hz/px, matrix dimensions = 400x400x416)
at different flip angles (25◦, 35◦ and 45◦). The in-plane field of view
(FoV) for all the experiments was 80 x 80 mm2. For all the acquisi-
tions, a 0 volt transmit power noise reference scan was acquired with
matching protocol parameters (e.g. bandwidth, FoV and base reso-
lution). Raw data was streamed off the MR system in realtime for
later image reconstruction. Offline reconstruction was performed us-
ing home-made routines in python and MATLAB. No filtering was ap-
plied in the reconstruction to show the raw quality and effective res-
olution and signal-to-noise ratio (SNR) of the acquired data. For high
resolution GRE, T2* weighted anatomical volumes Roemer reconstruc-
tion [21] was used and for quantitative T2* mapping a noise covariance
corrected root of sum of squares (cov-rSoS) reconstruction [122] was
used.

To compare the SNR of the ex vivo sample coil with a more widely
available alternative, equivalent data was acquired in the same scan-
ner system using a 16 channel transmit, 31 channel receive whole-head
coil [65]. The excitation profiles from both measurements were ac-
quired using the AFI sequence in pTx mode using kT-points (in the
dedicated 16 channel receive coil) and AC shim (in the Head coil).
A proton-density weighted GRE using monopolar readout at 1000µm
isotropic resolution (TR/TE = 1000 ms/4.0 ms, FA = 88◦, BW = 300
Hz/px, matrix dimensions = 82×90×80) was used with a matched zero
volt noise acquisition as described above. Image SNR for both coils
was computed using a pseudo-replica approach [82, 83] with the sub-
sequent noise data. We generated 100 replicas by adding random sam-
ples from the noise scan onto the GRE k-space of the standard image
acquisition prior to Fast Fourier Transform (FFT), while maintaining
the noise covariance between the receive channels. The final image
SNR was then calculated as the ratio of the mean of the image to the
standard deviation of the noise over these 100 replicas. Resulting SNR
maps for the ex-vivo sample coil and for the Head coil were corrected
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by a normalized B1+ map calculated from AFI acquisition using kT-
points. Coregistration between AFI and GRE volumes were performed
before B1+ calculation using SPM 12. This corrects any underestima-
tion of SNR values caused by B1 inhomogeneity leading to flip angles
away from Ernst angle. Quantitative T2* mapping was performed in
a voxel-based analysis approach using the GPU accelerated python-
based Maastricht Diffusion Toolkit [123] by Markov Chain Monte
Carlo (MCMC) sampling. To this end a mono-exponential decay equa-
tion including an S0 term was defined in MDT’s OpenCL-based sig-
nal modelling language. MCMC sampling was performed using the
random walk Metropolis algorithm [124] with a uniform prior for S0

and T2* with lower and upper bounds of [0 to 50] a.u. and [0.0, 100.0]
ms respectively and an offset-Gaussian likelihood function to account
for the Rician rectified noise floor. The convergence of the chains and
unimodality of the sampled posterior was visually inspected for sev-
eral voxels leading to the following settings: 1500 burn-in samples,
100 samples with a step of 5. Gaussian distributions were fitted to
the histograms of the final samples to obtain the mean (max) posterior
estimate and the standard deviation of the posterior. The log of the
standard deviation is reported as a measure of the uncertainty (vari-
ability, inverse precision) of the S0 and T2* max posterior estimates. A
3D surface reconstruction was constructed of the entire left occipital
lobe in BrainVoyager QX 2.8.4 (Maastricht, The Netherlands) based on
the 200µm qT2* maps. Region growing operations, followed by ero-
sion, smoothing and then dilation steps were used to create a surface
at the approximate pial surface without contamination of vessels and
pia mater to visualize the macro-anatomy of the sample.
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3.3 Results

RF coil characterization

The unloaded Q factor QU (indicative of coil losses) for an isolated re-
ceive element of the 16 channel ex vivo sample coil at 400 MHz, was
about 248 and the loaded Q factor QL, indicative of coil and tissue
losses, was 38. For a single receive loop surrounded by 5 detuned
loops in the array, the same Q factor measurement yielded aQU/QL of
245/42. All receive coils were matched between -21dB and -28dB for
the occipital lobe sample. The active PIN diode detuning provided an
isolation better than 28dB between tuned and detuned states. The de-
coupling between neighboring, overlapping receive elements ranged
between -14dB to -19dB. Decoupling between next-nearest neighbor-
ing elements (or non-overlapping elements) of the array ranged be-
tween -17dB to -25dB. Preamplifier decoupling accounted for an addi-
tional 20dB of isolation. The noise correlation matrix, as shown in Fig
3.2A, was obtained with ex vivo scanning, with the correlation ranging
between 0.2% and 51% with an average of 22%.

Figure 3.2 shows the receive characteristics of the ex vivo sample coil.
Fig 3.2A shows the noise correlation matrix with a maximum correla-
tion of 0.51 and an average of 0.22 and Fig 3.2B shows the single chan-
nel images for the occipital lobe sample across the two rows of coils
(clockwise across each row) with high SNR near the coil surface show-
ing good delineation of white/gray matter (WM/GM). Fig 3.2C and
2D show coil-combined reconstructions for a 100µm isotropic GRE ac-
quisition along a central coronal slice using a cov-rSoS reconstruction
and Roemer reconstruction respectively. Substantial receive penetra-
tion to image the entire sample effectively can be seen, especially when
using a coil sensitivity corrected Roemer reconstruction (Fig 3.2D).

Figure 3.3 shows a comparison between the transmit profiles at 7T with
a single channel, circularly polarized (CP) transmit mode, 9.4T single
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Figure 3.2: (A) Noise correlation matrix for the 16 channel receive coil (B)
Individual coil sensitivity profiles for the coil, with the slices shown
aligned along the center of the coil elements. 100µm isotropic GRE im-
age using a (C) cov-rSoS reconstruction and using a (D) Roemer recon-
struction respectively.
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Figure 3.3: Normalized transmit (B1+) profile maps of 7T CP (first column),
9.4T CP (second column) and 9.4T kT-points homogenized (third column)
acquisitions. Upper row shows a near sagittal slice with the dotted white line
in the first row indicating the coronal slice shown in the second row.

channel CP mode and 9.4T parallel transmit (pTx) using the kT-points
method. It can be seen that the 7T CP excitation profile using a bird-
cage transmit coil is concentrated mainly in the center of the sample
and has a reasonable homogeneity, with flip angles falling off towards
the periphery. The 9.4T CP excitation profile is much less homoge-
neous with even greater central brightness in the coronal view and a
sharp falloff of flip angles from the posterior to the anterior end. How-
ever, the use of kT-points at 9.4T homogenizes the excitation profile
along the sample, strongly decreasing the over-excitation in the poste-
rior part (from 50% to almost 10%) and increasing in the anterior part
(from -25% to -5% in average).

Figure 3.4 shows a comparison of image SNR between the 7T CP and
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Figure 3.4: Anatomical image (gray scale) and corresponding SNR maps at
7T (left column) and at 9.4T (right column) for two GRE acquisitions at TE =
17.68 ms (top) and 29.96 ms (bottom).
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9.4T kT-points pTx setups for a 500µm isotropic GRE acquisition with
matched echo times and receiver bandwidths. The echo times were
chosen as relatively long TEs relevant to T2* contrast imaging. Since
T2* values are shorter at 9.4T than at 7T, in principle this choice gives
an SNR advantage to the 7T acquisition. A drop-off in SNR away from
the receive coils (i.e. peripheral to central) is appreciable across both
acquisitions, although stronger at 9.4T. Nonetheless, the SNR at 9.4T
is higher across the entire volume than in the respective acquisition at
7T, especially at the periphery by about a factor of 5.

Anatomical and quantitative T2* imaging

Figure 3.5 shows successively zoomed transverse views of two T2*
weighted GRE acquisitions of the occipital lobe sample at 100µm and
60µm isotropic resolutions. No spatial filtering was used in the im-
age reconstruction to present the quality of the raw data. The cut
plane through the sample is slightly different between acquisitions as
they were acquired during different sessions and oblique views which
would interpolate the data were avoided for an accurate comparison.
The zoom-ins on the right show the same approximate location in
the sample. The anatomical detail visible (along the calcarine sulcus)
across both resolutions shows the stria of Gennari (SoG) in the mid-
dle of the cortical ribbon, with a tendency of the 60µm images to show
better delineation of the stria. There is also a tendency for a better
definition of the pial boundary in the higher resolution 60µm dataset.
The red zoom-in inset details a vessel wall which shows how a better
definition of high-contrast structures can be achieved at higher resolu-
tion.

Figure 3.6 shows that quantitative T2* (qT2*) mapping can be per-
formed at 200µm isotropic resolution for the entire occipital lobe using
MCMC sampling. Fig 3.6A shows sagittal views through the cov-rSoS
reconstructed single echo datasets where the receive profile inhomo-
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Figure 3.6: Quantitative T2* mapping of the entire occipital lobe at 200µm cal-
culated from a multi-echo GRE acquisition using 4 TEs. (A) Individual
echoes, (B) S0 estimate, mean (left) and log standard deviation (right)
and (C) T2* estimate, mean (left) and log standard deviation (right)
maps. (D) A histogram of T2* along the same slice is shown where small
peaks (red arrows) correspond to white and gray matter T2* values.
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geneities are evident. Fig 3.6B and 3.6C show the estimated S0 and
qT2* maps, respectively, averaged over the different FA acquisitions.
The S0 map absorbs proton density and non-quantitative transmit and
receive inhomogeneities. A good T2* estimate is achieved over the
whole sample with clear delineation of and gray matter and a higher
T2* in the superficial gray matter layers than in the deeper layers. The
log standard deviation of the posterior distribution of the MCMC chain
(right images in Fig 3.6B and 3.6C) is an indication of the uncertainty
of the estimates. The uncertainty of the T2* estimate is slightly higher
in gray matter than in white matter and clearly lower close to the coils
where signal is higher (lower left) and higher far away from the coils
(on the right). The uncertainty of the S0 estimate is higher in white
matter. Fig 3.6D shows a histogram of the T2* values observed in Fig
3.6C, with small peaks corresponding to the white matter T2* of ap-
proximately 20 ms and a deep gray matter T2* of approximately 26
ms.

Figure 3.7A shows a 3D surface reconstruction of the entire occipi-
tal lobe using the 200µm qT2* map, showing the extent and macro-
anatomical features of the sample. The four coloured lines indicate the
anterior-posterior (AP) locations along the calcarine sulcus (CS, indi-
cated by arrows) for which coronal slices through the qT2* map are
shown in Fig 3.7B and zoomed views of the CS are shown in Fig 3.7C.
The SoG is clearly visible along the cortex in the depth of the CS at
all AP positions and, with some scrutiny, can be followed at most lo-
cations to its termination on gyri encroaching the CS at the putative
border between primary (functional area V1, Brodmann area 17) and
secondary (functional area V2, Brodmann area 18) visual areas. The
distinctive patterns of a higher T2* in the superficial gray matter layers
than in the deeper layers, separated by the SoG, is visible everywhere
in putative V1. Finally, it is interesting to note the qT2* contrast vis-
ible in parts of white matter, particularly the lower T2* in parts close
to the lateral ventricle, tentatively corresponding to large myelinated
tracts.
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Figure 3.7: 3D surface reconstruction of entire left occipital lobe based on
200µm qT2* maps (A) showing a medial view (left) and lateral view
(right). (B) Coronal slices at four different anterior posterior positions
along the calcarine sulcus, shown in different colours (C) and zoomed-in
views of anatomical details along the same slices showing layer defini-
tions and fiber tracts in white matter. CS: Calcarine sulcus (indicated by
coloured arrows). SCC: Splenium of the Corpus Callosum.
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3.4 Discussion

We constructed a 16 channel cylindrical phased array receive coil to
image a large post mortem occipital lobe sample (∼80x80x80 mm3)
in a wide-bore 9.4T human scanner. The achieved SNR is strongly
increased compared with a commercial human head coil at 7T. Al-
though the transmit profile with a circularly polarized (CP) transmit
mode at 9.4T is very inhomogeneous over the large sample, this chal-
lenge is successfully resolved with parallel transmit (pTx) using the kT-
points method. Increased spatial definition of cortical details is visible
in 60µm anatomical images for the entire occipital lobe compared to
lower resolutions. In addition, we were able to achieve sufficient con-
trol over SNR, B0 and B1 homogeneity and multi-contrast sampling to
perform quantitative T2* imaging over the same volume at 200µm.

