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General introduction
Our brain makes us who we are. It is essential to our thoughts, decisions, memories, imagination 
and personality. Especially the cortex of the brain plays a key role in these processes [1]. 
Although brain research has made considerable progress over the recent years, there are 
still many questions that remain unsolved to this day. Fundamental questions about our 
consciousness and how our brain works, as well as clinical questions in case of neurological 
diseases such as Alzheimer’s and Parkinson’s disease. 
To be able to answer these questions, further insight into the mechanics of the brain and better 
techniques to study the brain are required. Sometimes, to see and discover new concepts, 
new glasses have to be invented first. Similar to how the mechanics and purpose of blood was 
better understood with the microscope of Antoni van Leeuwenhoek.

Brain functions translated to physics
Over the recent years it became widely recognized that to get to know more about the 
mechanics of the brain, it is not enough to look only at static brain anatomy. Understanding 
of dynamic in-vivo brain functions, including the (neuronally triggered) hemodynamics and 
metabolism of the brain are essential to take the next step. For every input (stimulus) the brain 
gets, there is a response that consists of neuronal, metabolic and vascular components. These 
responses and their characteristics give valuable insight into the mechanics of the brain. These 
responses have different time scales, but generally the time scale is on the order of a few 
seconds or less. To be able to follow individual processes in the human brain in vivo and in 
real time is the ultimate target. To get there, a high temporal resolution (or high frame rate in 
camera terminology) is key. 
Stimuli received by the senses of the human body get interpreted and processed by the 
cerebral cortex. Within the cortex, detailed brain structures (columns, layers) play different roles 
with respect to different brain functions. To which brain function a detailed cortical structure 
contributes, can differ on a small scale of less than 1 mm. For example, whether a neuronal 
group in the human visual cortex has a preference for either the left or the right eye (ocular 
dominance), alternates at a scale of 1 mm [2-4]. Therefore, to accurately measure different 
brain functions at detailed scale, requires a high spatial resolution as well. 

MRI resolution and scan time, not yet good enough?
Magnetic resonance imaging (MRI) measurements are generally a tradeoff between the 
signal-to-noise ratio (SNR), resolution, scan time and the imaging volume. For example, the 
higher the spatial resolution of a scan, the longer the acquisition time of a single volume. With 
MRI, it is therefore possible to acquire high resolution images, but at the cost of a longer scan 
time. This is not desirable when aiming to monitor fast and detailed physiological processes. 
Different MRI techniques measure brain functions and/or brain activity via perfusion, diffusion, 
blood oxygenation, energy consumption or neurotransmitter concentrations. In this thesis 
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the focus is on MR techniques that measure brain activity via hemodynamics or metabolism, 
specifically blood-oxygen-level dependent functional MRI (BOLD fMRI) and magnetic 
resonance spectroscopy (MRS). Despite the clear interest to measure different brain functions 
at high spatial and temporal resolution (as described in the previous paragraph), current MR 
measurement techniques are not yet capable of fulfilling these demands. For example for 
BOLD fMRI, the combination of both a high temporal resolution (< 1 sec) and a high spatial 
resolution (< 1 mm) is rarely seen. When measuring the main inhibitory neurotransmitter 
of the brain γ-aminobutyric acid (GABA), with GABA edited MRS, the commonly reported 
(dynamic) scan times range between 6 – 30 minutes [5]. This is long when looking at the 
time scale of brain functions. Therefore, the research described in this thesis is intended to lift 
some of these time constraining technical barriers of different MR techniques, to get closer 
to measurements at the speed of physiological brain processes, while maintaining sufficient 
spatial resolution and SNR. 

Aim
The overall aim of this thesis is to maximize the SNR, temporal resolution and spatial resolution 
of BOLD fMRI and MRS techniques to be able to gain further insight into the hemodynamics 
and metabolism of the human brain. 

Brief description of MR techniques used in this thesis
To achieve the overall aim, the research in this thesis focused on improving two techniques. A 
brief description of these two techniques is provided below. 
The first technique is blood-oxygen-level dependent functional MRI (BOLD fMRI), a technique 
that measures local neuronal function via associated changes in hemodynamics. The principle 
behind this technique is that activated neuronal areas consume more energy. To meet this 
energy demand, the brain increases local blood flow and blood oxygenation. Increased blood 
oxygenation results in a lower concentration of deoxyhemoglobin, which in turn increases 
the BOLD signal due to the field disturbing paramagnetic properties of deoxyhemoglobin. 
To monitor short and dynamic signal fluctuations in the brain, the BOLD technique requires 
acquisition of multiple imaging volumes over time. BOLD fMRI is commonly performed with 
scans that have a high temporal resolution, such as echo planar imaging (EPI). This type of 
scan usually consists of one or more shots, making it possible to acquire MRI images in a time 
window of a few seconds. 
The second technique is magnetic resonance spectroscopy (MRS), a technique that is used 
to study different types of molecules and metabolites in the brain. The magnetic resonance 
frequency of an atomic nucleus in a molecule is highly sensitive to its chemical environment 
(electron shielding), giving rise to molecule-specific frequency shifts (chemical shift), which can 
be visualized in a spectrum. The signal is strong enough to measure millimolar concentrations 
of neurotransmitters such as γ-aminobutyric acid (GABA) in the brain. MRS scans are not 
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limited to only measure compounds that contain 1H nuclei. Also 31P nuclei are commonly 
targeted to be able to measure energy metabolites, such as adenosine triphosphate (ATP), 
phosphocreatine (PCr) and inorganic phosphate (Pi). 

Highlights of the MRI machine
In short, an MRI scanner is a powerful magnet containing different types of coils. These include 
(but are not limited to) superconducting coils, gradient coils, transmit coils and receive coils. 
In essence, the MRI scan process consists of the following steps: a radio frequency (RF) pulse 
is sent through transmit coils, the resulting echo from the human body is modulated by 
gradient coils and the echo is captured by receive coils. Subsequently, the received signal 
is post processed to create an image or spectrum. To improve both BOLD fMRI and MRS 
techniques (as described in the aim of this thesis), different components of the MRI scanner 
were adapted. Below, a few specific MRI scanner components that were essential for this thesis, 
are highlighted. 
The higher the main magnetic field strength of an MRI scanner, the higher the achievable 
SNR [6]. Additionally, with increasing field strengths, the BOLD contrast improves for fMRI [7] 
and the spectral resolution improves for MRS [8]. There are also challenges that come with 
higher field strengths, these include field inhomogeneities, restrictions due to safety limits for 
heating, and the necessity of tailored MR sequences. The main magnetic field strength of an 
MRI scanner is commonly expressed in units of tesla (T). Clinical MRI scanners typically have a 
field strength of 1.5T or 3.0T. In this thesis, an MRI scanner with a strong main magnetic field of 
7T is used. This is nowadays often specified as ultra-high field and is preferred when aiming to 
improve SNR, spatial and temporal resolution of BOLD fMRI and MRS techniques. 
In addition to the large static main magnetic field (of several T), the MRI scanner can be 
controlled to transmit and receive electromagnetic pulses (µT), and to create small varying 
magnetic fields, called gradients (mT). Gradient fields linearly increase in strength with the 
distance from the middle of the scanner. These pulses and gradient fields can be applied at 
different time points, durations and strengths. The overall order and configuration of these 
events is referred to as a sequence or scan type, and determines the appearance of the 
resulting image (including the contrast, signal strength, tissue specific sensitivity, weighting, 
diagnostic value etc.). As an example, BOLD fMRI is commonly performed using a sequence 
called echo planar imaging (EPI). This is a fast sequence that requires quick alternation of 
magnetic gradient fields. These fields are created in the MRI scanner by gradient systems. To 
reduce the dynamic scan time (shorten the acquisition time per frame) of EPI scans, gradient 
systems can be improved to generate stronger and faster switching magnetic fields. 
Receive elements (typically coil shaped) are used to receive the MR echo signal from the 
body. Another avenue to reduce the dynamic scan time, is to use multiple receive elements 
simultaneously. This is commonly referred to as parallel imaging. Different parallel imaging 
methods exist, such as SENSE [9], GRAPPA [10] and CAIPIRINHA [11].
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Outline of the thesis
To be able to gain further insight into the in-vivo mechanics of the brain, this thesis focuses on 
improving two techniques, being: BOLD fMRI and MRS. Overall, five approaches (Chapters 
2-6) are investigated to make BOLD fMRI and MRS more suitable for fast and high resolution 
in-vivo measurements of hemodynamic and metabolic physiological process in the human 
brain at 7T: 

In Chapter 2 a strategy to improve the (dynamic) scan time and resolution of BOLD fMRI is 
proposed. The spatial and temporal resolution was pushed by combining high density receive 
arrays with a shot selective 2D CAIPIRINHA implementation for 3D EPI scans. This combination 
enabled imaging of the visual cortex at sub-second and sub-millimeter resolution. 

In Chapter 3 a hardware based approach to reduce scan time is discussed, which could be 
beneficial for a broad range of MRI scans, particularly fMRI scans. Simulations were performed 
to estimate the potential gain in acceleration performance of a setup with 256 receive coils 
versus a 32 channel receive coil setup. The results showed that high acceleration factors can 
be achieved with the 256 channel setup. 

In Chapter 4 novel ideas are presented to further reduce scan time of fMRI scans, by the use 
of ultrasonic switching gradients. Gradients that switch faster than human auditory range (> 
20 kHz), can possibly overcome limitations in current MRI scans (such as peripheral nerve 
stimulation) and further reduce the scan time of EPI sequences. 

In Chapter 5 a neurometabolic approach to measure brain (in)activity is investigated. The 
acquisition time of GABA edited MRS in the visual cortex was reduced by using a specially 
built half volume coil setup. This setup has a large screen with a large visual angle, making it 
possible to increase the activated cortical volume, allowing a large voxel size for spectroscopy, 
resulting in either a gain in GABA SNR or a reduction of the acquisition time. 

In Chapter 6 a new strategy to measure brain metabolism is studied. Energy metabolism of 
the human visual cortex was investigated by performing 31P functional MRS. The acquisition 
setup was optimized for high SNR measurements, by using a dedicated 31P coil and a visual 
stimulus with a large visual angle. The measurements of inorganic phosphate (Pi) reveal new 
opportunities and considerations to measure specific acidity (pH) effects in the human visual 
cortex.
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Intermezzo: The brain as physical reference
Before diving into the different chapters of this thesis that try to capture the dynamic processes 
in the brain at higher detail and faster sampling rates, it is insightful to know which physical 
scale is referred to. After all, commonly used words like: a small voxel size, high resolution 
and fast sampling rate are only relative measures. They are often used in comparison to other 
measurements or techniques that are available to the scientific community at a certain point 
in time. However, in imaging it is more insightful to put it in perspective to the organ or object 
that you are investigating. In our case this is the cortex of the human brain. So, to answer 
questions such as: “How big is big? How small is small? How fast is fast? How many is many?” 
the following table denotes a selection of values of brain anatomy and physiology (Table 1). 
These numbers not only serve as reference values, but also show a wide gap between classical 
neurophysiology, where measurements are based on single neurons, and fMRI scans that 
capture clusters of more than ten thousands of neurons per voxel of 1 mm3. This emphasizes 
the need for measurement techniques that are faster (temporal resolution) and more detailed 
(spatial resolution). 
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Table 1: The brain as physical reference. 