9.4T large post mortem sample RF-coil

The constructed dense, cylindrical 9.4T phased-array receive coil was
targeted at acquiring high resolution anatomical and quantitative MRI
of large post mortem samples. The coil’s performance was evaluated
through bench tests and ex vivo human occipital lobe imaging. The
placement of the 2 rows of receive arrays covers the entire occipital
lobe sample, but also ensures that the small diameter coils are as close
as possible to the region of interest. This greatly enhanced their receive
sensitivity and achieved SNR when compared to that of a larger loop
32Ch commercial head coil at 7T. The image SNR measured shows a
4-5 fold increase in maximum SNR (peripherally at the cortex) for the
ex vivo sample coil over the commercial 7T head coil. This can be
attributed to a combination of higher field strength and smaller coil
loops in close proximity to the sample, enabling much higher SNR in
those areas. With the 7T head coil, only a few receive elements would
couple with the sample (due to its size and positioning in the coil),
thus reducing overall SNR in areas further away from coil elements.
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The position and placement of the coil elements in the 9.4T ex vivo
sample coil allows for higher SNR throughout the sample although
the gain are proportionally higher at the periphery, close to the coils,
as is evident from Fig 3.4. For the occipital lobe sample this provided
very high SNR specifically in most of the cortex and superficial white
matter.

The presented ex vivo sample coil layout can of course be implemented
at 7T, in which case it would also be expected to give significant gains
for samples that fit its size over a commercial head coil. While the
7T field strength would yield more homogeneous B0 and B1 trans-
mit fields than at 9.4T, it would also result in 33% less overall SNR
and lower T2* and other magnetic susceptibility moderated contrast,
such as phase contrast and quantitative susceptibility imaging (QSI)
[115, 125, 126]. The post mortem sample size of 80x80x80 mm3 tar-
geted here would very difficult to accommodate in preclinical or ani-
mal MRI systems. Among current preclinical systems, only magnets
with the widest bore diameter might be able to accommodate the sam-
ple using their largest diameter (and lowest performing) gradient and
animal body RF coils. However, the imaging would likely be affected
by reduced linearity in mainB0 field and gradient fields. Moreover, an
insufficient receive channel count and clear bore space would likely be
unable to support the customised 16 channel RF coil (along with a sep-
arate transmit coil) which provides most of the SNR gains reported.

The B1+ transmit profiles in CP mode for 9.4T show the expected high
central fields dropping off the periphery since the sample dimensions
are close to the wavelength at 9.4T. In addition, there is asymmetry
along the anterior-posterior direction with the transmit field dropping
off to the anterior sample side in the acquired orientation. This is likely
a result of the fact that the sample could not be aligned to the axial cen-
ter (z direction) of the transmit coil, leaving a section of the anterior end
of the sample outside of the transmit FoV where it underflips. How-
ever, this issue is largely rectified by using kT-points which results in
a more homogeneous excitation profile along our region of interest,
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comparable to the excitation profile achieved at 7T with a single chan-
nel CP transmit coil. To ensure an even more homogeneous excitation
profile along the entire length of the sample, future work could involve
building a smaller diameter, sample-specific transmit coil with pTx ca-
pabilities at 9.4T.

High resolution anatomical and quantitative MRI

The high Rx signal and homogeneous Tx fields allowed us to acquire
100µm and 60µm isotropic T2* weighted data over the entire sample.
While the SoG is clearly evident in both the 100µm and 60µm datasets,
it is slightly better spatially defined in the 60µm scan. The higher con-
trast vessel wall and outer cortical boundary even more clearly show
the better spatial definition which can be achieved. Although no spa-
tial filtering was applied in the image reconstruction to present the
quality of the raw data, a small degree of k-space filtering may be
preferred in future neuroanatomy studies to mitigate a slight Gibbs
ringing visible.

The qT2* mapping of the entire human occipital lobe at 200µm
isotropic shows some of the advantages of quantitative imaging. These
include an even clearer definition of cortical architecture details, specif-
ically here the SoG, inherent control of low frequency image inhomo-
geneity without a need to estimate receive coil sensitivity, and gen-
erally comparable images in quantitative physical units. The esti-
mated S0 shows a signal profile similar to the data absorbing infor-
mation about the proton density as well as receive coil sensitivity. In
our sample, T2* values in GM are greater than in WM and are also
greater in the superficial GM layers than in the deeper layers. T2* re-
laxation time is inversely proportional to the concentration of myelin
(and iron content), which is highest in WM and higher in the deeper
layers of the GM. The calculated T2* values are higher than those ac-
quired with in vivo subjects [124]. This could be partly explained by
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the hydration state of the tissue and the lack of active venous vascu-
lature which would otherwise contribute to lower T2*. The estimated
T2* are also comparable with previously reported T2* values in post-
mortem samples [127]. T2* estimates can be affected residual static B0

inhomogeneity due to imperfect B0 shimming [128]. This seems to
be visible in Fig 3.6C where we notice slightly less contrast in a small
area in the posterior-most section. Further improved iterative shim-
ming routines could resolve this in the future. In addition, the recti-
fied Rican noise floor can have an effect on the fitting of long TE low
signal echoes. However, SNR was sufficiently high even in anterior
parts of the sample, such that T2* could still be estimated, albeit with
greater uncertainty. Moreover, MCMC sampling was performed with
an offset-Gaussian likelihood function to account for the rectified noise
floor.

The 200µm qT2* imaging allows mapping of the SoG along the en-
tire length of the calcarine sulcus. The SoG is clearly visible along the
cortex in the depth of the CS at all AP positions in Fig 3.7 and can
be followed at most locations to its termination at the border between
primary (functional area V1, Brodmann area 17) and secondary (func-
tional area V2, Brodmann area 18) visual cortex. This illustrates the
capacity to map out and atlas architectural areas boundaries in future
studies.

Outlook

Further future work can involve quantitative imaging of T1, T2, phase
and magnetic susceptibility in addition to T2*. T1 imaging could be re-
alized with relaxometry on mixing times in STEAM imaging or fitting
of multiple flip angles in GRE imaging [95]. However, both would
place an even higher demand on B1+ homogeneity and control and
quantification of absolute flip angles. Phase and quantitative suscepti-
bility mapping (QSM) would require reconstruction, unwrapping and
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fitting of phase instead of magnitude data [97]. Quantitative MRI
(qMRI) at resolutions higher than 200µm, up to 100µm isotropic, may
be possible using the current setup. In our experience, challenges here
lie more in processing, analysing and visualizing the data than in the
acquisition, as multi contrast 100µm acquisition could in principle be
performed. qMRI at even higher resolutions up to 60µm isotropic
might not be feasible due to insufficient SNR and multi contrast sam-
pling leading to very long acquisition times. Diffusion MRI (dMRI)
is another interesting quantitative technique to extend to large sam-
ples at very high resolutions. Post mortem dMRI has been performed
previously over small FoV [129, 130, 131, 112, 105] and allows in situ
validation by histology measures [132, 133, 134, 111, 135, 136, 137]. Dif-
fusion MRI is inherently more SNR challenged than GRE imaging and
benefits less from moving to UHF. In addition, it also requires high flip
angle pulse sequences and good B1+ homogeneity, making it a chal-
lenging prospect. Finally, the platform for UHF cortical layer specific
quantitative MRI can be extended to even larger FoV allowing larger
samples up to the entire post mortem human brain.
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4.1 Introduction

Ex vivo imaging involves scanning post-mortem tissue over long scan
sessions (several hours to a couple of days) at UHF which can yield
ultra-high resolution datasets far below the millimetre scale while
maintaining a sufficiently high Signal-to-Noise ratio (SNR) for the ac-
quired images. Ex vivo UHF MRI to examine human brain tissue sam-
ples has been predominantly performed on preclinical or animal MRI
systems [106, 107, 108, 109, 110, 111, 112, 113]. This takes advantage of
the high field strength & increased gradient performance of preclinical
systems but is often limited to small human tissue samples (smaller
than about 20x20x20 mm3), restricting size of the brain region exam-
ined. Alternatively, relatively small tissue samples have been investi-
gated on a human 7T MRI system either using a commercial head RF
coil or a small custom built RF coil [102, 101, 103, 114]. In parallel, a
number of investigations have shown that several magnetic resonance
imaging (MRI) contrasts (such as T1, T2, T ∗

2 and phase) show sensi-
tivity to iron and, especially, myelin content in gray matter in vivo
[89, 90, 91, 92, 93, 94, 95, 96] which has ignited ambitions of MRI-based
in vivo histology [92, 97, 93, 98, 139]. In some of these investigations
quantitative MRI, providing quantitative contrasts in physical units
rather than T1 or T ∗

2 weighted acquisitions, has been shown to have
clear advantages for cortical MRI based histology [92, 97, 99]. There-
fore, extending ex vivo UHF studies to intact human brains, while
maintaining high resolution and the potential for quantitative imag-
ing, would be an important step. It would allow investigations of the
architecture of several cortical areas over their entire extent and their
complete borders where architecture changes, which is very relevant
to the translation to the in vivo situation.
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The investigation of intact human brains post mortem with large bore
systems can achieve resolution considerably superior to that achiev-
able in-vivo [140, 141, 142, 143, 144]. However, the achievable res-
olutions and contrast are limited compared to small sample studies
by gradient performance, non-optimized RF-coils, and RF-field inho-
mogeneity over the brain at high main field strengths (≥7T). With in-
creases in main field strengths, from 3T to 7T and beyond, and in-
creases in the number of channels in phased-array RF coils, it has
become increasingly clear that RF coils specifically built to subject or
sample size and shape can offer very large advantages [75, 48, 88, 68].
Although this has specially been true for human in-vivo 7T coil de-
signs, this approach is less developed in the field of ex-vivo tissue
MR. Investigations of intact human brains ex vivo in particular have
therefore been limited the contrast and Signal-to-Noise ratio that can
be achieved with a non-specialized setup, such as an in-vivo head coil.
Therefore, in this study, we focus on a custom built UHF RF-coil as a
key technology for high resolution ex vivo anatomical and quantitative
MRI for the intact human brain. We designed and characterised a con-
formal whole post mortem human brains coil for use in a large-bore
9.4T system and compared its performance with that of a standard
whole head array coil at 7T. The two specific aims in enabling brain
atlassing and cortical laminar discrimination over the entire brain are
the following. First, we aim to achieve sufficient control over B1 ho-
mogeneity with parallel transmit techniques to generate high resolu-
tion anatomical images (at 100µm) for the entire human brain. Second,
we aim to achieve multi-contrast sampling to perform quantitative T ∗

2

imaging over the enitre brain at 200µm. Third, we evaluate the poten-
tial of 100µm data and 200µm quantitative data for anatomical atlass-
ing of sub cortical structures and cortical laminar discrimination.
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4.2 Methods

RF-coil and sample container construction

A 3D conformal sample container for post-mortem human brains was
first designed in SolidWorks using anatomical MRI data. The mesh
file thus generated was then surface-rendered and extruded by 2 mm
in all directions and modelled into a volumetric container in 2 halves.
The container was then 3D printed using a watertight, chemically re-
sistant and susceptibility matched material (Fig 4.1A). (Somos Water-
shed XC11122, DSM, Heerlen). The custom-built RF coil (Life Services
LLC, Minneapolis, MN) consists of 2 parts: a conformal receive former
modelled as a precise fit around the 3D printed sample container while
two halves of a hollow, ellipsoidal shell were used to accommodate the
transmit coils (Fig 4.1B-C).

Twenty four receive coils were laid out in a phased-array configura-
tion on the receive former, with 14 elements covering the superior
part of the sample (coil’s inferior side) and 10 elements for the infe-
rior end of the sample (coil’s superior side). The receive coils ranged
between 5 and 7 cm in diameter, ensuring full coverage of the sam-
ple (Fig 4.1D). On-coil preamplifiers with active detuning, tuning &
matching and balun circuitry were implemented on all coils, while en-
suring that the preamplifiers were aligned along the z-axis to reduce
Hall effects. Each individual receive loop – constructed using 1 mm
thick, polyimide coated copper wires - was decoupled from each other
using a combination of optimal geometric overlapping ( 20% coil diam-
eter) and preamplifier decoupling. Cable traps were also implemented
- by tailoring a solenoid using the receive coaxial cable around a poly-
carbonate screw, and bridging a capacitor across it – in order to reduce
common-mode current effects. (Fig 4.1E)

The 8 transmit channels were laid out in a 2x2 matrix, with 4 loops on
each half of the coil. The loops were 7 cm in diameter and constructed
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using 2 mm thick silver-coated copper wires with 3 distributed capac-
itors on each coil, and spaced apart from each other in order to pro-
vide extended, full 3D parallel transmission and to reduce coupling
between adjacent channels at the same time. A semi-circular slotted RF
shield was placed on both sides of the coil build to reduce eddy current
losses. All transmit and receive channels were tuned and matched to
400 MHz at 50Ω.

RF coil bench measurements

Bench tests were performed using a Agilent HP E5071C ENA Se-
ries network analyser, a customized coil-plug bed and a post-mortem
whole human brain in the sample container as load. Measurements
towards quantifying receive coil decoupling and preamplifier decou-
pling for each coil element were performed. The bench tests were
undertaken to validate coil tuning and matching, preamplifier decou-
pling for each coil element and active coil detuning.

Each loop on the receive array was tuned and matched to 400 MHz at
50Ω . The coupling between neighbouring elements was measured us-
ing S21 measurements - by connecting the coil outputs to the network
analyser while the other coil elements were detuned. In this way, the
critical overlap between elements could be further optimised, ensur-
ing minimal mutual inductance. Preamplifier decoupling of a single
loop was measured as the difference in S21 measurement using a pair
of decoupled double-loop probes, first with the coil power matched
to 50Ω under load but without the preamplifier present and then with
the coil terminated using the low input impedance preamplifier, while
keeping all other coils in the receive array detuned. The active detun-
ing for each receive element was also measured as the difference in an
S21 measurement, between when the coil is matched to 50Ω and when
detuned.
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For the 8 channel transmit array, a similar method of assessment was
adopted. Each loop of the transmit channel was tuned and matched to
400 MHz and 50Ω respectively using an S11 measurement, with the coil
connected directly to the network analyser while being loaded with the
post-mortem whole brain sample. S21 measurements were used to de-
termine the coupling between the 4 adjacent coil elements on the same
side. Active detuning was measured as an S21 measurement using a
pair of decoupled pickup probes lightly coupled to the coil under in-
vestigation, and forward biasing the diode in order to detune the coil.
The coil under test was terminated to 50Ω during this measurement,
while keeping the other 3 loops in the detuned state.

Sample preparation

Tissue used for imaging was obtained post mortem from a male subject
without any known neurological or psychiatric disorders. The tissue
donor gave his informed and written consent to the donation of his
body for teaching and research purposes regulated by the Dutch law
for the use of cadavers for scientific research and education. A hand-
written and signed codicil from the donor, posed when still alive and
well, is kept at the Department of Anatomy and Embryology Faculty
of Health, Medicine and Life Sciences, Maastricht University, Maas-
tricht, The Netherlands. The formalin-fixed whole brain sample was
first immersed in 6 times its volume of phosphate-buffered solution
(PBS) for 6 weeks to wash out the formalin and rehydrate the sample.
After washing, the sample was placed in the 3D printed conformal
sample container and embedded in a solution of PBS mixed with 1%
NaN3 (sodium azide) for imaging.
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MRI acquisition and analysis

Experiments were performed on a 9.4T, 830 mm bore human MR scan-
ner (Magnetom 9.4T, Siemens Medical Solutions, Erlangen, Germany)
equipped with an 80mT/m, 330T/m/s head gradient system. To over-
come the B+

1 inhomogeneity that is severely inherent in UHF, it was
necessary to use pTx composite pulses following the pipeline defined
in [120]. For the pulse design, a main field profile (B0) was acquired us-
ing the fieldmap sequence [117] and transmit profile (B+

1 ) maps from
each of the transmit channels was acquired with a T ∗

2 compensated
version of DREAM [118]. A full pTx, kT-points with 8 composite sub-
pulses [121] was calculated and subsequently optimized for B+

1 ho-
mogeneity with B0 compensation [119]. To effectively quantify the
improvement inB+

1 excitation profiles when using the optimized com-
posite pulse in comparison with a circularly polarized single pulse,B+

1

images using both modalities were acquired using the AFI sequence
[80]. With the obtained composite pulse, anatomical whole brain im-
age at high resolution was acquired using a 3D single echo kT-GRE
acquisition and for qT ∗

2 characterization of the same specimen, a multi-
echo 3D kT-GRE acquisition was used. The sequence parameters used
for both acquisitions are summarized in table 4.1.

The in-plane sagittal field of view for all the experiments was 162 x 153
mm2 at EPI factor 1, one average. For all the acquisitions, a 0V noise
reference scan was also acquired matching protocol parameters (e.g.
bandwidth, repetition time, echo times and base resolution). A noise
covariance corrected root of sum of squares (cov-rSoS) [122] offline re-
construction was performed using home-made programs in MATLAB
on the acquired data. For qT ∗

2 estimation from the qT ∗
2 -weighted GRE

images were analysed in a voxel-based analysis approach using the
Maastricht Diffusion Toolkit (MDT) [123] by fitting echo decay curves
per voxel. Powell optimization with patience 5 and double precision
was employed for qT ∗

2 estimation, in where unweighted signal (S0)
was initialized using the lowest echo and an offset-Gaussian likelihood
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Type TR (ms) Echo
time
(ms)

BW
(Hz/px)

Flip
angle
(deg)

Matrix
dimen-
sions
(px)

Time
(h:m:s)

qT2*
200µm

43 8, 14,
24, 33

120 28 810 x
768 x
704

10:08:30

100µm
GRE
anat.

48 22 30 29 1620 x
1534 x
1408

22:37:03

600µm
GRE
anat.

40 5, 15,
24, 34

120 30 320 x
259 x
256

00:34:15

Table 4.1: Sequence parameters for 3 different acquisitions

function to account for the Rician rectified noise floor.

Signal-to-noise ratio (SNR) comparison using a 7T Siemens MAG-
NETOM scanner (Siemens Healthcare, Erlangen, Germany) with the
Nova Medical 32-channel Head Coil (Nova Medical Inc., MA, USA)
was also performed. The excitation profiles from both 7T and 9.4T
measurements were acquired using the TurboFLASH readout (TFL)
sequence [145] in circular polarized (CP) mode and the AFI sequence
in CP mode and in pTX mode using kT-points, respectively. A GRE
using monopolar-RO at 600µm isotropic resolution was used in both
scanners under the same protocol parameters, with a matched zero
volt noise acquisition. The pseudo-replica approach [83, 82] was im-
plemented in calculating the image SNR for both coils using the sub-
sequent noise data. A 100 replicas were generated by adding random
samples from the noise scan onto the GRE k-space of the standard im-
age acquisition prior to Fast Fourier Transform (FFT), while maintain-
ing the noise covariance between the independent receive channels.
The final image SNR was then calculated as the ratio of the mean of
the image to the standard deviation of the noise over these 100 repli-
cas.
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We also acquired noise-only scans and fully sampled 3D GRE for eval-
uation of the parallel imaging performance of the whole brain coils.
Scans were performed using a 3D GRE sequence with the following
parameters: Echo Time (TE) = 2.64 ms; Repetition Time (TR) = 30 ms;
FoV = 256 x 256 mm2; 1 mm isotropic; the noise scan was acquired
with fewer KY and KZ encode and by turning the transmitter voltage
to zero. The GRE scan was Fourier-interpolated to a matrix size of [120
x 120 x 120] in order to allow emulation of different SENSE undersam-
pling factors on the bases of data set (R = 2, 3, 4). The G-factor maps
and SENSE reconstructions were performed using MATLAB. For the
g-factor maps we used the formulation given in the original SENSE
paper [18] where Ψ is the covariance matrix. Both g-factors and cor-
responding SENSE reconstructions were performed at undersampling
factors between 2 and 4, by sub-sampling the full k-space data set that
had been re-sampled to [120 x 120 x 120]. The reconstruction itself was
a SENSE reconstruction as described in [18].

4.3 Results

RF coil characterization

All receive elements were matched between -21dB and -28dB for the
for the whole brain post-mortem sample at 400 MHz. The active PIN
diode detuning provided an isolation of 24dB or better between tuned
and detuned states. The decoupling between neighbouring, overlap-
ping receive elements ranged between -10dB to -21dB. Decoupling
between next-nearest neighbouring elements (or non-overlapping el-
ements) of the array ranged between -18dB to -26dB. An additional
18dB of isolation was achieved through preamplifier decoupling. The
decoupling between pairs of adjacent transmit elements was -11dB or
lower. Active pin-diode detuning of each transmit loop ranged be-
tween -17dB to –20dB.
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Figure 4.2 shows the receive characteristics of the whole brain coil. Fig
4.2A shows the noise correlation matrix with the correlations ranging
between 0.2% and 78% with an average of 20%. Fig 4.2B shows the
channel-combined reconstructions for a 200 µm isotropic GRE acqui-
sition along a coronal slice using a root Sum-of-squares (rSoS) channel
combination (left) and noise covariance weighted root Sum-of-squares
(cov-rSoS) channel combination (right). Relatively even coverage in
the periphery and substantial receive penetration to image the entire
sample can be seen, especially when using a noise covariance weighted
reconstruction. Figure 4.3 shows the comparison between the transmit
profiles when using a single channel circularly polarised (CP) mode
against a parallel transmit (pTx) mode utilising the kT-points method
at 9.4T. The CP excitation profile shows very low transmit homogene-
ity with several areas severely under-flipped. This leads to severe
drop-outs, and SNR and contrast variations over the whole brain sam-
ple. The use of the kT-points method at 9.4T greatly increases the ho-
mogeneity of the excitation profile over the sample. This can be seen
to result in the recovery of the dropout signal and highly homogenous
contrast across the sample.