Amount
86∙109 neurons The human brain is estimated to contain approximately 86 billion (109) neurons, 

which can vary by several billions among individuals [12,13].

1∙106 neurons Neural circuits involve at least 106 cells in a complex, recursive network [14]. 

40∙103 neurons Each voxel of 1 mm3 cerebral cortex includes on average on the order of ten 
thousands of neurons. The neuronal density in the visual cortex is in the range 
of 41300 neurons per mm3 [15]. 

1 neuron Classic neurophysiology is based on single-cell recordings or, more recently, on 
small ensembles of cells [14]. 

Size
2.5 mm The thickness of the human cerebral cortex is on average 2.5 mm, with local 

variations ranging from 1 to 4.5 mm within a single brain [16].

>100 µm The vessels of the macrovasculature of the brain, such as central arteries and 
pial veins, have diameters larger than 100 µm ranging up to several millimeters 
for the larger vessels [17]. These supply and drain blood from several sites of 
active tissue [18].

<20 µm The capillary bed in the deeper cortical layers of the brain contains vessels with 
diameters smaller than 20 µm [17] directly serving the active sites [19].

0.1 - 10 µm The diameter of a single human neuronal fiber is variable and on the order of 
a couple of micrometers. The inner diameters of myelinated axons in human 
white matter as measured by electron microscopy range from 0.16 μm and up 
to 9 μm [20].

Time
4 sec The classic positive BOLD response typically peaks 3–5 sec after the start of a 

stimulus [21]. A post-stimulus undershoot of the BOLD signal is common and 
may last for 30 sec or more [22]. More complex dynamics apply for prolonged 
stimuli of more than 4 sec [23].

0.5 sec Cortical layer specific differences in the BOLD onset are generally less than 1 
second [19,24], with an average difference of 0.5 sec between cortical layer IV 
and VI [25].

milliseconds Neural processes can generally take place at a timescale of few milliseconds 
[26]. Complete neuronal chains can communicate rapidly, as human reaction 
times (from visual stimulus to motor output) can be as short as 200 msec [27].
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Abstract

Purpose: Push the spatial and temporal resolution of 7T MRI. Investigate whether the 
improvements in spatial and temporal resolution of high density receive arrays can be 
enhanced using a 2D CAIPIRINHA sequence for multi-shot 3D EPI scans. 

Methods: High density receive arrays were combined with a shot selective 2D CAIPIRINHA 
implementation for multi-shot 3D EPI sequences at 7T. In this implementation, in contrast 
to conventional inclusion of extra kz gradient blips, specific EPI shots are left out to create a 
CAIPIRINHA shift and a reduction of scan time. First, the implementation of the CAIPIRINHA 
sequence was evaluated with a standard receive setup, by shortening the scan time of sub-
millimeter whole brain T2* weighted anatomy imaging. Second, high density receive arrays 
were combined with the CAIPIRINHA sequence to push the temporal resolution of sub-
millimeter 3D EPI (fMRI) scans of the visual cortex. 

Results: The shot selective 2D CAIPIRINHA sequence enabled a reduction of scan time 
for 0.5 mm isotropic 3D EPI T2* weighted anatomy scans by a factor 4 as compared to 
earlier reports. With the combination of this 2D CAIPIRINHA implementation and the high 
density receive arrays, it was possible to enhance image quality of sub-millimeter 3D EPI 
scans of the visual cortex at high accelerations, as compared to conventional SENSE. This 
combination also enabled the acquisition of sub-millimeter and sub-second 3D EPI scans 
of the visual cortex. 

Conclusion: High density receive arrays in combination with shot selective 2D CAIPIRINHA 
for 3D EPI scans prove to be valuable for reducing scan time of sub-millimeter MRI 
acquisitions. 

Keywords: 3D EPI, receive arrays, CAIPI, high resolution, visual cortex, 7T



High density receive arrays and shot selective 2D CAIPIRINHA for 3D EPI scans

13

2

Introduction
The combination of both a high temporal resolution and a high spatial resolution is essential to 
examine dynamic and spatially detailed brain functions using functional MRI (fMRI). Within the 
cortex, detailed brain structures (columns, layers) play different roles with respect to different 
brain functions. To which brain function a detailed cortical structure contributes, can vary 
on a small scale of less than 1 mm. Recent developments in fMRI acquisition methods and 
hardware technologies, particularly at high field (≥ 7T), have enabled visualization of functional 
detail at a laminar or columnar level [1]. However, in most studies, the high spatial resolution 
required comes at the cost of low temporal resolution or reduced coverage [2,3]. In general, 
fMRI measures neuronal function via associated changes in hemodynamics, most commonly 
using the blood oxygenation level dependent (BOLD) contrast. To reveal biologically relevant 
characteristics of the hemodynamic response at detailed spatial scale requires not only a high 
spatial resolution, but also a high temporal resolution [4-6]. Nowadays, despite the strong drive 
to image the cortex dynamically with high detail, fMRI with both a high temporal resolution (<1 
sec) and a high spatial resolution (<1 mm) combined, is rarely seen. 

In pursuit of high resolution fMRI with a short dynamic scan time, CAIPIRINHA implementations 
[7-9] in combination with simultaneous multi-slice methods (SMS), including multiband, have 
been studied extensively in the recent literature [2,10,11]. Most of these studies are aimed 
at 2D or multi-slice imaging. More recently, the fMRI field advances towards 3D imaging, 
because of the gains in SNR at small voxel sizes [12,13]. Multi-shot 3D Echo Planar Imaging 
(EPI) sequences are effective high resolution fMRI scans. Previous studies have been performed 
in which the benefits of 3D EPI sequences were combined with the benefits of 2D CAIPIRINHA 
[14,15]. By implementing additional gradient blips on the slice axes of the EPI sequence, the 
k-space trajectory can be influenced, and the aliasing patterns caused by under sampling 
can be controlled. This leads to higher achievable acceleration factors and reduced noise 
amplification as compared to the traditional acceleration methods such as SENSE [16] and 
GRAPPA [17]. 

Similarly, high density receive coil arrays facilitate the use of high acceleration factors with 
reduced g-factors at high resolutions [18-20]. For imaging the cortex, the benefits of using 
high density receive coil arrays are two-fold: Locally, at the periphery of the brain it results in 
an improved SNR. Second, it enhances the encoding performance, because the variation in 
spatial sensitivity is increased, which can be exploited by parallel imaging techniques to reduce 
scan time. Ultra-high field strengths have an intrinsic SNR gain and additional spatial variance 
of local B1

- fields. A combination of high density receive coil arrays and a 2D CAIPIRINHA 
sampling pattern at a high field strength of 7T offers the advantage of potentially increasing 
the resolution even further.
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To enhance acceleration performance, both high density receive arrays and 2D CAIPIRINHA 
intend to increase the variation in spatial sensitivity of the receiver elements at locations that 
show signal aliasing. Since both methods target the variation in spatial sensitivity, it can be 
questioned whether these techniques will compete or complement each other. For instance, 
the high variation in spatial sensitivity of small coil elements in high density receive arrays 
is already sufficient to achieve high acceleration factors with the traditional parallel imaging 
methods such as SENSE [20]. Can 2D CAIPIRINHA still significantly contribute to the already 
achievable high acceleration performance of high density receiver arrays? 

This study aims to push the spatial and temporal resolution of 7T MRI by investigating 
whether the improvements in spatial and temporal resolution of high density receive arrays 
at 7T can be enhanced by using a 2D CAIPIRINHA sequence for multi-shot 3D EPI scans. 
A straightforward implementation of shot selective 2D CAIPIRINHA for multi-shot 3D 
EPI sequences was developed, which, instead of adding extra gradients, leaves them out. 
Prospectively undersampled datasets were acquired. First, the implementation of the sequence 
was evaluated by sub-millimeter T2* weighted 3D EPI anatomical imaging. Afterwards, the 
combination of high density receive arrays and 2D CAIPIRINHA was evaluated on its capability 
to accelerate sub-millimeter fMRI acquisitions. 

Sequence design
To be able to scan with high density receiver arrays in combination with 2D CAIPIRINHA, a 
shot selective 2D CAIPIRINHA sampling pattern was implemented for 3D EPI scans on a Philips 
7T platform. Several EPI shots of a multi-shot interleaved 3D EPI sequence were selectively 
skipped resulting in a CAIPIRINHA sampling pattern and a reduction of scan time (Figure 1). 
The EPI shots were selected in such a way that the acquired kz planes had varying ky start 
positions (a Δky offset), in correspondence with the targeted CAIPIRINHA sampling pattern. 
The implementation is based on a multi-shot interleaved 3D EPI sequence, therefore no 
gradient blips on the kz axis during the EPI train were required, in contrast to other reports 
for single shot and kz-segmented 3D EPI sequences, which also use gradient blips on the kz 
axis during the EPI train [14]. Both the RF pulses and the kz-gradients of the multi-shot 3D 
EPI sequence are left untouched, so there is no additional burden on SAR or kz-gradients, 
as can be the case when using multiband RF pulses or blipped CAIPIRINHA acquisitions. The 
reconstruction was performed with an adapted SENSE reconstruction [16,21], in contrast to 
the more commonly reported reconstructions for CAIPIRNIHA datasets in literature, such as 
GRAPPA [22] and SENSE-GRAPPA hybrid [23,24] reconstructions. 
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Figure 1: Sampling schemes of multi-shot 3D EPI sequences. The k-space sampling patterns 
are displayed for (a) full acquisition, (b) SENSE 3x2 and (c) CAIPIRINHA 3x2 shift y1. Note 
that the fully sampled k-space contains 3 shots (indicated in blue, red and green) per kz-plane. 
When using SENSE 3x2, only 1 (blue) shot is acquired for every other kz-plane. 2D CAIPIR-
INHA uses 1 shot per other kz-plane as well, but alternates between the blue, red and green 
shots to reduce the g-factor penalty.

Methods
The combination of high density receive arrays and 2D CAIPIRINHA for multi-shot 3D EPI scans 
was investigated in two steps. First, the implementation of the shot selective 2D CAIPIRINHA 
sequence was evaluated using a standard receive setup (details below) by performing T2* 
weighted 3D EPI anatomical imaging. Second, the combination of high density receive arrays 
and the 2D CAIPIRINHA was evaluated on its capability to accelerate sub-millimeter 3D EPI 
fMRI acquisitions. Two healthy participants were scanned with a 7T Achieva system (Philips, 
Best, the Netherlands). The participants gave informed consent, and the work was approved 
by the Medical Ethics Committee of the University Medical Center Utrecht. Both receive setups 
(Figure 2) are connected to the same transmit setup, consisting of a dual channel transmit/
receive birdcage coil (Nova Medical, USA).
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Figure 2: The two setups used for data acquisition. The 32 channel headcoil (a) is used for the 
acquisition of whole brain of T2* weighted anatomy scans. The 2x16 channel high density sur-
face coil arrays (b) are used for small FOV imaging of the visual cortex with a short scan time. 