To quantify the signal-to-noise performance of the custom-built whole
brain coil, we compared it to a commercial 7T in vivo head-coil. Fig
4.4A shows the SNR comparisons for the same ex-vivo sample across
7T and 9.4T for a 600µm isotropic proton-weighted GRE acquisition.
As is evident, the SNR with the whole brain ex-vivo coil at 9.4T is sub-
stantially higher across the entire imaging volume by about a factor of
3 in the center and by a factor of 5 at the periphery of the brain. This
mostly reflects a coil geometry advantage consisting of Rx coils which
are closer and which cover the complete surface of the sample. Supe-
rior brain tissue SNR is highest in both coils due to the orientation of
the sample within the coil, as the superior side of the brain lies facing
downwards close to the receive loops at the bottom of the coil. In the
case of the whole brain coil SNR at other extremes of the brain (such
as inferior, posterior and anterior) is also increased with respect to the
center, because of close Rx coil coverage there.
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Figure 4.3: Transmit (B+
1 ) profile maps, normalized to nominal flip angle

(=1.0), and corresponding GRE acquisitions of the 9.4T circularly po-
larised (CP) mode excitation (A) and 9.4T kT-points homogenized ex-
citation (B) across sagittal, coronal and transverse planes
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Figure 4.4: (A) SNR maps for the 7T Nova coil (top row) and the whole brain
coil at 9.4T using the same post-mortem sample (4A, bottom row) for
a 600µm proton-density weighted GRE acquisition. (B) Transverse g-
factor maps for the whole brain coil for L-R acceleration (top row) and
corresponding SENSE reconstructions for acceleration factors R = 2, 3, 4
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We also quantified the degree to which SNR can be maintained under
accelerated imaging. Fig 4.4B shows the local g-factor maps generated
for the whole brain coil in the transverse plane for 1D acceleration fac-
tors in the left-right direction and their reconstructions in SNR units.
At acceleration factor R=4, the maximum g-factor is 2.8, with much
lower g-factors below 1.2 exhibited for lower acceleration factors of
R=2,3. This shows accelerated imaging with R=2 or R=3 is feasible
without excessive noise amplification, as shown by the SNR-unit im-
ages which are dominated in these cases by the 1/sqrt factor.

The high quality GRE images produced by the whole brain coil al-
low quantitative MRI relaxometry over the entire post-mortem human
brain. Fig 4.5A shows 200µm isotropic whole brain multi-echo GRE
imaging at echo times varying from ∼9 ms to ∼35 ms. This data is
suitable for quantitative T ∗

2 (qT ∗
2 ) mapping, as shown in Fig 4.5B. A

high quality qT ∗
2 map results from a non-linear exponential fitting of

the multi-echo data. The qT ∗
2 volume provides quantitative contrast,

with white matter (WM) T ∗
2 values of 10-12 ms and gray matter (GM)

T ∗
2 values of 20-25 ms. In addition, the quantitative imaging has the

advantage of removing transmit and receive related bias fields, which
are absorbed into the S0 map.

To assess the potential to create 3D MRI-based anatomical atlasses, Fig
4.6 shows labelling of deep anatomical structures in a coronal slice in
a 100µm (non-quantitative) T ∗

2 weighted (T ∗
2 w) volume and a 200µm

qT ∗
2 volume. These two, roughly acquisition time matched, volumes

show the trade-off between superior resolution (in the 100µm T ∗
2 w vol-

ume) and superior SNR and homogenous contrast (in the 200µm qT ∗
2

volume). Many subcortical anatomical structures can be distinguished
based on the T ∗

2 contrast.

Figure 4.7 shows characterization of cortical layering in a coronal
slice through the calcarine sulcus in a 100µm (non-quantitative) T ∗

2

weighted (T ∗
2 w) volume and a 200µm qT ∗

2 volume. Clear separation
of white and gray matter is seen in the enlarged images on the right,
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which also highlight the stria of Gennari in primary visual area V1.
Further sub-layering is also distinguishable in places. In addition, the
pronounced T ∗

2 contrast between more myelinated infragranular lay-
ers and less myelinated supra-granular layers stands out, especially in
the qT ∗

2 map.
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Figure 4.7: Coronal slice from a T ∗
2 weighted GRE acquisition at 100µm

isotropic (top) and from a 200µm isotropic quantitative T ∗
2 acquisition

(bottom) showing increased layer definitions in visual area V1
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4.4 Discussion

A 24 channel receive / 8 channel transmit RF coil was constructed to
image intact human brain samples in a wide-bore 9.4T human scanner
post mortem. The SNR realised with the whole brain coil is consid-
erably higher compared to a human head coil at 7T. Inhomogeneous
transmit profiles resulting from a circularly-polarised (CP) mode at
9.4T were successfully mitigated by the use of parallel transmit (pTx)
using the kT-points method. The high SNR achieved allowed for in-
creased spatial definition, with cortical details clearly visible in the
100µm - 200µm isotropic resolution anatomical images. Having ac-
quired sufficient control over B0 and B1 homogeneity, SNR and multi-
contrast sampling, we were also able to perform quantitative T ∗

2 imag-
ing over the entire volume.

9.4T whole brain post mortem sample RF-coil

The conformal, 24 channel Rx/ 8 channel Tx phased array coil was con-
structed with the sole purpose of undertaking high resolution anatom-
ical and quantitative MRI acquisitions of whole brain post-mortem
samples. Once built, the coil performance was evaluated through
bench tests and ex-vivo sample scanning. The receive array was con-
structed on a conformal former ensuring that the receive loops are in
close proximity to the sample / region of interest, much closer than
would be possibly in a commercially available in-vivo head coil. This
further enhances receive sensitivity and the resulting SNR when com-
pared to that of the head coil at 7T, even though it uses loops of a
similar diameter. The measured image SNR shows a five-fold increase
in maximum SNR at the periphery (at the cortex) and a three-fold in-
crease in the center for the whole brain coil over the compared head
coil at 7T. This is a result of conformality and proximity of the coils
with respect to the sample, enabling higher SNR, and the higher 9.4T
field strength. This isn’t the case with the whole head coil at 7T, as a
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number of the receive elements would be further away from the sam-
ple, resulting in inefficient coupling with the sample and thus reduc-
ing the overall available SNR in areas that lie at a distance from coil
elements. While the position and placement of receive elements in the
9.4T whole brain coil allows for overall higher SNR throughout the
sample, the gain is proportionally higher at the periphery, close to the
coils, as is evident in Fig 4.4A, resulting in very high SNR in the cortical
and superficial white matter areas. It must be noted however, that the
SNR comparison across field strengths is still partially non-absolute.
This is because of longer T ∗

2 and shorter T1 at 7T in comparison to 9.4T,
such that an SNR measurement with matched TR and TE parameters
tends to overestimate SNR at 7T.

While overall receive channel noise correlations are low, an issue of
note is the rather high noise correlation values between certain in-
dividual coil pairs. Given the non-standard geometry of the receive
former, it was not possible to implement the optimal overlap (0.2 –
0.25 times coil diameter) across certain coil pairs, resulting in reduced
decoupling and higher noise correlation between said channels. The
higher noise correlation can also be attributed to the shared resistance
across said channels acquired through the sample. However, the ef-
fects of increased noise correlations were alleviated in the data by us-
ing cov-rSoS reconstructions. The coil’s overall receive performance
could perhaps be further enhanced by increasing the number of re-
ceive channels from 24 to 32, which would result in smaller, individual
loops and therefore increased SNR in areas close to the coils. How-
ever, this would only result in SNR increase in the center of the brain
in the case of a well decoupled array, such as can be achieved on a
spherical or cylindrical former. Given the conformal (irregular con-
vex and concave) shape especially on the inferior surface of the brain,
such decoupling (and the optimal coil overlap) would be difficult to
achieve for a very large element count. The 24 receive loop design also
already supported accelerated imaging in a single phase encode direc-
tion up to a factor of 3, showing highly independent spatial selectivity
of the loops. Additionally, the 8 additional receive channels available
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on a common 32 channel MRI system are left free in the current design
for useful peripheral data collection, such as online field monitoring
[146].

Given that image acquisition at very high resolutions can be time con-
suming, accelerated imaging is often undertaken in order to reduce ac-
quisition time at the cost of SNR. The SNR costs of accelerated imaging
is exacerbated by high g-factors resulting from coil geometry. How-
ever, at acceleration factors up to 3, the calculated g-factors for the
whole brain coil are very low. This, coupled with the intrinsically high
SNR capability of the coil, can allow for trade-offs between SNR and
acquisition times, as accelerated imaging will still result in data with
sufficiently high SNR.

The B+
1 transmit profiles as generated by the CP mode at 9.4T show

highly inhomogeneous excitation across the sample, with several ar-
eas in the field of view being substantially under-flipped due to the
transmit excitation pulses interfering destructively, resulting in very
low transverse magnetization. These issues are rectified by using the
kT-points parallel transmit method, which results in a much more ho-
mogeneous excitation across the region of interest. Crucially, a robust,
homogeneous B+

1 excitation can help realize the SNR gain that can
be afforded by the conformal, close-fitting receive coils. To further
homogenise the overall B+

1 profile of the RF coil, future work could
involve extending the number of transmit channels to 16 from the cur-
rent 8. These 16 transmit coils, albeit smaller in size from the existing
design, can be tiled more effectively across the transmit former, with 8
channels on either side, thus providing superior and complete transmit
coverage. In this case, on the transmit side decoupling is easier achieve
using inductive decoupling methods. This will also enable finer con-
trol over pTx transmit modalities and thereby enable more effective
and homogeneous excitation profiles.
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Anatomical and quantitative imaging

A combination of homogeneous Tx excitations and superior Rx signal
SNR enabled us to acquire 100µm isotropic GRE T ∗

2 weighted data over
the entire post mortem human brain sample. It allows a clear defini-
tion and contrast of anatomical structures in the deep brain nuclei and
especially in the cortical grey matter. For example, the stria of Gennari
is clearly delineated in the coronal profiles shown in Fig 4.7.

The quantitative T ∗
2 mapping, performed at 200µm isotropic, shows

certain inherent advantages. Using multi-echo 3D GRE imaging for
four different echo times we were able to generate a high quality qT ∗

2

map using mono-exponential fitting. The resulting qT ∗
2 volume pro-

vides superior quantitative contrast allowing us to effectively delin-
eate white and gray matter areas, while the estimated S0 map absorbs
proton density and T1 weighting, as well as transmit and receive field
inhomogeneities, enacting bias field correction and providing a homo-
geneous contrast across the imaged volume. Technically, the measure-
ment time for four 3D volumes at 200µm would be similar to that for
one 3D volume at 100µm, as the latter requires four times more phase
encoding. However, in practice we could run the 4 echoes efficiently
and with low gradient load as two double-echo acquisitions at slightly
longer TR, increasing the time-efficiency somewhat. Importantly, the
SNR in the 200µm qT ∗

2 data is also considerably higher. The T ∗
2 val-

ues in the GM are higher than those in WM, with higher T ∗
2 values for

superficial GM layers. While the calculated T ∗
2 values are lower than

those reported for in-vivo studies, they are comparable with higher
values that have been reported previously for post-mortem samples
[127]. This evidently also depends on the treatment of the sample
which includes post mortem interval (the time between death and fix-
ation).

Consequently, the high resolution anatomical and quantitative data
also have considerable potential towards the creation of 3D MRI-based
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anatomical atlases. As seen in Fig 4.6, the combination of superior
resolution of the 100µm T ∗

2 weighted and the high SNR and homoge-
neous contrast from the 200µm qT ∗

2 estimated data enable us to label
deep gray matter, allowing several subcortical structures to be distin-
guished on the basis of T ∗

2 contrast. Furthermore, in Fig 4.7, the same
datasets help in the characterisation of cortical layering in the coronal
slice through the calcarine sulcus, highlighting the stria of Gennari in
the primary visual area V1. Additionally, the qT ∗

2 maps also help in
further sub-layering as the pronounced T ∗

2 contrast between the more
myelinated infragranular layers and the less myelinated supragranu-
lar layers stands out particularly.
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Abstract

RF array coils designed for in-vivo imaging are not well suited to imag-
ing ex-vivo brain samples. This holds especially true for imaging flat
slabs or sections of brain tissue which would otherwise have a poor
filling factor and/or relatively large distances between the coils and
the sample. Previously, we showed the results of using a cylindrical
phased-array receive (Rx) RF-coil to image large non-flat specimens
(∼80x80x80 mm3) at very high resolutions using a large-bore human
9.4T MRI system [87]. Here, we present a modular 9.4T RF coil plat-
form that can be used for imaging slabs of tissue as large as a coronal
(diameter of 15 cm), transverse or sagittal (diameter of 17 cm) section
of a brain hemisphere, with a thickness of 5-10 mm. This imaged tissue
can then be used for histological analysis after being being subjected
to advanced tissue clearing techniques. A layered approach [148] was
used while designing the receive array to ensure the coils’ proximity
to the sample under investigation.
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5.1 Introduction

Magnetic resonance imaging has found use in several in-vivo and ex-
vivo studies due to its ability to provide tissue-specific contrast. These
changes in tissue-based contrast however need to be validated us-
ing other imaging modalities in order to ensure that the changes in
signal and contrast are due to pathology. This is usually achieved
through histology, which remains the gold standard in determining
tissue changes due to pathology. However, successfully coregistering
data from histological sections with their MR images can be a chal-
lenging task, as the tissue under investigation will most likely suffer
from deformations and shrinkage as a result of tissue fixation during
histology [149, 150]. Additionally, the tissue sectioning required for
histology, post MR imaging, would also have to be along the same
orientations as the acquired MR data - a task which is not trivial and
would be extremely difficult to achieve. Given that the slice thick-
ness for MR imaging tends to be larger than that of a histological slice,
the resulting coregistration can result in a mismatch between the re-
spective datasets. One might also use software algorithms to stitch
together several sequential histological slices, after correcting for tis-
sue deformities, such that they match the slice thickness of the MR
acquisition.

Thus, in order to perform optimised coregistration between ex-vivo
tissue MRI and histology without errors, it would be ideal to perform
MR imaging on the same slice used for histological analysis. As re-
ported previously, bespoke RF coils have been constructed [151, 110]
for imaging thin histological slices in both horizontal and vertical bore
scanners. While these RF coil setups provide superior transmit and
receive characteristics, they are inherently limited to extremely thin
slices/samples and therefore require a long turnaround time when
imaging and coregistering large, ex-vivo samples. Recent advances in
histological methods have enabled the clearing and labelling of large,
ex-vivo human brain samples, up to 5-10 mm in thickness [152]. Per-
forming MR imaging on such sample sizes will require RF coils capable
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of producing sufficient Signal-to-Noise ratios (SNR) across the entire
imaging volume for high mesoscale resolutions capable of distinguish-
ing individual cortical layers and sub-layers.. It would also require
the coil design to have a high filling factor, which can be achieved by
ensuring that the coil design/layout conforms to the geometry of the
sample [153]. Here we present a phased array coil setup with a lay-
ered, 23 channel receive (Rx) section paired with a 7 channel transmit
(Tx) coil. The flat receive array allows for a high filling factor and con-
forms to the dimensions and shape of the sample under investigation,
while the transmit coil ensures the production of a uniform B+

1 field
for high resolution MR imaging of large ex-vivo tissue slabs up to 16
cm in diameter and 5-10 mm in thickness.

5.2 Methods

Electromagnetic simulation

In order to determine the ideal transmit coil setup for the sample,
we simulated 2 different transmit coil types and geometries, namely
a 7 channel phased array and a double dipole setup. Both transmit
coils were simulated in CST (Computer Simulation Technologies, 3DS,
Darmstadt, Germany). The phased array Tx coil elements were first
modelled as 35µm high perfect electrical conductor (PEC) traces on a
FR4 board, using the software’s 3D CAD designer. Each loop was de-
signed to have 5 lumped element ports and a single discrete port. The 1
mm diameter wire used for connecting overlapping coil segments was
also added to the simulation space. The double dipole design con-
sisted of 2 dipoles of 20 cm length each, with a diameter of 1.2 mm,
spaced apart by 10 cm, modelled as PECs. A 3 mm gap was inserted in
the center of each dipole element to serve as a discrete port. While the
lumped element ports accommodated the predefined fixed capacitors
(RLC, series), the discrete ports were used for the tuning/matching
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capacitors and the 50Ω termination ports. All coil elements were mod-
elled to accurately reflect the design on the coil, including the electrical
properties of the sample and the RF shield.

The simulation setup was completed by modelling the sample as a 16
cm wide and 1 cm thick circular slab of brain/bio-tissue. Tissue pa-
rameters were defined using CST’s in-built material library. A high
resolution mesh was implemented (> 2 million mesh cells) in order to
run the simulation accurately. It should be noted that the receive array,
associated cable traps and coaxial cables were not added to the simula-
tion space in order to avoid complex 3D meshing and also to save pro-
cessing time. After completing the simulation, the in-built schematic
tool was used to tune and match the coil elements to Larmor frequency
at 50Ω, followed by the calculation ofB+

1 field characteristics using the
software’s MRI toolbox macro.

RF coil construction

The transmit and receive sections of the RF coil were constructed us-
ing FR4 and Rogers 4030 material respectively. 23 receive loops, each 4
cm in diameter, were laid out in a phased array configuration, with 19
loops accommodating a circular space, while 4 extra loops were placed
at the corners to provide a total in-plane receive field of view of 14.5 x
13.5 cm2. Each of the 23 receive coils were divided into 3 equal arc sec-
tions in order to allow for placement of capacitors and receive ports.
Each of the 3 coil sections - spaced vertically apart by 0.2 mm - were
placed on a separate layer in the 1 mm thick, 4-layer receive PCB. The
loops were fashioned using 18µm high and 1 mm wide copper traces
– with each loop being 4 cm in diameter- while maintaining the criti-
cal overlap of 0.20 times the coil diameter between all loops to ensure
mutual decoupling. Given that the coil would be exclusively used for
imaging flat sections of post-mortem brain tissue, it was imperative to
design a completely flat phased array layout that would allow for an
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optimised filling factor while compensating for any perturbations in
the receiver coil layout, and by extension the receive profile, if using
wires when designing the loops. 3.5 cm high posts, 3D printed using
ABS, were attached to the center of each coil element to thread the re-
ceive and detune lines emanating from each preamplifier.

A 7 channel phased array transmit coil was constructed on a 1 mm
thick FR4 board using 35µm high and 2 mm wide copper traces, with
each coil being 7 cm in diameter. The optimised overlap of 0.2 times
the coil diameter was maintained here as well to minimise mutual in-
ductance. A similar FR4 board was used to design an RF shield with
8 etched overlaps to reduce eddy current losses, and was placed 3 cm
away from the transmit coil. A visual representation of both receive
and transmit coils is shown in Fig 5.2.

Both transmit and receive coils were mounted on a semi-circular brace
that would allow 90◦ (-45◦ to +45◦) of rotation around the z-axis and
360◦ of rotation around the y-axis, with the aim of performing quan-
titative susceptibility mapping on imaged tissue samples. The 3D de-
sign of the brace is shown in Fig 5.3

Circuitry

Each receive coil was connected to a circuit board containing the rele-
vant circuitry, with the board placed perpendicular to the phased ar-
ray PCB. Each loop is first connected to a lattice or LC balun circuit
and a tuning and matching network comprising of a single fixed high-
voltage matching capacitor and a high-voltage trimmer capacitor, for
matching the coil’s output impedance to 50Ω and for tuning the coil to
resonance at 9.4T. First, a passive detuning circuity comprising of an
LC circuit in parallel with a high-voltage diode was placed right after
the balun circuit. Using the tuning and matching capacitors, the coil
was first tuned and matched to 400 MHz at 50Ω and then connected to
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a low-input impedance preamplifier using a trimmer capacitor. Addi-
tionally, the balun circuit incorporates an active detuning circuit across
the matching capacitor. It is achieved by using a high-voltage PIN
diode in series with the balun inductor, which along with the match-
ing capacitor resonates at Larmor frequency. Therefore when the PIN
diode is forward biased (during transmit), this parallel resonant circuit
introduces a high impedance in series with the coil, effectively block-
ing current flow in the loop at the operating frequency.

While decoupling between adjacent neighbouring elements was
achieved using critical overlap, decoupling between next-nearest ele-
ments was achieved by utilising preamplifer decoupling [21]. In order
to transform the high impedance at the coil output to the correspond-
ing low input impedance at the preamplifier input, a series matching
trimmer capacitor was utilised in parallel with an inductor [77]. The
parallel LC circuit resonates at the Larmor frequency, introducing the
high series impedance in the loop, resulting in minimal current flow
and minimises inductive coupling between next-nearest coil elements,
notwithstanding any residual mutual inductance. The use of a trimmer
capacitor for this purpose allows for finer adjustment of the impedance
transformation, and by extension, the preamplifer decoupling between
coil elements.

The PCBs containing the preamplifiers and detuning circuitry were ar-
ranged such that the preamplifiers themselves are aligned along the
static B0 field of the MRI scanner, thus minimizing any Hall effects
that would otherwise affect the FETs in the preamplifiers [78]. Each
preamplifier output was connected to its own cable trap – by making a
solenoid from the coaxial cable connecting the preamp to the plug that
connects to the magnet bed and bridging a variable capacitor across its
ends and tuning it to a resonant frequency of 400 MHz. These traps
help eliminate common mode currents and while suppressing interac-
tions with the transmit coil.

The transmit coil consists of a 7 channel phased array, with 6 loops
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surrounding a central loop, each 7 cm in diameter. The loops were
fabricated on FR4 boards utilising 35µm thick copper traces, while the
width of each loop trace was 2 mm. All loops was divided into 6 equal
arc segments for accommodating capacitors and a Tx feed port, with
three 5.1pF and two 7.5pF capacitors distributed along the length of
the loop. Two high-voltage trimmer capacitor was placed in parallel at
the feed port in order to tune and match the transmit loops to the reso-
nant frequency of 400 MHz at 50Ω noise match. The cables connecting
the loop feed ports to the coil plug were routed along the center of the
adjacent loops (virtual ground plane) in order to minimise their influ-
ence on the transmission and reflection parameters of the adjacent coil
elements. High power PIN diodes were also soldered onto each coil in
order to detune the transmit array during receive. An RF shield was
also placed 2 cm away - along the y-axis - from the transmit coil. The
RF shield was designed from a double sided FR4 board with 8 etched
overlaps on either side - with the overlaps shifted by half their length
on one side of the shield – in order to effectively minimise eddy current
losses.

Figure 5.1: Receive array layout. (L) The 23 channel Rx coil layout as de-
signed, with each coloured arc placed in a different PCB layer (R) The manu-
factured PCB layout populated with distributed fixed and tuning capacitors
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Figure 5.2: Planar coil layout. Side view of the 7 channel Tx coil (yellow)
integrated with the 23 channel Rx coil (green) connected to low-noise, on coil
preamplifiers, assembled on a static brace.