Shimming and reference scan

B0 shimming of the brain was performed before acquiring the EPI scans. A B0-map was acquired, 
driving only the dual channel transmit/receive birdcage coil, and the following scan parameters 
(TE/TR= 1.54/4.0 ms, flip angle 10°, 3.75x3.75x3.75 mm3 voxels, 240x180x180 mm3 FOV, 48 
slices, total acquisition time: 18 sec). Second-order shimming parameters were calculated and 
applied to subsequent scans. After shimming the same B0-map was re-acquired, this time 
including the calculated shimming values. As last preparation step, a (SENSE) coil sensitivity 
reference scan was made by successive signal reception with the volume T/R birdcage coil 
and the individual receive elements. The raw datasets of these scans were saved and used to 
calculate the coil sensitivity maps required for reconstruction. The coil sensitivity reference scan 
was a 3D gradient echo with the following scan parameters: TE/TR= 1.01/8.0 ms, flip angle 
1°, 3x3x3 mm3 voxels, 240x240x240 mm3 FOV, 80 slices and total acquisition time: 1:55 min. 

Evaluation of sequence implementation, T2* weighted 3D EPI anatomical imaging
Whole brain T2* weighted multi-shot 3D EPI anatomical scans were acquired with a standard 
32 channel headcoil [25] (Nova Medical, USA). The headcoil consists of 32 receive elements 
shaped in a dome like structure around the head. The coil elements are large square loops of 
approximately 5 x 4 cm². First, 1 mm isotropic resolution scans were acquired to evaluate the 
implementation of the shot selective 2D CAIPIRINHA sequence. Retrospectively undersampled 
datasets were constructed and compared with measured prospectively undersampled datasets. 
Second, 0.5 mm isotropic resolution scans were acquired, to compare the implementation in 
relation to the SENSE method. The scan parameters of the T2* weighted 3D EPI anatomical 
scans can be found in Table 2. In the figures containing results, the CAIPIRINHA sampling 
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patterns are denoted in the abbreviated format: CAIPI 5y2, representing an acceleration factor 
of 5 and a shift of 2 points along ky direction. The corresponding full specification can be found 
in the tables, in the format CAIPI 5x1 y2. 

Table 2: Acquisition parameters of the T2* weighted 3D EPI anatomical scans

Sampling 
pattern

Resolution 
(isotropic)

FOV (mm3) slices slice 
ovs

TR / TE 
(ms)

flip 
angle

matrix 
size

EPI 
factor

Total 
scan time

SENSE 1x1 1 mm 240x196x150 150 1 72 / 27 16° 240x195 13 2:43 min
CAIPI 5x1 y2 1 mm 240x196x150 150 1 72 / 27 16° 240x195 13 0:33 min

SENSE 1x1 0.5 mm 240x186x150 300 1 72 / 27 19° 480x364 13 10:05 min
SENSE 4x1 0.5 mm 240x186x150 300 1 72 / 27 19° 480x364 13 2:31 min
SENSE 7x1 0.5 mm 240x186x150 300 1 72 / 27 19° 480x364 13 1:27 min
CAIPI 7x1 y3 0.5 mm 240x186x150 300 1 72 / 27 19° 480x364 13 1:27 min
FOV: field-of-view (AP: anterior–posterior, RL: left–right, FH: feet–head), TR: repetition time, TE: echo time, 
slice ovs: slice oversampling factor

Combination with high density receive arrays, 3D EPI functional imaging 

3D EPI scans of the visual cortex were acquired with 2x16 channel high density surface coil 
receive arrays [20] (MR Coils BV, Zaltbommel, the Netherlands). The high density surface coil 
array consist of 32 receive channels distributed over two patches of 16 receive elements, which 
mainly cover the back of the head. The receive elements are rectangular shaped with a size 
of about 1.5 x 2 cm. Sub-millimeter 3D EPI scans using both SENSE and 2D CAIPIRINHA were 
acquired, to evaluate the combination of high density receive arrays and a 2D CAIPIRINHA 
sequence. In this study, these scans are referred to as functional or fMRI scans, because they 
are optimized for functional imaging of the visual cortex, however, during the measurements 
of this study no (visual) stimulus is given. Multiple 3D EPI scans were made using different scan 
parameters to further explore the possibilities and the balance between a high spatial and a 
high temporal resolution. Several scans were tested with variable spatial resolution, temporal 
resolution, and acceleration factors, as shown in Table 3. For comparison, a number of scans 
were also acquired using SENSE. 

Reconstruction
The scans were reconstructed offline in a modified Philips Recon 2.0 environment (Philips 
Healthcare, Best, the Netherlands). Due to undersampling, the total number of acquired 
k-space points in the raw dataset was smaller than the fully sampled acquisition expected by 
the reconstructor. Instead of reducing the dimensions of the expected matrix size, zeros were 
placed on the k-space positions that were not acquired. This way information on matrix size 
and the position of the acquired k-space points was preserved. In the reconstruction pipeline, 
the aliasing indexes were changed to incorporate CAIPIRINHA patterns. 
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Retrospective undersampling of SENSE 1 data and the corresponding reconstruction was 
done in Matlab (MATLAB 8.3, MathWorks Inc., MA, USA). The fully sampled data and the coil 
sensitivity maps were exported from Recon 2.0 into Matlab, where the data was undersampled 
in k-space and consecutively reconstructed. Similarly, g-factor maps were calculated using the 
exported coil sensitivity maps, according to equations of Pruessman et al. [16]. 

Table 3: Acquisition parameters of the high resolution 3D EPI scans of the visual cortex

Sampling 
pattern

Resolution 
(isotropic)

FOV (mm3) slices slice 
ovs

TR / TE 
(ms)

flip 
angle

matrix 
size

EPI 
factor

Dynamic 
scan time

SENSE 1x1 0.99 mm 64x164x11.9 12 1.25 54 / 27 20° 64x165 33 4.3 sec
SENSE 5x1 0.99 mm 64x164x11.9 12 1.25 54 / 27 20° 64x165 33 0.86 sec
CAIPI 5x1 y2 0.99 mm 64x164x11.9 12 1.25 54 / 27 20° 64x165 33 0.86 sec

CAIPI 7x1 y3 0.95 mm 65x180x13 14 1 54 / 27 20° 68x189 27 0.79 sec
CAIPI 8x1 y3 0.95 mm 65x176x15 16 1 54 / 27 20° 68x184 23 0.89 sec

SENSE 1x1 0.80 mm 50x175x26 32 1.25 54 / 27 20° 64x216 27 17.5 sec
SENSE 8x1 0.80 mm 50x175x26 32 1 54 / 27 20° 64x216 27 1.75 sec
CAIPI 8x1 y3 0.80 mm 50x175x26 32 1 54 / 27 20° 64x216 27 1.75 sec

CAIPI 5x1 y2 0.70 mm 50x164x21 30 1 54 / 27 20° 72x230 23 3.28 sec
CAIPI 10x1 y2 0.70 mm 50x164x21 30 1 54 / 27 20° 72x230 23 1.64 sec
FOV: field-of-view (AP: anterior–posterior, RL: left–right, FH: feet–head), TR: repetition time, TE: echo time, 
slice ovs: slice oversampling factor

Results
The results are analysed in two steps. First, the implementation of the 2D CAIPIRINHA 
sequence for 3D EPI scans was evaluated using T2* weighted anatomical imaging. Second, the 
combination of high density receive arrays and the 2D CAIPIRINHA sequence was evaluated 
based on its acceleration performance for sub-millimeter fMRI acquisitions. 

Evaluation of sequence implementation, T2* weighted 3D EPI anatomical imaging
To evaluate whether the shot selective 2D CAIPIRINHA sequence was implemented correctly, 1 
mm 3D-EPI whole brain T2* anatomy weighted images were compared using prospective and 
retrospective undersampling, as shown in Figure 3. A full non-undersampled SENSE 1 dataset 
was acquired in 2:43 min and retrospectively undersampled with a 2D CAIPIRINHA pattern 
and an undersampling factor of 5, as is shown in Figure 3a-c. Both the resulting aliasing 
as sum of the separate channels is displayed (Figure 3b) and the result after reconstruction 
(Figure 3c). Correspondingly, a prospectively undersampled CAIPI 5 dataset was acquired in 
33 sec and displayed in Figure 3d,e. When comparing the simulated (b,c) and measured (d,e) 
datasets it should be noted that the images look practically identical, for both the aliased and 
reconstructed images. 
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Figure 3: Comparison of retrospective undersampling (a-c) and prospective undersampling 
(d,e) of 1 mm isotropic 3D T2* weighted anatomy images. A full non-undersampled SENSE 
1 dataset (a) is acquired in 2:43 min and retrospectively undersampled in k-space with a 2D 
CAIPIRINHA pattern. The result is displayed in image domain, as the summed aliased chan-
nels (b), and after applying the corresponding reconstruction (c). When comparing these 
with the prospective undersampled images (d,e) acquired in 33 sec, both methods look very 
similar, confirming a correct implementation of the shot selective 2D CAIPIRINHA sequence. 

To evaluate the performance of the 2D CAIPIRINHA implementation in comparison to SENSE 
acceleration, the resolution of 3D EPI whole brain T2* weighted anatomical scans was pushed 
down to 0.5 millimeter isotropic. The T2* weighted anatomical scans are displayed in Figure 
4. One slice through the lower part of the brain is depicted that shows the deeper brain 
structures. Both a fully sampled dataset of 10:05 minutes (Figure 4a) and undersampled 
SENSE and CAIPIRINHA datasets are displayed (Figure 4b-d). The undersampling patterns 
used are SENSE 4 acquired in 2:31 min (Figure 4b), CAIPI 7 acquired in 1:27 min (Figure 4c) 
and SENSE 7 acquired in 1:27 min (Figure 4d). Note that both SENSE and CAIPIRINHA can be 
used to shorten the total scan time substantially. However, at an acceleration factor of 7, the 
SENSE image is heavily spoiled by artifacts, while the 2D CAIPIRINHA image still preserves the 
anatomy of the brain, allowing the scan time to be shortened even further. 

SENSE 1

Retrospective 
undersampling

Prospective 
undersampling

Aliasing 
CAIPI 5 y2

Reconstruction
CAIPI 5 y2

a) b) c)

d) e)
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Figure 4: Whole brain T2* anatomy scans acquired with multi-shot 3D EPI sequences. Example 
slices are displayed for (a) fully sampled data, (b) SENSE 4, (c) CAIPI 7 (d) and SENSE 7. The 
resolution of the scans is 0.5 mm isotropic. The fully sampled data takes 10:05 min to acquire, 
whereas the SENSE and CAIPIRINHA methods are able to significantly shorten the scan time 
to 2:31 min and 1:27 min respectively. Note that even with the shortened scan time, the 
detailed brain structures are still visible for the CAIPIRINHA scan, in contrast to the SENSE 7 
scan, which is spoiled by artifacts. 

Combination with high density receive arrays, 3D EPI functional imaging 
Example fMRI scans, acquired with a combination of high density receive arrays and a 2D 
CAIPIRINHA sequence, are shown in detail in Figure 5. Both, CAIPIRINHA (Figure 5a) and 
SENSE undersampling (Figure 5b) are shown. For each dataset, 8 axial slices of the visual cortex 
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are selected as well as the upper two axial slices. Note that the CAIPIRINHA scans contain 
less noise amplification and unfolding artifacts as compared to the SENSE scans. However, 
artifacts are still seen in both datasets for the outer two top slices. The g-factor maps (Figure 
6) confirm a reduction of the noise amplification factor when using CAIPIRINHA, especially in 
the center of the visual cortex. To illustrate the different possibilities for fMRI imaging with a 
high spatial and high temporal resolution, different combinations of sub-millimeter imaging of 
the visual cortex are displayed in Figure 7. A fully sampled (SENSE 1) acquisition is displayed 
on the left (Figure 7a,f ). The accelerated CAIPIRINHA acquisitions (Figure 7b-d) have varying 
scan parameters (as indicated in the figure). The range of the acquired resolutions is 0.70-
0.99 mm, the dynamic scan time is 0.82 - 3.28 sec, and the coverage is 12 - 32 slices. As the 
resolution improves, the scan time increases as well. Note that it is possible to perform sub-
millimeter and sub-second EPI imaging of the visual cortex, without losing significant image 
quality (Figure 7b,c), in contrast to using SENSE (Figure 7e). 

Figure 5: 3D EPI scans of the visual cortex, acquired with the high density receive arrays in 
combination with (a) 2D CAIPIRINHA and (b) SENSE. Displayed are eight stacked slices from 
the visual cortex, as well as the outer two top slices. Both datasets have an acceleration factor 
of 8, a total acquisition time of 1.75 sec and a resolution of 0.8 mm isotropic. The position-
ing of the imaging volume is shown in the figure inset (top right). Note that the 2D CAIP-
IRINHA data contains less artifacts and less noise amplification as compared to the SENSE 
data. However, the outer two axial slices (lower row) contain artifacts for both SENSE and 
2D CAIPIRINHA. 
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Figure 7: 3D EPI scans of the visual cortex acquired with different settings for resolution, 
scan time and imaging coverage (scaled differently for visualization). The specified voxel-
size is isotropic (iso). The same 3 slices are displayed for both the fully sampled SENSE 1 
datasets (a,f) and the accelerated datasets (b-e, g-i). Note that it is possible to scan with both 
a high spatial resolution (< 1 mm) and a high temporal resolution (< 1 sec) combined. 

Figure 6: g-factor maps of the visual cortex acquired with the high density receive arrays 
in combination with (a) 2D CAIPIRINHA and (b) SENSE. The selected g-factor maps corre-
spond with the 3D EPI scans and slices shown in Figure 5 at an acceleration factor of 8. For 
every slice, the average g-factor is lower when acquired with 2D CAIPIRINHA, as compared to 
SENSE. This effect is especially visible in the center of the visual cortex, resulting in a reduc-
tion of noise when using 2D CAIPIRINHA. 
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Discussion
This study aimed to push spatial and temporal resolution of 7T MRI by combining high density 
receive arrays with a 2D CAIPIRINHA sequence for multi-shot 3D EPI scans. A shot selective 
2D CAIPIRINHA sequence for multi-shot 3D EPI scans was implemented, which, instead of 
adding extra gradients, leaves them out. With the 2D CAIPIRINHA sequence it was possible to 
reduce the scan time of high resolution T2* weighted anatomical scans, confirming an accurate 
sequence implementation. When combining high density receive arrays and 2D CAIPIRINHA it 
was possible to acquire sub-millimeter, sub-second 3D EPI scans of the visual cortex. The image 
quality of the CAIPIRINHA acquisitions was improved, as compared to SENSE acquisitions with 
the same resolution and scan time. The results are discussed in further detail below. First, the 
implementation of the 2D CAIPIRINHA sequence is discussed, as evaluated from the acquired 
T2* weighted 3D EPI anatomical images. Afterwards, the combination of high density receive 
arrays and 2D CAIPIRINHA is discussed, focusing on its potential to accelerate sub-millimeter 
fMRI acquisitions. 

Evaluation of sequence implementation, T2* weighted 3D EPI anatomical imaging
The T2* weighted 3D EPI anatomical scans acquired with the standard receive setup show that 
the shot selective 2D CAIPIRINHA sequence for multi-shot 3D EPI scans was implemented 
appropriately. Several EPI shots of a multi-shot interleaved 3D EPI sequence were selectively 
skipped resulting in a CAIPIRINHA sampling pattern and a reduction of scan time. The sequence 
is simple and straightforward to implement, since no additional gradients or RF pulses are 
required, as compared to a multi-shot interleaved 3D EPI sequence. The implementation resulted 
in the expected image quality, as evaluated by comparing prospective and retrospectively 
undersampled datasets. These datasets are in agreement, as can be seen by the similarities 
of both the aliasing patterns and the reconstructed images. When the sequence is used to 
acquire anatomical scans with an isotropic resolution of 0.5 mm, the total scan time can be 
shortened significantly. The total scan time can be reduced by a factor of 4, as compared to 
an earlier optimized implementation of 6 min for whole brain T2* weighted 3D EPI anatomy 
scans at 7T [26]. The application of the shot selective CAIPIRINHA implementation is broad. 
For example it can also be used at other field strengths in clinical routine to reduce scan time 
of 3D EPI anatomical scans when acquired with multi-element receive coils. 

Combination with high density receive arrays, 3D EPI functional imaging 
The combination of high density receive arrays and a 2D CAIPIRINHA sequence made it 
possible to acquire sub-millimeter 3D EPI scans of the visual cortex with a dynamic scan time 
of less than 1 second. Multiple scans with different settings for a high resolution and a short 
scan time were acquired. In literature, sub-millimeter functional imaging is often characterized 
by relatively slow repetition time. In other previous work, high resolution fMRI data of 0.7 mm 
isotropic was acquired in 4 seconds [27]. In this study, using a similar scan protocol as Fracasso 
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et al. but incorporating CAIPIRINHA, we were able to push down the scan time of data with 
0.7 mm resolution to 1.64 sec. Though, note that some slices contain aliasing artifacts due to 
the high acceleration factor. 
When comparing CAIPIRINHA and SENSE acquisitions with identical acquisition parameters 
(Figure 5-7), CAIPIRINHA outperforms SENSE. For 0.8 mm isotropic 3D EPI scans of the visual 
cortex with a (dynamic) scan time of 1.75 sec, the noise amplification is reduced especially in 
the center of the visual cortex. This is visible both in the reconstructed images (Figure 5) as 
well as in the g-factor maps (Figure 6). For both methods unfolding artifacts due to the high 
acceleration can still be seen at the outer two top slices of the dataset acquired at 0.8 mm 
isotropic resolution (Figure 5). These artifacts are less dominant in the CAIPIRINHA dataset as 
compared to SENSE. Overall, despite the already high achievable acceleration factor when 
using high density receive arrays, it is possible to further increase the acceleration factor by 
combing the high density receive arrays with a shot selective 2D CAIPIRINHA sequence. 

Position in literature
The novelty of this study is the combination of high density receive arrays and a 2D CAIPIRINHA 
sequence for 3D EPI scans, to push MRI resolutions to a sub-second and sub-millimeter scale. 
However, the concept of 2D CAIPIRINHA for 3D EPI scans on itself has been reported before 
[14,15]. The shot selective 2D CAIPIRINHA part of this study is therefore an expansion on 
a previously reported concept. There are other promising approaches to achieve similar or 
potentially even higher spatial and a temporal resolution for MRI. These approaches include 
sequence design as well as hardware developments. Recent efforts aim to increase the number 
of channels for whole brain coverage at high fields [28-30] similar to lower fields [31,32]. 
Combined with advanced acceleration schemes, these can further improve fMRI sensitivity 
and specificity by enabling high spatiotemporal resolution. Another approach is to use insert 
gradients for head imaging. Insert gradients allow fast switching of strong gradients which can 
reduce the length of the EPI readout train thereby enhancing temporal resolution [33]. The 
current study used 2D CAIPIRINHA for 3D EPI sequences, though recently big steps have been 
made with methods that use simultaneous multi-slice approaches [18], such as multiband [34], 
blipped CAIPI [22], and the more recent wave-CAIPI [35] that extends the CAIPIRINHA principle 
to all three spatial encoding dimensions. Other approaches focus more on the excitation side 
of the sequence. Selective RF excitation can be used to either reduce the field of view, or to 
reduce parallel imaging noise amplification [36], which has already been combined with the 
benefits of a 3D CAIPI EPI sequence [37]. 

Considerations
In this study, the achieved gains from high density receive arrays and 2D CAIPIRINHA were 
used to shorten scan time of high resolution 3D EPI scans. However, the gains can be used 
in different ways, not only to reduce scan time, but also to increase the amount of slices or 
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imaging coverage (FOV). The results are promising, but the methods can be further optimized 
in the future, since artifacts are present in the some CAIPIRINHA datasets, as can be seen in the 
top slices of Figure 5. In fact these may suggest imperfect slab excitations, which could maybe 
also explain the artifacts of Figure 4 SENSE 7. In this study a shot selective 2D CAIPIRINHA 
sequence for multi-shot 3D EPI scans is used. The sequence is practical to implement, 
since it mainly involves removing selected EPI shots from a multi-shot 3D EPI sequence. No 
additional gradients or RF pulses are required, in contrast to current literature where typically 
gradient blips on the z-axis are used or SAR demanding multiband RF pulses. As the current 
implementation does not use additional gradients, most EPI phase corrections do not require 
modification as compared to multi-shot 3D EPI sequences, simplifying the implementation. 
A disadvantage of the current implementation is that the undersampling factor is directly 
connected to the EPI factor, which reduces the freedom of choice in the sequence settings. 
For example, the acquisition of a 3D volume with a single EPI shot is not possible with the 
current implementation. Despite the high acceleration factors achieved in this study, there 
might be more advantageous applications for CAIPIRINHA. In our study we used reduced 
FOV acquisitions (as commonly acquired with surface coils), this can be considered as a non-
ideal case for combination with CAIPIRINHA, since CAIPIRINHA exploits the ability to shuffle 
sensitivity variations over a (large) FOV relative to the coil sensitivity profiles. On the other 
hand, this study does use a large channel count of 32 receivers, which does further enhance 
the benefits of CAIPIRINHA. 