Bench measurements

In order to effectively quantify the electrical characteristics of the RF
transmit and receive coils, bench tests were undertaken using an Agi-
lent HP E5071C ENA series network analyser, a customised coil-plug
bed incorporating both TIM and pTx plugs and a rectangular phantom
(49.8% demineralised water, 48.8% sucrose, 1.3% KCl, 0.10% Dowicil;
Max Planck Institute for Biological Cynernetics, Tubingen, Germany)
as the load. Loaded and unloaded Q-ratios, individual receive coil
decoupling and preamplifier decoupling for each element were mea-
sured. These measurements validated the coils’ tuning and matching
characteristics, preamplifier decoupling and active detuning.

Using distributed fixed and trimmer capacitors, each loop was tuned
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to the Larmor frequency of 400 MHz and noise-matched to 50Ω. S21

measurements were utilised to further measure coupling between
neighbouring elements by directly connecting the coil outputs to two
ports on the network analyser, while all other coil elements were kept
in a detuned state. Preamplifier decoupling of a single loop was mea-
sured by noting the change in S21 measurement using a pair of de-
coupled inductive probes: the coil was initially power matched to 50Ω
while loaded with the rectangular phantom but without the preampli-
fier connected, and next the coil was terminated using the low input
impedance preamplifier with all other surrounding coils detuned. The
difference in the S21 values between these two states provided the req-
uisite data for preamplifier decoupling.

Similar bench tests were conducted for the 7 channel phased array
transmit coil. Each transmit loop was carefully tuned and matched
to 400 MHz and 50Ω respectively, with the loops directly connected to
the network analyser and loaded with the rectangular phantom. The
coupling between adjacent elements was measured as the S21 parame-
ters across coil outputs. Using decoupled inductive probes, the active
detuning for the transmit loops was recorded as S21 measurements by
forward biasing the diode on the coil under investigation, while keep-
ing the other loops in the array in a detuned state.

MRI Data Acquisition and Reconstruction

Data acquisitions were performed on a 830 mm human size bore re-
search 9.4T Siemens MAGNETOM MR system (Siemens Healthcare,
Erlangen, Germany). B0 and B+

1 shimming were performed before
acquiring high resolution anatomical data using a 7 cm wide, 1 cm
thick slab of brain tissue, procured as a coronal slice of a human oc-
cipital lobe . A localizer was initially acquired for spatial-localization
reference; then fieldmap [117] and DREAM [118] protocols were ac-
quired to characterise B0 and B+

1 map profiles, respectively, across the
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sample. MATLAB (MathWorks, MA, USA) routines were used to op-
timise B0 and B+

1 shimming using those acquisitions [119, 120]. The
fieldmap sequences acquired were shimmed iteratively to improve B0

homogeneity.

Acquisitions were performed with a custom 3D gradient echo (GRE)
pulse sequence, modified to allow large matrix sizes and to use a com-
posite parallel excitation pulse using the kT-points technique for B+

1

homogenization [121]. The 3D GRE sequence was used to acquire
high resolution isotropic T ∗

2 weighted data at: 250 µm (Repetition
time (TR)/Echo time (TE)=23 ms/6.21 ms, flip angle (FA)=20◦, readout
bandwidth (BW)=120 Hz/px. A 0 V transmit power noise reference
scan was acquired to calculate a noise covariance matrix to be used for
optimal coil-combination in image reconstruction.

5.3 Results

The calculated coil Q-ratio (QU/QL) for a single isolated element (with
all other loop depopulated) was 3.2, while the Q-ratio of a single re-
ceive element surrounded by 5 detuned loops was 2.8. All receive
loops were matched to -22dB or better, when loaded with an ex-vivo
brain sample. The active PIN diode detuning afforded an additional
26dB of isolation between the tuned and detuned states, while pream-
plifier decoupling allowed for 20dB to 24dB of isolation. Decoupling
between adjacent receive coil elements was -17dB or better, while the
decoupling between the next nearest elements was -20dB or better. The
high decoupling between elements is also due to the flat geometry of
the layout which spaces next-nearest coil elements further apart. The
noise correlation matrix for the 23 channel receive coil, as shown in Fig
5.4, obtained through ex-vivo scanning, shows a maximum correlation
of 38% and an average of 12%.

The comparison between the two different transmit coil simulations
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Figure 5.3: 3D representation of rotatable brace for the planar coil

Figure 5.4: Noise correlation matrix. The noise correlation matrix for the 23
channel receive array

is shown in Fig 5.5. The simulation results show that the 7 channel
phased array layout provides a more homogeneous B+

1 field across
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Figure 5.5: EM simulation setup and B+
1 maps. (A) The 7 channel phased

array transmit coil and the double dipole transmit EM simulation setup. The
ground planes are hidden to provide a better view of the coils (B) The re-
sulting simulated B+

1 field maps for both Tx layouts, with the black circle
representing the sample space

the flat sample than the double dipole setup. The phased array layout
will also allow for more flexibility when using the kT-points method
for B+

1 homogenisation due to the larger number of channels, leading
to a more effective B+

1 shim.

Fig 5.6 shows the 250µm isotropic proton-density weighted GRE acqui-
sition, with sufficient SNR to delineate white and gray matter areas, as
indicated by the yellow arrows in the figure. The SNR map indicates a
relatively homogeneous B−

1 field profile for the receive coil, while the
central area of the sample shows decreased SNR performance due to
sub-optimal B+

1 transmit field excitation in that region.
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Figure 5.6: (A) Anatomical image from a GRE scan at 250µm isotropic (B)
Signal to noise ratio for the 8 cm wide ex-vivo sample across the same slice

5.4 Discussion

Most MR imaging of histological tissue so far has been undertaken
with small diameter RF coils used in narrow-bore, pre-clinical animal
scanners or vertical bore scanners. Post-scan registration of histolog-
ical data with MRI images has been an issue as the tissue under in-
vestigation will be subject to deformities and shrinkage as a result of
tissue fixation. This has been addressed by using a stained histologi-
cal slice for MR imaging and then consequently using the same slice
for microscopy, thereby reducing potential coregistration errors. How-
ever, with the emergence of new staining methods for thick, ex-vivo
samples (up to 5-10 mm thick) [152] and light-sheet microscopy tech-
niques, MR imaging and subsequent histological analysis can be per-
formed on the same slab of ex-vivo human tissue, potentially allowing
for fewer errors during image coregistration.

We constructed a working prototype of a rotatable 23 channel receive
/ 7 channel transmit phased array planar coil, with the aim of eventu-
ally performing high resolution anatomical and quantitative imaging
on large, flat human brain samples. Two different transmit coil types
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- namely a multi-channel phased array and a double-dipole setup -
were investigated using EM simulation for determining the optimal
transmit coil geometry suitable for this imaging setup. The 7 channel
phased array layout provides a relatively homogeneous B+

1 excitation
profile across the sample FoV, while also allowing for the implemen-
tation of parallel transmit (pTx) using kT-points method in order to
optimise said B+

1 field pattern. A layered approach was used for im-
plementing the receiver coils, as each Rx coil was segmented into three
individual arcs, with each arc placed on a different layer of a 4-layer
PCB. This allows for a completely flat resting surface for the sample
and also helps realise the optimised coil overlap for mutual decou-
pling of adjacent coil elements. This flat coil geometry also renders the
sample close to the surface of the coil, increasing coil sensitivity and
enhancing the coil filling factor.

Both transmit and receive coils’ performance was validated through
a combination of bench tests and ex-vivo imaging. All transmit and
receive coils were sufficiently decoupled from each other, while active
detuning and preamplifier decoupling methods were implemented on
the Rx side, providing further isolation between adjacent Rx coil ele-
ments, evidenced by the low noise correlation exhibited by the receive
channels.

The SNR achieved shows a homogeneous distribution across the sam-
ple, with a pocket of low SNR in the center of the sample due to inef-
ficient transmit field in that area. This particular issue can be rectified
with the use of optimised kT-points excitation pulses. While the pro-
ton density weighted 250µm isotropic GRE of the sample shows clear
delineation of white and gray matter, the available contrast and reso-
lution can be further increased by optimising the sequence parameters
to match the sample. Additionally, there is the unique possibility of
rotating the sample container on top of the coil surface and tilting the
coil surface, which provides 2 full degrees of rotational freedom, to
position the sample with respect to the main magnetic field B0 and
the gradient system axes. This enables advanced phase contrast and
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Chapter 5. A modular, planar RF coil for high resolution,
post-mortem imaging at 9.4T

quantitative susceptibility imaging, having arbitrary orientation of the
magnetic field vector with respect to the sample. Along the same lines,
it would allow diffusion imaging with up to square-root of 3 more dif-
fusion gradient amplitude and hence up to 3 times higher b-values, by
rotating the sample and using the full vector-summed amplitude of 3
simultaneous gradients.
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6.1 Summary

In Chapter 2, we show the benefits of constructing a semi-cylindrical,
shape optimised, 16ch phased array Rx / 4ch phased array Tx RF coil
targeted at acquiring high resolution, in-vivo anatomical and func-
tional MRI data of the human visual cortex at 7T. The close fitting coil
former allows both transmit and receive coils to lie in close proximity
to our region of interest – namely the primary and secondary visual
areas and does not require tuning and matching for individual sub-
jects, resulting in reduced scan preparation times. The RF coil’s trans-
mit field characteristics were simulated using EM simulation software
and validated through acquired flip angle maps, while SAR analysis
was also undertaken to determine safety limits for human use in ac-
cordance with IEC 60601-2-33 standards. The coil was also subjected
to thorough bench tests, using a human torso shaped phantom filled
with tissue-mimicking dielectric solution. The coil’s performance was
assessed through several MRI acquisitions, whereby its SNR, receiver
noise correlation, tSNR, and g-factors were calculated and compared
to that of a commercial 32ch Rx / 1 ch Tx coil. fMRI studies at stan-
dard and sub-millimeter resolutions was acquired across both coils on
human subjects, using a standard visual stimulus. The constructed
transmit and receive sections showed good interelement decoupling
and low mean noise correlation values. The SNR for the 16 ch coil was
about 1.5 times that of the standard coil in the human occipital lobe,
and exhibited lower g-factors for accelerated imaging. The frontally-
open design of the RF coil presented the human subjects with a view-
ing angle of almost 30◦ - 3 times that of the commercial coil. This was
reflected in the fMRI data acquired, as the combination of a wide view-
ing angle and dense receiver coil layout in the region of interest results
in the 16 channel Visual Arc coil showing activation deeper into the
occipital lobe, both in the superior-inferior and anterior-posterior di-
rections at 1.2 mm and 0.8 mm isotropic resolutions.
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Chapter 3 describes the contruction, testing and validation of a 16
channel receive coil for high resolution anatomical and quantitative
imaging of large, ex-vivo brain samples using a wide-bore 9.4T scan-
ner, with the coil’s performance tested through bench tests and ex-vivo
scanning of a human occipital lobe. The cylindrical, phased array lay-
out of the receive channels, with an imaging volume of 803mm3, cov-
ers the entire sample, while ensuring that the small receive coils are in
close proximity with the sample. The resulting noise correlation was
an average of 22%, with each coil showing substantial B−

1 penetration
depth. Compared to a 31ch Rx/16 ch transmit head coil at 9.4T, the
16 ch Rx large sample post-mortem coil shows a five-fold increase in
SNR in the periphery, and a two-fold increase in the center. The trans-
mit profiles generated by a CP mode excitation using a dedicated 16
ch Tx coil for 9.4T show the expected high central fields dropping off
towards the periphery, since the sample dimensions are close to the
wavelength at 9.4T. Additionally, further B+

1 inhomogeneity was de-
tected in the anterior-porterior direction. Using a kT-points excitation
method, a more homegeneous excitation profile was achieved. The
differences between theB1 corrected and uncorrected SNR maps show
the importance of having additional control overB1 through kT-points
transmit methods. The high SNR inherent to the coil allowed us to ac-
quire 100µm and 60µm isotropic T ∗

2 weighted data, while a multi-echo
3D GRE sequence was used to acquire multi-contrast T ∗

2 weighted data
at 200µm for quantitative T ∗

2 mapping of the entire human occipital
lobe. The qT ∗

2 mapping at 200µm isotropic shows a clear definition
of cortical architecture details, specially in the Stria of Gennari, with
the estimated T ∗

2 values being comparable to with previously reported
values in post-mortem samples.