Conclusion
To investigate the combination of high density receive arrays and 2D CAIPIRINHA, a shot 
selective 2D CAIPIRINHA sequence is implemented. With this sequence it is possible to reduce 
the scan time of high resolution T2* weighted anatomical 3D EPI scans. When high density 
receive arrays are combined with the 2D CAIPIRINHA sequence, the scan time and image quality 
of sub-millimeter 3D EPI (fMRI) scans of the visual cortex is improved. Multiple prospectively 
undersampled sub-millimeter and sub-second 3D EPI scans of the visual cortex are obtained, 
combining both a high temporal resolution and a high spatial resolution, which is essential to 
further examine dynamic and spatially detailed brain functions with fMRI. Overall, high density 
receive arrays in combination with shot selective 2D CAIPIRINHA for 3D EPI scans prove to be 
valuable for reducing scan time of sub-millimeter (and sub-second) fMRI acquisitions. 
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Abstract

Purpose: Assess the potential gain in acceleration performance of a 256 channel versus 
32 channel receive coil array at 7T in combination with a 2D CAIPIRINHA sequence for 3D 
datasets. 

Methods: A 256 channel receive setup was simulated by placing two small 16 channel high 
density receive arrays at 2x8 different locations on the head of healthy participants. Multiple 
consecutive measurements were performed and coil sensitivity maps were combined to 
form a complete 256 channel dataset. This setup was compared with a standard 32 channel 
head coil, in terms of SNR, noise correlation, and acceleration performance (g-factor). 

Results: In the periphery of the brain, receive SNR was on average a factor 1.5 higher 
(ranging up to a factor 2.7 higher) than the 32 channel coil, in the center of the brain SNR 
was comparable or lower, depending on the size of the ROI, with a factor 1.0 on average 
(ranging from 0.7 up to a factor of 1.6). Average noise correlation between coil elements 
was 3% for the 256 channel coil, and 5% for the 32 channel coil. At acceptable g-factors 
(<2), the achievable acceleration factor using SENSE and 2D CAIPIRINHA, was 24 and 28 
respectively, versus 9 and 12 for the 32 channel coil. 

Conclusion: The receive performance of the simulated 256 channel array was better than 
the 32 channel reference. Combined with 2D CAIPIRINHA, a peak acceleration factor of 28 
was assessed, showing great potential for high density receive arrays.

Keywords:  phased array, 256 channel receive coil, parallel imaging, massive receive, 
2D CAIPIRINHA, 7T
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Introduction
The concept of using arrays of multiple receive coil elements to enhance signal-to-noise ratio 
(SNR) is already around for a couple of decades [1]. Receive arrays can greatly enhance SNR 
in brain imaging, as compared to the use of a standard quadrature head coil covering the 
same area [2]. The benefits of using up to 32 receive elements for brain imaging have been 
demonstrated extensively [3-8]. However, just a few brain imaging studies have explored the 
advantages of receive coils with more than 32 elements [9,10]. 

When combined with parallel imaging, the improved SNR from receive coil arrays can be 
traded for a faster acquisition time, enhancing the temporal resolution, while maintaining 
high spatial resolution. When examining dynamic and spatially detailed brain functions using 
functional MRI (fMRI), the combination of both a high temporal resolution and a high spatial 
resolution is essential. High density receiver arrays allow for high acceleration factors with 
reduced g-factors and very high resolutions [11,12]. However, fMRI with both a high temporal 
resolution (< 1 sec) and a high spatial resolution (< 1 mm) combined, is rarely seen, despite the 
latest developments in the field of parallel imaging and modern imaging setups.

From theory, the benefit of increasing the number of receive elements is two-fold. First, a gain 
in SNR can be achieved [2]. Second, it enables improved encoding acceleration performance 
[13], as can be exploited by using parallel imaging techniques. 
The number of receive elements can be increased and the coil size can be reduced accordingly, 
as long as the individual coils are in tissue load dominance and coil resistance losses are minimal 
[14,15]. This would result in an improved SNR close to the coils, with hardly losing sensitivity 
further away from the coils [10,16]. If the individual coils are made too small, (electronic) coil 
resistance loss dominates the sample noise [17], which would degrade the total SNR. This 
relation determines that there is an optimal number of coils at which the achievable SNR is 
maximized. Different 3T studies use receive arrays with high numbers of receive elements, 
sometimes also referred to as massively parallel MRI detection [18], and show a clear benefit in 
using 64 receive channels [9,19], 96 channels [10] and even 128 channels [20,21]. 

The theoretical maximum achievable SNR limit, described as the ultimate SNR, is investigated 
by previous studies [22,23]. These studies simulate a spherical object at varying field strengths, 
sphere sizes and acceleration factors. Among other results, it was shown that a 32 channel 
receive setup at 3 tesla already closely approaches the ultimate SNR in the center of the 
phantom, but is still far away from the ultimate SNR at the regions nearby the surface of the 
phantom. Additionally, at higher field strengths, such as 7 tesla, the difference between the 
SNR acquired with 32 channels and the ultimate SNR increases, and more coils would be 
required to approach the ultimate SNR at both the surface of the phantom and at intermediate 
distance from the center. In contrast to increasing the number of receive elements, present-
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day efforts in the MRI community are geared towards parallel imaging techniques [24-26]. 
These techniques can greatly reduce the total acquisition time, pushing the limits of temporal 
and spatial resolution. Parallel imaging techniques reduce acquisition time by uniformly 
undersampling k-space data acquired with receive arrays, while maintaining the maximum 
k-values to keep the full spatial resolution. Early and widely implemented parallel imaging 
techniques are SENSE [27], GRAPPA [28] and the more recent CAIPIRINHA [29]. When using 
the undersampling patterns of 2D CAIPIRINHA [30], aliasing patterns can be controlled, posing 
less restriction on coil sensitivity variations. Specifically, the noise amplification due to receiver 
coil configuration and geometry (g-factor) can be reduced. 

Ultra-high field strengths have the commonly acknowledged advantage of an intrinsic SNR 
gain and an increase in BOLD sensitivity. In addition, at ultra-high field strength the RF eddy 
current interaction with human tissue enhances the spatial variance of B1

- fields [31,32], paving 
the way to higher acceleration factors as well [23]. This interaction also increases the tissue 
load dominance of the receive coils, meaning that smaller coil elements can be used without 
contributing substantially to the noise (i.e. low noise figure; [33]). At 7T, when positioned close 
to the human head, coil elements can be as small as 2 cm2, with a noise contribution of 
less than 20% [12]. Considering the surface area of the head, the number of coil elements 
for full brain MRI could potentially be increased from 96 at 3T to about 256 at 7T without 
contributing substantial extra noise. Moreover, realization of such a 256 channel array comes 
closer with the recent developments around the implementation of a digital receive pipeline 
for 7T scanners [34]. Despite these technical advances and theoretical predictions, it still has to 
be demonstrated that higher numbers of small receive elements can contribute substantially 
to acceleration for whole brain imaging at 7T. 

The aim of this study is, to investigate the possible acceleration performance of a 256 channel 
receive coil array at 7T in combination with the parallel imaging methods SENSE and 2D 
CAIPIRINHA, for 3D datasets. Measurements were performed with 2x16 channel arrays, which 
were shifted over the head to simulate a 256 channel receive coil array. As a reference, the 
achieved sensitivity and acceleration performance is compared with a 32 channel head coil at 
7T, for both parallel imaging methods. In line with observations of SENSE-optimized RF coils 
[35,36], we opted for a receive array design with gaps between the circumferentially distributed 
coil elements. Alternatively, overlapped designs could show higher non-accelerated SNR at the 
periphery, though at the cost of increased g-factors at high acceleration. A gapped design 
was used to improve SENSE performance, as this study focused on maximizing the acquisition 
acceleration at maintained SNR rather than increasing intrinsic SNR without acceleration. 
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Methods

Overview

A 256 channel receive array was simulated, by shifting two small 16 channel high density 
receive arrays to different locations on the head of healthy participants. On the same day 
a measurement with a standard Nova 32 channel receive coil setup (details below) was 
performed, which was taken as a reference. To check reproducibility, the measurement session 
was repeated with a second participant for both setups. Prior to scanning, the participants 
gave written informed consent, as required by the ethical committee of the University Medical 
Center Utrecht. Coil sensitivity reference scans and noise pre-scans were used to obtain the 
data. In post processing steps, SNR maps, noise correlations and g-factor maps were calculated 
for both coil setups (simulated 256 channel setup, standard head coil setup) as well as for the 
two parallel imaging techniques (2D SENSE, 2D CAIPIRINHA).

Setup
A 7T Achieva MRI scanner (Philips Healthcare, Best, the Netherlands) was used for data 
acquisition in combination with a volume transmit/receive (T/R) coil (Nova Medical, Wilmington 
MA, USA), driven by 2x 4kW amplifiers. The volume T/R coil provided whole brain excitation. 
This system was equipped with the following two receive-only setups, consecutively. 

The first receive setup consisted of two high density 16 channel receive arrays (MR Coils BV, 
Zaltbommel, the Netherlands). The receive coil array consisted of small, 1.5 x 2 cm2, elements 
arranged in four flexible modules of four elements each (Figure 8), which were overlapped 
(0.5 cm). The elements were decoupled from one another by high impedance preamplifier 
decoupling. Each module had an outer dimension of 2 x 8 cm2 and was flexible so that it could 
be positioned within 1 mm from the head. The use of passive detuning circuitry and fuses was 
avoided, because this would degrade the unloaded Q factor of the coil too much. For safety, 
active real-time PIN diode control surveillance was added, to immediately stop the scanner 
when the diode control demonstrated a malfunction. Previous publications [12,37,38] describe 
and evaluate the high density receive arrays in more detail, for completeness we also checked 
the unloaded and loaded Q-values of the coil element. 
The second receive setup consisted of a standard 32 channel receive head coil (Nova Medical, 
Wilmington MA, USA). This coil array was used as the reference for comparison with the 
simulated 256 channel array. The 32 channel coil array consists of large square loops of 
approximately 5 x 4 cm². For decoupling purposes the coil elements are overlapping by 1 cm 
in the feet-head (FH) direction. The coil elements are arranged in 10 modules of 2-4 loops. 
Additional details of this receive coil were published previously [39]. Both receive setups were 
connected to the same preamplifiers and receive pipeline, to make the noise figures of the 
pre-amplifiers comparable. 
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Figure 8: Two high density receive arrays with 16 channels each (left), and a zoomed image 
of the coil elements (right). These coil arrays can be used for high spatial resolution and high 
temporal resolution fMRI imaging. However, with just 16 channels, the brain coverage of the 
arrays is limited. In this study, high density receive arrays are used to simulate a 256 channel 
coil with full brain coverage, by shifting the coils to different locations on the head as illus-
trated in Figure 9. 

Measurement procedure

Two participants were scanned. For each participant, both the 2x16 channel receive array 
and the Nova 32 channel head coil setup were used consecutively. For both participants, the 
measurement procedure involved four steps. 
First, an initial anatomical scan was acquired to position the imaging volume (3D gradient 
echo, TE/TR= 2.2/4.8 ms, voxel size: 1.5x1.5x1.5 mm3, FOV: 25x25x20 cm3, total acquisition 
time: 2 min). Second, to assess the performance of a 256 channel whole brain receive array, 
measurements were performed with two 16 channel receive arrays, which were positioned 8 
times to 16 different locations on the head of the participant (Figure 9). For each location, a 
coil sensitivity reference scan (details below) with noise pre-scan was acquired, yielding a total 
of 8 reference scans, each containing signal from 32 channels, contributing to the formation 
of a virtual 256 channel coil. Third, the two 16 channel receive arrays were shifted to every 
other possible combination of two arrays on 16 head positions . For each combination, a 
short noise scan was performed. In total 120 noise scans were required. The noise scan was 
a Philips pre-scan containing 20 000 noise points for each channel, acquired with a 400-kHz 
sampling rate. These noise points and the noise points of the 8 reference scans were used for 
the determination of the noise covariance and noise correlation between channels [40]. 
Finally, a measurement with the second receive setup was performed, which uses the standard 
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32 channel receive head coil. As this setup was connected to the same receive pipeline, the 
behavior of the pre-amplifiers and receiver gain settings was comparable. For this setup, a 
single reference scan with noise pre-scan was acquired for the same participant. In all scans, 
an automated power optimization was performed to assure that flip angles remained constant 
over the different setups. The transmit coil loading was comparable for the different receive 
setups. No substantial changes in the transmit power were observed, as changes in transmit 
power were within 5% range. 

Figure 9: A schematic of the how two 16 channel coil arrays were shifted to 16 different 
positions on the head, contributing to the 256 channel array simulation. To acquire all 256 
sensitivity maps, only 8 reference scans (8 shifts of 32 channels) were needed. To acquire the 
all cross terms in the noise correlation matrix, 120 noise scans (120 shifts of 32 channels) were 
required. 

Coil sensitivity reference scans
Coil sensitivity reference scans [27] were acquired by successive signal reception with the 
volume T/R coil and either the high density surface receive arrays or the standard head coil. 
Data from the reference scans contained information about the coil sensitivity for each coil 
element individually and also a ‘background’ image acquired by the volume T/R coil. Each 
reference scan contained a preceding noise scan. The reference scans were acquired with a 
3D gradient echo sequence with the following parameters: TE/TR= 1.22/8.0 ms, a voxel size of 
2x2x2 mm3, a FOV of 20x20x20 cm3, and a total acquisition time of 1 min. 

Post processing and simulations
After scanning, coil sensitivity maps were constructed from the coil sensitivity reference scans. 
The sensitivity maps were calculated using ReconFrame (GyroTools LLC, Zürich, Switzerland), 
by dividing the individual complex coil images by the complex image acquired with the volume 
coil [27]. 
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The resulting 8 sets of 32 (2x16) channel sensitivity maps were combined to form a simulated 256 
channel receive array. To correct for potential head displacement between the reference scans, 
images acquired for each coil position were aligned to the images of the first position using AFNI 
[41]. Alignment parameters (rotation & translation) were calculated using the reconstructed 
whole brain magnitude images from the reference scan. These alignment parameters were 
first applied to the whole brain complex images (to visually inspect the alignment quality) and 
then to the sensitivity matrices per coil position. The resulting 256 aligned coil sensitivity maps 
and individual coil images of the head formed the basis of the virtual head coil. The same 
procedure was applied to construct the sensitivity maps of the standard 32 channel head coil, 
with the exception that a coil alignment correction was not required in this case, since the 
signal from these 32 channels was already acquired simultaneously. 

To analyze the data, SNR maps were calculated from the aligned individual complex coil 
images for both receive setups. The individual complex coil images were combined using SNR 
weighted channel addition, as described by the following equation: 

  
In this equation, In defines the set of complex images of the nth individual coil element, wn are 
the weight factors that are spatially varying per voxel and per coil element, Nc represents the 
total number of coil elements and σn is equal to the standard deviation over the selected noise 
region for each coil element. The selected noise region consisted of more than 40 thousand 
points (18x18x128) for each coil element. The noise region was placed in the corner of each 
individual coil element image in image domain and care was taken to avoid placing the noise 
region over ghosting and filter artefacts. The SNR difference of the simulated 256 channel 
array compared to the 32 channel head coil was calculated by first aligning the two datasets 
and then dividing the same slices of both datasets. With the exception of noise correlation, 
the SNR maps could be compared directly, since the two receive setups were used together 
with the same transmit coil and were consecutively connected to the same receive pipeline 
(same receiver gain and pre-amplifiers). Three brain regions of interest (ROI) were analyzed, 
by segmenting the brain in a periphery ROI, a center ROI and a midpoint ROI, based on 
the anatomy of the reconstructed magnitude images of the reference scan. The 95% range 
and average gain factor in SNR, excluding noise correlation, was calculated for both regions. 
Additionally, axial SNR profiles trough the center of the brain were computed for both receive 
setups. 

The noise covariance and noise correlation matrix were calculated from 120 separate noise 
scans and the 8 noise pre-scans included in the reference scans. The 8 noise pre-scans from 
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the reference scan were used to fill the 8 submatrices of 32 channels on the diagonal of the 
correlation matrix. The 120 separate noise scans were used to fill the remaining cross terms of 
the matrix. Since the noise scans were acquired consecutively, the noise coefficients were first 
calculated per scan individually, only correlating simultaneously acquired noise. Afterwards, 
the calculated noise coefficients of these separate scans were combined to form 1 matrix of 
256 by 256 channels. 

The g-factor was obtained from the sensitivity maps according to Pruessmann et al. [27]. The 
noise covariance matrix was included in the g-factor calculations, as a noise pre-whitening step. 
Since each individual sensitivity map was noise correlated with only 32 simultaneously acquired 
channels, only the inner eight 32-channel submatrices on the diagonal of the noise covariance 
matrix  were required to pre-whiten the sensitivity maps for the g-factor calculations. To simulate 
the SENSE and CAIPIRINHA parallel imaging techniques, two directions were undersampled. 
These directions were anterior-posterior (AP) and feet-head (FH), as these directions contained 
the most coil elements. The range of the simulated undersampling factors (R) was 1 to 10 in 
the AP direction and 1-6 in the FH direction. Multiple g-factor calculations were performed 
for different combinations of 2D SENSE acceleration factors and different 2D CAIPIRINHA 
undersampling patterns. The reconstruction, required for the different undersampling patterns 
of 2D SENSE and 2D CAIPIRINHA, was in principle similar, only the indexing of the aliased 
voxels had to be adjusted. 

Results
An impression of the coil distribution of the 256 coil elements over the head can be seen in 
the surface rendered sum of the sensitivity maps (Figure 10a). The figure shows an intensity 
scaled 3D rendering of the acquired MR data. The 8x32 (256) coil array elements, with a loaded 
and unloaded Q of 89 and 248 respectively, fit the head of the participant and columns of 
overlapping elements can be clearly distinguished as lines over the head. 

An evaluation of the performance of the simulated 256 channel receive coil array can be 
found in the cross sections of the SNR maps (Figure 10b-e). A sagittal and axial slice through 
the midsection of the brain are depicted, providing a representative overview of the SNR for 
the full 3D dataset, including the lower values in the center of the brain. SNR maps of both the 
simulated 256 channel receive array and the Nova 32 channel coil are displayed. Since both 
receive coil setups were attached to the same receive pipeline and only one transmit setup 
was used, the SNR maps can be compared between setups. Though, it should be noted that 
noise correlation could only be partially incorporated for the simulated 256 channel coil. In 
comparison with the standard head coil, especially at the periphery of the brain, the SNR for 
the simulated 256 channel coil is higher, which is seen for both slices illustrated. 
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Figure 10: Overview of the simulated 256 channel coil. The 3D render of combined sensitivity 
maps (a) was thresholded to display only the high sensitivity values, making the 256 coil el-
ements visually observable as high intensity stripes over the head. The SNR of both the sim-
ulated 256 channel array and the standard 32 channel head coil is evaluated by comparing: 
SNR maps (b-e), SNR difference in three ROIs (f-i) and SNR profiles (j). Both the SNR maps, 
SNR difference ROIs and the SNR profiles show a pattern of a high SNR gain for the simulat-
ed 256 channel array in the periphery, a comparable SNR over a large part of the center of 
the brain, and a reduction in SNR in the worst-case midpoint of the brain. Additionally, SNR 
profiles (k) were drawn through a coil element (orange line) and through a gap (grey line) of 
the simulated 256 channel array. These profiles show that the non-uniformity in sensitivity 
caused by the coil gaps does not go much further than the skull. The locations of the selected 
profiles is also indicated in subfigures a and c. 
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The SNR difference between the simulated 256 channel coil and the standard 32 channel coil 
is visualized by dividing the SNR maps of both setups. Center and periphery ROIs (Figure 10f ), 
are drawn in the midsection slice to quantify the average and range of the SNR differences 
between setups (Figure 10g-i). In the brain periphery (Figure 10g), when partially neglecting 
the effects of noise correlation, the SNR difference for the simulated 256 channel coil as 
compared to the standard 32 channel coil is a factor of 1.5 on average, ranging from 0.7 
(absence of coils) to 2.7 (close to coils). Moreover, directly next to the coils on the brain surface, 
higher gains in SNR are observed. In the center of the brain, when selecting a large central 
ROI (Figure 10h), the SNR difference is a factor 1.0 on average, ranging from 0.7 to 1.6 with an 
average of 1.0. In the worst-case midpoint of the brain (Figure 10i), there is a reduction of SNR, 
with a SNR difference of 0.8 on average, ranging from 0.7 to 0.9. 