Chapter 4 expands upon the concepts outlined in Chapter 2 in order
to build and characterise an RF coil with a conformal phased array re-
ceiver geometry and a multi-channel transmit section, with the aim of
achieving high resolution anatomical and quantitative MR imaging of
intact, post-mortem human brains at 9.4T. A 3D conformal sample con-
tainer for post-mortem human brains was first designed in SolidWorks

138



using anatomical MRI data, then surface-rendered and extruded in all
directions and designed into a volumetric container in 2 halves. The
receiver former was then modelled as a precise fit around the sample
container and 24 receive coils were laid out in a phased array configu-
ration on the former. The 8 transmit loops were laid out on two halves
of a hollow, ellipsoidal shell, with 4 on each side. The coil’s perfor-
mance was evaluated through bench tests and ex-vivo scanning, and
its SNR compared to that of a in-vivo, whole head coil at 7T. The mea-
sured SNR showed a five-fold increase in SNR at the periphery and a
three-fold increase in the center for the whole brain coil over the whole
head coil at 7T. The whole brain coil also showed a low, average noise
correlation of 20%, while certain coil pairs exhibited a high noise corre-
lation due to a combination of sub-optimal overlap - and thus reduced
decoupling - and shared acquired resistance through the sample un-
der investigation. The 24 receive loop design also allowed for accel-
erated imaging in a single phase encode direction up to a factor of 3,
showing highly independent spatial selectivity of the loops and low
g-factors. This, coupled with the high SNR capability of the coil can al-
low for significant trade-offs between SNR and acquisition times. The
inhomogeneous B+

1 profile generated by a CP mode transmit excita-
tion was successfully rectified by using a kT-points parallel transmit
method, resulting in a homogeneous excitation in the region of inter-
est. High resolution anatomical and quantitative MR data was acquied
at 100µm and 200µm respectively. The 100µm isotropic GRE datasets
enabled clear definition and contrast of anatomical structures, espe-
cially in cortical gray matter, with the Stria of Gennari in the primary
visual cortex clearly visualised. High quality qT ∗

2 maps were gener-
ated through mono-exponential fitting of multi-echo, 200µm isotropic
T ∗

2 -weighted data, with the resulting qT ∗
2 volumes showing superior

quantitative contrast, effectively helping delineation of cortical layer-
ing. These high resolution anatomical and quantitative data have the
potential of being used towards the creation of 3D MRI-based anatom-
ical atlases. This combination of superior resolution of the 100µm T ∗

2

weighted data and the high SNR and homogeneous contrast from the
200µm qT ∗

2 estimated data can enable us to label deep gray matter and
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help distinguish several subcortical structures on the basis of T ∗
2 con-

trast.

In Chapter 5 we describe the development and construction of a lay-
ered, 23 channel receive / 7 channel transmit planar coil for high res-
olution histological MR imaging of large, ex-vivo tissue slabs of thick-
ness of up to 1 cm, at 9.4T. Electromagnetic simulations were under-
taken to determine the ideal transmit coil geometry, capable of produc-
ing a homogeneousB+

1 field in the FoV. On the receive side, 4 cm wide
circular loops were segmented in three equal arcs and each placed in
a different layer of a 4-layered PCB, providing a flat surface for sam-
ple placement and also increasing the coil filling factor. All transmit
and receive coils were sufficiently decoupled from each other using
a combination of mutual and preamplifier decoupling methods, with
the receive channels exhibiting very low noise correlations due to the
flat geometry. The SNR exhibited by the coil shows a mostly homo-
geneous B−

1 distribution, which can be suitably improved by utilising
more aggressive parallel transmit shimming methods. The anatomical
data acquired using a coronal slice of a human occipital lobe at 250µm
isotropic shows delineation between white matter and gray matter ar-
eas, and can be further improved upon by using sequence parameters
optimised to the sample under investigation.

6.2 Discussion

The aim of this thesis was to investigate and develop RF coils for high
resolution MR imaging, with an emphasis on anatomical and func-
tional imaging of the human cortex, at ultra-high fields of 7T and 9.4T.
The studies presented within this dissertation demonstrate the impor-
tance of developing sample and target region - specific RF coils to-
wards achieving high resolution MR imaging of both in-vivo subjects
and ex-vivo samples. With the introduction of higher field strength
MRI scanners, particularly ultra-high fields of 7T and above, and the

140



availability of bespoke RF coils aimed at high resolution imaging, per-
spectives arise on the imaging of cortical layers. While the design and
implementation of bespoke RF coils remains important, special care
must be taken in ensuring the compatibility and performance of asso-
ciated coil hardware, namely preamplifiers, power splitters and cable
traps. The electromagnetic simulations undertaken also provide a spe-
cific starting point and reference for coil design and development, and
a close conformity between simulations and measurement results is
highly desired when evaluating coil performance and subject safety.

In the chapters of this thesis, RF transmit and receive coils are de-
veloped, simulated and electrically characterized through numerical
FDTD simulations, bench tests and MRI measurements. Further char-
acterisation of parallel imaging performance was performed, along
with SAR simulations aimed at implementing patient safety for in-
vivo acquisitions. For all developed coils, quantitative and qualita-
tive comparisons (SNR, B+

1 and B−
1 , g-factors, image quality, layer

differentiation through contrast) with standardised or commercial RF
coils were undertaken to show the advantages of used sample-specific
RF coils for high resolution imaging. To this effect, it is important
for researchers to have access to specific imaging hardware (RF coils)
and sequences that are optimised for undertaking MR acquisitions
of localised brain areas, both for in-vivo subjects and ex-vivo sam-
ples. When developing RF coils, several factors must be kept in mind
– specifically the spatial resolution to be achieved, transmit and re-
ceive field homogeneity and their subsequent penetration into the
sample, and subject safety through SAR assessments where applica-
ble. While ultra-high field imaging (7T) has become an established
research modality with clinical integration on the horizon, imaging at
higher field strengths (≥9.4T) is not without its challenges. At field
strengths of 7T and above, the RF wavelength becomes similar to the
dimensions of the human body, leading to B1 field inhomogeneities
and increased or sub-optimal SAR.
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Chapter 6. Summary and Discussion

Figure 6.1: Summary of RF coil designs presented in this thesis and an il-
lustration of how they advance beyond the general-purpose, state-of-the-art
commercial RF coils, for both in-vivo imaging (top) and ex-vivo imaging (bot-
tom).

Fig 6.1 gives an overview of the development and implementation of
specialized RF coils in this thesis and how this is critical in advanc-
ing high resolution small FoV imaging beyond general-purpose RF
coils. For both in-vivo and ex-vivo imaging, the most essential gains
achieved come from placing smaller diameter coils closer to the sam-
ple, as illustrated at the bottom of the figure. In ex-vivo sample imag-
ing, there is greater possibility for this, especially when imaging sam-
ples smaller than the intact human brain, which is the case for both the
large sample and tissue-slab coil.

With respect to in vivo imaging, an obvious further advance would be
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an even denser phased array of smaller loop coils covering the visual
cortex ROI. In-house prototypes comprising of 24 channel, 5 cm loops
at 7T and 32 channel, 4 cm loops at 9.4T are currently being tested.
These diameters, at these respective field strengths, are likely close to
the optimal SNR configuration for cortical imaging, i.e for imaging to
a depth of up to 3 cm from the skull [154, 155]. Nevertheless, suc-
cess with high resolution cortical fMRI at 7T has been achieved with
even smaller loop sizes of 1-2 cm [71]. This suggests that the smallest
loop size for high resolution cortical imaging at UHF is an issue that
still deserves investigation. A recent study - undertaken with the in-
vivo RF coil presented in chapter 2 - discusses the acquisition of fMRI
data with the aim of achieving true in-plane laminar spatial resolution,
negating the need for upsampling and averaging over an extended re-
gion of interest. A novel, layer-specific acquisition strategy that can
sample cortical depths at resolutions of up to 100µm using anisotropic
voxels and FLASH is showcased, and compared to data acquired using
conventional isotropic voxel EPI acquisitions (Fig 6.2) [156]. It can be
seen that the sharp increase of BOLD signal towards the pial surface,
from large draining veins, is greatly ameliorated (Fig 6.2 C) with a very
high resolution, in-plane acquisition strategy. As signal from the large
draining veins is a nuisance in analysing layer-specific neural activity
related signal, this shows the potential of purpose-built, UHF RF coils.
With respect to the transmit side for in-vivo imaging, the implemen-
tation of full parallel transmit techniques, in contrast to the static RF
shimming techniques used in chapter 2, would help in homogenising
the B+

1 fields even further in the visual cortex [120]. However the con-
trol on SAR would have to be carefully implemented and monitored
through EM simulations.

A different type of transmit coil design that has found increasing use in
high-field MRI is the electric dipole. With a sufficient number of dipole
elements encircling a sample or subject ROI, dipole antennas can not
only achieve higher central B+

1 and B−
1 fields - and thus SNR - but

can also provide extended longitudinal coverage along the magnetic
Z-axis, effectively covering brain areas such as the cerebellum and
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Figure 6.2: (A) Illustration of the IVE (left, red) and the novel AVF (right,
blue) acquisition schemes for layer-specific fMRI, highlighting the differences
in the sampling of cortical depths between the two approaches (B) Example
of single-subject, single-run activation maps for the flickering checkerboard
stimulus, for the IVE (left) and AVF (right) acquisitions. The green rectangle
indicates the ROI in a coronal slice through the occipital lobe. In the zoomed-
in panels, the dotted pink line indicates the GM-WM border and the blue line
the GM-CSF border. In the activation maps, the values for CSF are masked
out to better visualize the ‘flat’ cortical patch of interest (C) Bipolar color-map
representation of the average hemodynamic timecourses for thirty cortical
depths from the IVE (left) and the AVF (right) acquisitions. The white dotted
lines on the color-map in Figure 3a indicate the stimulus-on period. Reprinted
with permission from Kashyap S.S., et al [156]

brain stem [82, 157]. While dipole arrays have been used for human
head imaging, they find even more extensive applications in human
body imaging i.e spinal [158] and prostate imaging [159], to name a
few. This is primarily due to their ability of generating higher transmit
and receive efficiency from a given depth onwards, rendering them
preferable over surface arrays when it comes to imaging ROIs located
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deep inside the human body [22]. This suggests that their future ben-
efits for whole body, notably chest and abdominal imaging, are likely
greater than for imaging the human head.