The SNR profiles (Figure 10j) show the same trend. High SNR values are found for the simulated 
256 channel array in the skull and periphery of the brain, whereas the SNR is slightly lower in 
the middle of the brain when comparing both receive setups. For the 256 channel array, the 
SNR profiles that go through a gap between coil elements have similar SNR inside the brain, 
as profiles that go through a coil element itself (Figure 10k). The influence of the gaps between 
the coil elements on SNR remains superficial and does not reach much further than the skull. 
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Figure 11: The noise correlation matrix of the simulated 256 channel array is displayed, as 
acquired from the reference scans only (a) and when including the extra 120 noise scans (b). 
For comparison, the correlation matrix of the standard 32 channel head coil (c) is displayed 
as well. For visual inspection, a zoomed image of channel 1 to 32 of the 256 channel array is 
displayed in the figure insert of (a). The noise correlation matrix of the simulated 256 channel 
receive array was filled in blocks of 32 channels consecutively (and not simultaneously). 120 
noise scans, obtained using different coil positions on the head, were required to measure 
all cross terms. When comparing both setups, note that the average noise correlation of the 
off-diagonal elements is similar for the 256 channel coil as compared to the 32 channel coil.
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The measured noise correlation matrix (Figure 11) is obtained from the 8 reference scans and 
the 120 subsequent noise scans acquired with the two 16-channel surface arrays. The noise 
correlation coefficients of the 8 reference scans are placed in 8 sub matrices of 32 channels 
on the diagonal (Figure 11a). The 120 noise scans were used to further fill all the cross-terms 
(Figure 11b). The overall noise correlation is low and similar across the elements. To illustrate 
this, the average magnitude and maximum magnitude of the noise correlation coefficients 
was calculated. For the simulated 256 channel array, the average of the off-diagonal noise 
correlation coefficients is 0.027 (2.7%, -31.5 dB). When only incorporating the noise coefficients 
which were measured together with the sensitivity maps (inner 8 sub-matrices of 32 channels), 
the average correlation is 0.065 (6.5%, -23.7 dB). For the standard 32 channel head coil the 
average noise correlation is 0.054 (5.4%, -25 dB). The maximum noise correlation coefficient is 
0.67 for the simulated 256 channel coil and 0.42 for the standard 32 channel head coil. 

The calculated g-factor maps when using SENSE undersampling patterns are shown for 
different acceleration factors, for both the standard 32 channel head coil (Figure 12, top) and 
the simulated 256 channel coil (Figure 12, bottom). The calculated g-factor maps when using 
2D CAIPIRINHA undersampling patterns are shown as well (Figure 13). Different acceleration 
factors are displayed in the feet-head (FH) and anterior-posterior (AP) direction. At low, or no 
acceleration, the g-factor is similar for both setups. Overall, it can be seen that the g-factor, 
corresponding to noise amplification, increases with the acceleration factor. For both setups, 
the g-factor penalty diminishes when the total acceleration factor is distributed over two 
directions instead of one, by using either 2D SENSE (Figure 12) or 2D CAIPIRINHA (Figure 
13). The increase in g-factor is spatially confined to the center of the brain for the simulated 
256 channel coil, while more diffuse across the brain for the 32 channel head coil. The use of 
2D CAIPIRINHA has a lower g-factor penalty than the use of SENSE, which is seen for both 
setups. When considering a g-factor of less than 2 (to avoid excessive noise amplification), 
the maximum achievable acceleration for the standard 32 channel head coil is: 9 (SENSE 3x3) 
and 12 (CAIPIRINHA 4x3_FH2). For the simulated 256 channel head coil this is: 24 (SENSE 4x6) 
and 28 (CAIPIRINHA 4x7_AP3). Note that even at very high accelerations (>28), the g-factor at 
the periphery of the brain is still below 2 for the 256 channel coil. As side-note, the SENSE 
and CAIPIRINHA maps are identical for the first 3 g-factor maps of the top row where the 
shift direction is not undersampled (CAIPIdir: FH, RFH: 1), since no k-space shift is performed 
in a direction without undersampling. The results are shown for a sagittal slice through the 
midsection of the brain, representative for the ‘worst-case’ situation. Slices that are positioned 
further away from the center have either an equal or better g-factor performance. Results are 
illustrated for one participant, similar results were obtained for the second participant.
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Figure 12: g-factor maps for the standard head coil (top) and the simulated 256 channel re-
ceive array (bottom), using the undersampling patterns of 2D SENSE. Additionally, the two 
grayscale images (left) show the corresponding anatomical position of the selected slice lo-
cated close to the midsection of the brain. The colored images show the g-factor maps, which 
are thresholded at a factor of 2 (color bar). The g-factor maps are displayed for different 
acceleration factors. The acceleration factor increases both in the FH direction (rows) and in 
the AP direction (columns). Note that the g-factor rises with the total acceleration factor. The 
maximum achievable acceleration, for g-factors smaller than 2, is for standard 32 channel 
head coil 9 (SENSE 3x3), and for the simulated 256 channel receive array 24 (SENSE 4x6). 
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Figure 13: g-factor maps for the standard head coil (top) and the simulated 256 channel re-
ceive array (bottom), using the undersampling patterns of 2D CAIPIRINHA. The figure layout 
is equal to the layout of Figure 12, allowing comparison between both figures and their un-
dersampling methods. Specific patterns can be referred to by Rtotal (undersampling method 
RFH x RAP

_CAIPIshift). The maximum achievable acceleration, for g-factors smaller than 2, is for 
standard 32 channel head coil 12 (CAIPIRINHA 4x3_FH2), and for the simulated 256 channel re-
ceive array 28 (CAIPIRINHA 4x7_AP3). Note that this is higher than the maximum acceleration 
factors achieved with SENSE of respectively 9 and 24.
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Discussion
The aim of this study was to assess the potential gain in acceleration performance of a 256 
channel high density receive coil array at 7T, combined with the parallel imaging methods 2D 
SENSE and 2D CAIPIRINHA for 3D datasets. To realize this, measurements were performed 
with two 16 channel gapped receive arrays consisting of small coil elements, which were used 
as basic building blocks to simulate a 256 channel head coil. The g-factor maps indicate that 
the 256 channel head coil array can deliver more than a 2-fold improvement in acceleration 
performance, as compared to the standard 32 channel head coil. In addition, for both the 
standard head coil and the simulated 256 channel array, a 2D CAIPIRINHA sampling pattern 
can significantly improve the SNR or acceleration performance. Overall, a remarkable 
maximum acceleration factor of 28 is estimated. This suggests that whole brain high density 
receive arrays combined with fast parallel imaging acquisition methods show great potential 
for fMRI with high spatial and high temporal resolution.

SNR
The SNR of the simulated 256 channel array is high, especially at the periphery of the brain, 
as can be observed in the SNR maps. Though, in these SNR maps not all noise correlation 
terms could be included, because the reference scans were obtained consecutively. In the 
periphery of the brain, the average gain in SNR of the simulated 256 channel array is a factor 
of 1.5, and goes up to a factor of 2.7 in tissue close to the coil elements. Up to a certain depth, 
measured from the coil elements, smaller sized coil elements gain SNR, which can also be 
seen in the SNR profiles. However, for very small coils, this substantial gain will be restricted to 
few centimeters away from the coil. In this study, the worst-case midpoint region of the brain 
shows an SNR reduction by a factor of 0.8 on average (ranging from 0.7 to 0.9), whereas the 
SNR of a larger central region of the brain is comparable between setups with a factor of 1.0 
on average (ranging from 0.7 to 1.6). The SNR in the worst-case midpoint region is lower as 
compared to the standard 32 channel head coil, raising questions about the optimum 7T head 
coil configuration, coil element size and the number of channels to achieve maximum intrinsic 
SNR. The noise figure of the simulated 256 channel coil is expected to increase by 20%, due 
to the smaller element size [12], which would be evident especially in the center of the brain. 
The relatively good SNR values in the larger central region of the brain might be explained by 
the fact that the 256 channel surface coil elements are closer to the head than the 32 channel 
elements. Coil proximity improves the coil loading, enhancing the SNR [42]. If the array was 
designed for maximum intrinsic SNR excluding acceleration, then our coil element size may 
be too small. However, the motivation of our study was to maximize acceleration performance 
while maintaining SNR. 
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Noise correlation 

To obtain optimal SNR, it is necessary to ensure that the noise from channel to channel is 
largely uncorrelated [43]. In this study, the noise correlation between individual coils is low, with 
average noise correlation coefficients of 0.027 and 0.054 for the 256 channel array and the 32 
channel head coil respectively. 

Acceleration performance 
The acceleration performance was assessed based on the g-factor maps. For both 2D SENSE 
and 2D CAIPIRINHA acquisition schemes, acceleration factors for the simulated 256 channel 
array are 2-fold higher than the standard 32 channel head coil, considering a maximum 
acceptable g-factor of 2. An estimated peak acceleration factor of 28 was found when using 
2D CAIPIRINHA. The use of 2D CAIPIRINHA is desirable over 2D SENSE, because it has lower 
g-factors, due to more optimal distribution of aliasing patterns. For the simulated 256 channel 
array, especially at the periphery of the brain, the g-factor is well below 2. This is in accordance 
with the high receive sensitivity at that location. Even at very high accelerations such as 42, 
the g-factor at the edge of the brain is still below 2 for the 256 channel coil. For studies that 
are only interested in the periphery of the brain, as is the case for some cortical fMRI studies, 
this would indicate that potentially even higher accelerations than a factor of 28 are possible. 

Comparison with state-of-the-art high density receive arrays
Previous work at 3T of Wiggins et al. shows that a 96 channel receive array for the head 
improves imaging performance, in comparison to an identically-sized 32-channel coil [10]. 
When following this direction at 7T, smaller coil elements can be used without contributing 
substantially to the noise. Below, a comparison of the receive performance of the simulated 
256 channel array to the 96 channel array is given in terms of SNR, average noise correlation, 
and acceleration performance. For the simulated 256 channel array, an average SNR increase 
of a factor 1.5 is seen in the periphery of the brain as compared to the 32 channel coil. For 96 
channel array at 3T, an SNR increase of a factor of 1.4 was reported, as compared to an equally 
sized 32 channel coil. The average off-diagonal noise correlation coefficient is low for the 256 
channel coil, with a value of 0.027. For the 96 channel coil this is 0.148. The maximum SENSE 
acceleration performance was evaluated by comparing the g-factor maps with a g-factor 
of less than 2. A maximum acceleration factor of 24 (SENSE 4x6) can be achieved for the 
simulated 256 channel array, as measured in a volunteer. For the 96 channel coil a maximum 
acceleration factor between 9 (SENSE 3x3) and 16 (SENSE 4x4) was reported, as measured in 
a brain phantom. 

A possible explanation for the large increase in acceleration factor for the 256 channel array 
(as compared to the 32 channel coil and also as compared to previous work) could be the 
coil array design. First, a high number of coil elements was used here, enabling the acquisition 



The potential of a 256 channel receive array at 7T

45

3

of more data with receivers that have different spatial sensitivities, which can be translated to 
higher attainable acceleration factors. Second, no overlap between coil elements was used 
in the transverse direction. The gap between elements not only benefits SENSE performance 
[35], but also facilitates flexibility of the coil array, hence assuring a tighter fit to the head. 
Third, using pre-amplifier decoupling and cable management of the 2x16 receive channels, RF 
coupling between adjacent coil elements was aimed to be low. The cables of the 2x16 channel 
receive array are guided in sets of 4 channels per cable trap (Figure 8), reducing the cable 
coupling burden. A future step in cable management is the implementation of a digital receive 
pipeline, which would allow data from multiple receive channels through fiber optic cables, 
drastically reducing the amount of RF cables further. 