With respect to ex-vivo imaging, this thesis presents a range of coils
for human, post-mortem sample imaging. This range extends from
the imaging of intact human cadaver brains (Chapter 4) to large human
brain samples such as the human occipital lobe (Chapter 3), to 5-10 mm
thick and potentially very wide human brain tissue slabs (Chapter 5).
A general theme over post-mortem RF coil building is to extend the
field-of-view from earlier post-mortem human tissue investigations in
small bore, translational MR systems while retaining the very high res-
olution which enables the delineation of cortical layers. Where the tis-
sue slab coil and large sample 16 channel coil have very controlled
geometries and equally sized loops, the whole brain coil with its con-
voluted, conformal receive geometry has differently sized and variably
overlapping loops necessitated by the geometry. Extending the num-
ber of receive channels on the whole brain coil would require smaller
loops with very good decoupling, which is more difficult to achieve
on a non-convex former. On the transmit side however, the number
of channels could potentially be increased to 16 in order to provide
even better control over B+

1 using pTx techniques. For the large sam-
ple coil, adding another row of 8 receive coils would extend the cov-
erage along the cylindrical axis for longer samples. However, inter-
esting human brain samples (such as the human occipital and tem-
poral lobes) are largely covered by the 8 cm field-of-view along the
cylindrical axis. As argued in Chapter 3, the oversized transmit coil
used for the study is sufficient for the purpose even though it is quite
power-inefficient. Nevertheless a more closely fitting, smaller diame-
ter transmit coil might afford small gains in power efficiency and B+

1

homogeneity achieved through RF shimming or pTx methods. For the
planar coil described in Chapter 5, we show the design, simulation and
first implementation of the prototype, including high resolution GRE
imaging. The ultimate aim is to achieve resolutions for thick tissue
slabs higher than that possible with the large sample 16 channel coil.
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In addition, there is the unique possibility of rotating the sample con-
tainer on top of the coil surface and tilting the coil surface, which pro-
vides 2 full degrees of rotational freedom, to position the sample with
respect to the main magnetic field B0 and the gradient system axes.
This enables advanced phase contrast and quantitative susceptibility
imaging, having arbitrary orientation of the magnetic field vector with
respect to the sample. Along the same lines, it would allow diffusion
imaging with up to square-root of 3 more diffusion gradient amplitude
and hence up to 3 times higher b-values, by rotating the sample and us-
ing the full vector-summed amplitude of 3 simultaneous gradients.

This ex-vivo imaging capability opens the door to layer-specific,
myelin-dominated imaging of large parts or even the entire human
neocortex. As illustrated in Chapter 4, ultra-high resolution whole
brain imaging could provide access to the myeloarchitecture of the
human brain throughout all of its areas, with the resolution of single
layers. Of course, this MRI contrast requires validation through his-
tological methods, for the biophysical and molecular underpinnings
of MRI contrast such as T ∗

2 . A challenge here is provided by the fact
that the work in this thesis allows very large, 3D field-of-view imaging
whereas histology is nowadays still performed on 2D sections thinner
than a 100µm. However, state-of-the-art histology techniques can pro-
vide an opening, as shown in Fig 6.3. Here it is shown that it is now
possible to perform optical clearing - i.e. making transparent to light
- of very large, up to 5 mm thick, human post-mortem brain samples,
for fluorescent light microscopy imaging. This enables classification of
cytoarchitectonic layers over the full cortical depth, and characterizing
cortical architecture in 3D from the scale of cortical areas, easily co-
localizable to MRI scans (Fig 6.3a), to that of single cells (Fig 6.3f). His-
tologically validated layer-specific MRI contrasts post-mortem could
play an important role in defining possibilities for in-vivo imaging, of
both layer-specific function and structure.
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Figure 6.3: Optical tissue clearing allows characterisation of human cortical
cytoarchitecture in large formalin fixed samples over a large range of scales.
(a) 3D MRI reconstruction of the human occipital lobe sample with primary
and secondary visual cortex around the calcarine sulcus (see chapter 2 of this
thesis). V1: primary visual cortex; V2: secondary visual cortex; V2v: ventral
V2; V2d: dorsal V2; CS: Calcarine Sulcus (white line); SCC: Splenium of the
Corpus Callosum; OP: Occipital Pole; A: anterior; P: posterior; M: medial; L:
lateral. (b) The anterior 5 mm thick sample (dashed line in a), before (left) and
after staining and clearing (right). (c) LSFM imaging of the MASH-MB stain
in V2 (inverted greyscalemap) in the dashed box in b, with cytoarchitectonic
layering characterisation (left). (d) Higher magnification LSFM of the dashed
box in c. (e) the entire 3D LSFM stack at the position of d with magnification
of a sub-stack at the blue dashed line (f) a 3D surface reconstruction of a pyra-
midal neuron cell body from LSFM data at the dashed box in e, imaging depth
1066µm. (g) The posterior 5 mm thick sample (solid line in a), before (left) and
after staining and clearing (right). (h) LSFM imaging of dual MASH-NR soma
staining and MASH-MG nucleus staining in V1 and V2 in the dashed box in
g. (i) higher magnification LSFM imaging of the MASH-MG channel in the
solid box in h (inverted orientation), with cytoarchitectonic characterisation
of V1 cortical layering (middle). LSFM: Light sheet fluorescence microscopy.
MASH-NR: Fluorescent red spectrum cell body label. MASH-MB: Fluores-
cent far-red spectrum cell body label. MASH-MG: Fluorescent far-red spec-
trum nuclear label. Thin grid (b,g): 1 mm. Scalebars: a: 10 mm; h: 2 mm; c,i:
500 µm; d: 200µm; f: 50µm. Reprinted from [152] under a CC-BY-NC-ND 4.0
International license.
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Knowledge Valorisation

Knowledge valorisation refers to “the process of creating value from
knowledge, by making knowledge suitable and/or available for social
(and/or economic) use and by making knowledge suitable for transla-
tion into competitive products, services, processes and new commer-
cial activities” - as detailed in ”Regulations governing the attainment of
doctoral degree”, §22, Maastricht University.

Within this thesis, I presented fundamental applied research in the
field of RF engineering with direct applications for enabling cognitive
neuroscience research. In particular, I used innovative RF receive and
transmit coil layout methods to design and validate RF coils for both
in-vivo (Chapter 2) and ex-vivo (Chapters 3-5) use, at UHF strengths
of 7T and 9.4T respectively. These developed coils, therefore, are not
only relevant for researchers employing MR methods to study brain
structure, function and connectivity, but also for those utilizing ex-
vivo imaging methods such as Diffusion Weighted (DWI) and Suscep-
tibility Weighted Imaging (SWI) to further probe and understand the
neuronal basis of connectivity in the human brain. Over the course
of my work at FPN/CN, researchers have stressed upon the need for
customised RF coil hardware for their high-resolution imaging needs,
and the work detailed in this thesis describes the development of such
coils.

7T: From research flagship to clinical trendsetter

MRI is a non-invasive imaging method that has established itself as an
invaluable imaging modality for both clinical and research purposes.
While field strengths of 1.5T and 3T are the norm in a clinical setting, a
lot of cognitive neuroscience research focuses on imaging at 7T [11, 14].
Recent policy updates (as of October 2017) have cleared the way for
the clinical use of 7T scanners (Siemens Magnetom ”Terra”) through
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FDA (US Food and Drug Administration) and CE (Conformité Eu-
ropéenne) approvals. The gains afforded at these higher field strengths
include more than twice as much SNR per unit time, resulting in higher
spatial resolutions and decreased scanning times - thereby enhancing
clinical acquisitions and potentially reducing patient discomfort and
time spent for an examination. Evidence on the benefits of high-field
imaging for clinical purposes has been published by Zwanenburg et
al. [13], Van der Kolk et al [16] and Trattnig et al [160], among oth-
ers. With the increased Signal-to-Noise and Contast-to-Noise ratios
afforded through 7T imaging, pathologies such as multiple sclerosis
(MS), brain tumours and cerebrovascular diseases can be easily iden-
tified. With the achievable spatial resolution at 7T MRI approaching
the scale of pathologies involved in neurodegenerative diseases such
as Alzheimer’s (AD) and Huntington’s diseases (HD), further insight
into these afflictions can be gleaned [161]. The ability to garner addi-
tional pathophysiological information can result in quicker diagnosis
and start of treatment, while also providing insight on the develop-
ment of new treatments for said diseases.

In this context, the availability of customised RF hardware is of pri-
mary importance when it comes to imaging specific anatomies, such
that the gains afforded at high field strengths can be effectively har-
nessed by the researcher and/or clinician. For instance, the RF head
coil detailed in Chapter 2 can not only be used for conducting high-
resolution, visual fMRI experiments, but can also help in diagnosing,
for example, cortical blindness [162, 163] and occipital infarctions [164]
in prospective patients. The same RF coil design can also be easily
adapted to image other brain regions, such as the auditory and frontal
lobes, while further modifications to similar coil geometries can help
enhance clinical imaging at lower field strengths (≤ 3T). With wide-
scale clinical adoption of 7T systems on the horizon, novel RF receive
and transmit coil designs such as that outlined in Chapter 2 of this the-
sis will play a crucial role in enabling high resolution, high throughput
clinical datasets.
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Neuroanatomy and histological imaging at UHF

Diffusion magnetic resonance (dMRI) is a non-invasive imaging
modality used to probe the connectivity and microstructure of the hu-
man brain, both through in-vivo and ex-vivo acquisition methods. A
limiting factor for in-vivo dMRI is the average voxel size, which ranges
between 1-3 mm, and for ex-vivo dMRI the same voxel size can be in
the order of a few hundred micrometers [165].

Figure 7.1: The multiscale nature of human structural brain connectivity and
its measurement with different techniques. The measurement of the con-
nectivity phenomena here refers to features directly resolved by the ac-
quired spatial resolution of the technique (not by modeling the contrast
over multiple measurements and indirectly inferring statistics of such
features, as in microstructure modeling of diffusion MRI). dMRI, diffu-
sion MRI; EM, electron microscopy; LM, light microscopy (Reproduced
with permission from Roebroeck et al [165])

In-vivo dMRI has had a crucial role in mapping human macroscale
connectomics, as evidenced through the Human Connectome Project
[166] in which macroscopic human brain circuits have been mapped
with in-vivo dMRI and tractography, along with fMRI measurements,
across a large population of healthy adults, in order to create a ” con-
nectivity map” of the human brain and its various connections across
cortices. At the other end of the spectrum, as shown in Figure 7.1, light
microscopy (LM) techniques have helped study micro and nanoscale
connectomics on small tissue samples.
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Ex-vivo dMRI plays an important part here. With its ability to achieve
very high spatial resolutions (hundreds of µm’s) across FoVs larger
than those possible with LM, it represents an ideal method for map-
ping mesoscale connectivity. At the same time, the connectivity and
tractography maps generated from the high-resolution ex-vivo dMRI
datasets need to be validated using histological techniques on the
imaged sample, such that the different processing techniques imple-
mented can be carefully evaluated and compared. In this regard, it is
extremely important to not only have access to high-field MRI scanners
fitted with strong gradients, but also to specific RF coil hardware rele-
vant to the geometry of the sample being imaged. As detailed in Chap-
ters 3-5, close-fitting, conformal phased array coil geometries provide
extended coverage of the entire sample and the small-diameter coil
elements enable high SNR near the coil surface (and by extension
in the gray matter of the tissue under investigation, as the cortical
layer is closest to the coil elements). We were able to achieve datasets
with resolutions of upto 60µm isotropic for ex-vivo anatomical images
and upto 200µm for quantitative acquisitions for relatively large tis-
sue samples (upto 1 cm thick). The tractography results garnered from
these datasets can then be validated by performing LM histological
analysis on the same tissue sample, providing researchers with a ro-
bust, ground-truth measurement when comparing approaches to dif-
fusion modelling.

Only a handful of research centers have access to a 9.4T human scan-
ner, while many others have access to 7T human and 9.4T narrow-bore,
pre-clinical (or animal) scanners. The work detailed in this thesis can
be easily adapted to function across a variety of scanner configura-
tions, thereby providing researchers with a solid RF platform for their
high-resolution imaging needs.
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