Methodological considerations
From a methodological point of view, it must be noted that the reference scan of the 
simulated 256 channel coil was acquired consecutively, excluding most noise correlation terms 
in the g-factor calculations. Nevertheless, coil coupling is expected to be highest between 
neighboring coils, and this was for the most part taken into account in this study by partially 
filling the noise correlation matrix (diagonally) with the noise coupling measured from the 
2x16 channel sets (Figure 11a). Still, coupling between directly neighboring coils from adjacent 
measurement sets were excluded from the simulation. Additionally, noise correlation may even 
increase if incorrect cable management is provided. The coils from different measurement 
sets are at further distance physically, so it should be possible to maintain negligible noise 
coupling between these elements with correct cable management. For example when digital 
receivers are put in (or close to) the coil before the cables get in close proximity. Considering 
the impact of noise correlation on image SNR in general, one needs to consider true coil 
sensitivities including noise correlations. However, as described by others, in the general case 
there is almost no difference in SNR from omitting the coil-noise matrix from the reconstruction 
algorithm for coils that are well decoupled [44]. 
The transmit power drive scale did not change more than 5% between receive setups, which 
excludes a large bias in the intrinsic SNR comparison caused by changes in B1 field. However, 
once a full 256 channel array would be in place, the B1 level of transmit coil can be effected 
significantly. The sum of all small potential couplings of the transmit coil to copper, cables and 
cable traps of a full receiver setup may require more RF power for the same B1 field. To mitigate 
this, stronger RF amplifiers might be necessary. 

The maximum acceleration factor in this study was assessed by evaluating the g-factor maps. 
In practice, the acceleration factor and SNR are not solely dependent on the g-factor. When 
the k-space signal is undersampled during acquisition, there is also an inherent SNR loss (√R) 
from acquiring fewer samples. The image SNR (SNR0) decreases with the g-factor and the 
acceleration factor (g·√R). However, the time-course SNR (tSNR), which is important for fMRI 
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applications, decreases less rapidly [45]. Depending on the application and imaging settings, 
an optimal acceleration factor can be chosen. Generally, g-factor maps are a good indication 
of the potential acceleration performance of a coil. 

Choices for coil element design and array configuration
In this study a number of design choices were made including: coil element size, the number 
of coil elements and the amount of overlap between elements. All choices were made to target 
high acceleration factors. The large number of small coil elements, used in this study, made 
it possible to achieve a high acceleration factor of 28. Despite the achieved high acceleration 
factors, it can be questioned what the most optimal design and array configuration is for a 
field strength of 7T. Also note that an optimal coil design to achieve maximum acceleration 
with parallel imaging may be different than the optimal coil design for maximum intrinsic 
SNR without acceleration [40]. There is still room for improvement in the design and shape of 
individual coil elements, as these were not optimized in length versus diameter. Furthermore, 
overlapped designs [9,10] could have a different optimal number and size of coil elements at 
7T as compared to SENSE specific gapped designs [35,36]. More advanced coil arrangements 
and designs, for example using a combination of different coil sizes and overlap, may 
outperform our proposed setup in the future. This could lead to other, potentially even higher 
acceleration factors, as demonstrated with single echo acquisition techniques [19].

Future and technical considerations of 256 channels
From a practical point of view, a number of engineering challenges may emerge with respect 
to the construction of a 256 channel coil. First, small coil elements are required, so they can 
cover the head in a quantity of 256. In this study, small 1.5 x 2 cm2 sized elements were used 
which can be fitted tightly over the head. 
Second, the receive pipeline connecting the 256 channel array should also be physically able 
to connect and subsequently preprocess the signal from all these channels. A digital receive 
pipeline seems essential, because it enables information from multiple receive channels to be 
transported through one fiber optic cable. The design goal is to convert the signal from analog 
to digital as early in the receive pipeline as possible, minimizing the amount of RF cables, their 
length and thereby cable coupling. Preamplifier boards can be designed to be small enough 
to be stacked tightly in the scanner bore behind the head coil, reducing the excessive use of 
cables. 
Third, a large number of independent receiver channels can also have practical limitations in 
terms of handling and processing a substantially larger amount of independent data streams. 
In particular, reconstruction speed can decrease considerably. At the same time, however, 
digital receive and computer hardware are evolving to be able to handle these kinds of data 
flow. Furthermore, data size reduction techniques, such as array compression [46] have proven 
to be very effective in reducing data size even before image reconstruction. 
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Conclusion
Overall, the results showed superior receive performance of the simulated 256 channel receive 
array on acceleration performance. This holds not only in comparison to the standard 32 
channel head coil, but also as compared to other reported high density receivers in literature. 
The results in this study suggest that the benefits achieved in spatial and temporal fMRI 
resolution by using the high-density 32 channel configuration, can be extended to 256 
channels with full head coverage. In conclusion, the simulated 256 channel head coil shows 
great acceleration possibilities. Together with 2D CAIPIRINHA, a peak acceleration factor of 28 
can be achieved, revealing high potential for whole brain high density receive arrays combined 
with fast parallel imaging acquisition methods to measure brain function at high spatial and 
high temporal detail. 
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Abstract 

Patent summary: The herein described invention relates to a gradient system and method 
that allows for a spatial encoding gradient driven at high (> 10 kHz) or ultrasonic (≥ 20 
kHz) frequencies in order to achieve fast slew-rate high-strength spatial encoding gradients 
without generating vibration in the auditory range and without inducing peripheral nerve 
stimulation. 

Rise time is proportional to inductance, therefore gradient coils that minimize inductance 
per generated magnetic-flux density, allow for faster switching rates. Such a system can 
be implemented, for example as an insert gradient coil (in 1, 2, or 3 axis) to augment the 
in-bore gradient system in close proximity to the head or imaging target. Such a system 
may exclude counter-windings, creating a minimum inductance for a given magnetic flux 
density. The use of spatial encoding gradients at increased drive frequency reduces the 
moment of inertia and thus magneto-mechanical vibrations, and therefore allows for more 
light-weight construction of coils and elimination of counter-winding for self-shielding coils. 

An embodiment of the presented invention is the use of high-frequency gradients in 
combination with 3 phase encoding directions and receive coil spatial sensitivity profiles, to 
enable parallel imaging with acceleration in 3 dimensions. 
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Application No./Patent No.: 17020058.8 - 1568
Date of filing: 17-02-2017

Method and apparatus for ultrasonic gradients in magnetic resonance imaging

The present invention relates to magnetic resonance imaging, more specifically the spatial 
encoding gradients of the magnetic resonance system.

Magnetic resonance imaging (MRI) is performed on an MRI scanner. An MRI scanner typically 
consists of a large static magnetic field B0, a set of radio frequency coils or antennas for 
generating an alternating magnetic field B1 and collecting the MR signal, and a set of gradient 
coils to allow spatial encoding on the B0 field which is required for tomographic imaging. 

Spatial encoding of the MR signals is achieved by fast switching of three orthogonal magnetic 
field gradients (X, Y, Z) located in the scanner bore that surrounds the body, often combined 
with encoding caused by coil sensitivity profiles. Current state of the art, involves driving 
spatial-encoding gradients in the kHz range (0-10 kHz) as specified in US 5610521A. Given 
that the gradients are driven in the auditory range (<<20 kHz), considerable efforts have 
gone towards methods for reducing the noise caused by the Lorenz forces induced in and by 
the switching gradients. One such method, disclosed in DE 102004042100 A1, incorporates 
vibration dampening material in order to reduce the noise. Additional methods incorporate 
counter-wound turns, concentric to and in series with the gradient coil windings, tightly coupled 
to the same rigid mass, creating a self-shielding structure in which the magneto-motive forces 
are anti-phase and therefore cancel, for either primary gradients as in DE 102004042100 A1 
or for an insert gradient, such as US 5235279 A.

To boost the MRI spatiotemporal resolution, the gradient system needs to be driven faster and 
stronger, in other words with higher gradient slew-rates (T per m per s) and higher gradient 
strengths (mT per m). The other means of spatial encoding by coil sensitivity profiles is limited 
by enhanced g-factors (noise amplification due to spatially correlating sensitivity profiles). 
At present, the gradient performance is mainly limited by uncomfortable peripheral nerve 
stimulations (PNS) induced by too fast switching of a strong magnetic field gradient. Switching 
of the gradients induces electrical fields and currents in conducting tissue, such as muscles 
and nerves, and may result in nerve depolarization and ultimately nerve stimulation. A viable 
strategy for faster and stronger gradient coil performances while preventing nerve stimulation 
is I) to reduce the extent of the gradient field and thus the associated electric field and II) to 
reduce the switch times below the PNS threshold (IEC guidelines).

For improved spatiotemporal resolution of MRI it is necessary to increase spatial encoding 
gradient strength and switching speed, which are currently limited primarily by the need to 
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minimize peripheral nerve stimulation. Spatial gradient systems generated vibration in the 
auditory range, requiring rigid housing for dampening the vibration and minimizing the risk 
of hearing damage. The herein described invention relates to a gradient system and method 
that allows for a spatial encoding gradient that can be driven at ultrasonic frequencies (≥ 20 
kHz) as in claim 1, or high frequencies (> 10 kHz) as in claim 2, to provide high resolution 
MRI, and thereby overcome the aforementioned limitations of conventional gradient systems. 
Inductance is proportional to the ramp time, therefore gradient coils that minimize inductance 
per generated magnetic field have shorter rise times and thus allow for faster switching rates. 
The present invention provides the following advantages over the state-of-the-art: vibrations 
occurring from fast-switching gradients are outside of the range of human hearing as in claim 
1, voltage requirements of the gradient signal generators are diminished due to less copper 
windings as in claim 3, the moment of inertia caused by the short duration of the Lorentz 
forces on the gradient system are reduced thereby allowing for a less robust and lighter weight 
housing as in claim 6, peripheral nerve stimulation is no longer a limiting factor (occurs at > 
100 μs) as in claim 7, and such a system, capable of fast-switching strong gradients, results 
in a greatly increased MRI temporal resolution, particularly when combined with high density 
receiver coil arrays (as in claim 8) and existing state-of-the art scanning techniques (as in claim 
9) and high power gradient amplifiers. 

Herein after, further details of the present invention will be given in the context of specific 
embodiments, though are not limited by the scope of the presented embodiments. 

An embodiment of the invention is an insert gradient coil (in 1, 2, or 3 axis) to augment the 
in-bore gradient system, in close proximity to the head or imaging target as in claim 4, and 
may exclude counter-windings, and thus create a minimum inductance for a given magnetic 
flux density. A further embodiment of the invention described in claim 1, wherein the windings 
of the high frequency (> 10 kHz) gradient coil are made of hollow tubings to allow fluid-based 
cooling as in claim 5. 

In order to also maximize spatial resolution in the presence of the fast-switching gradients, an 
additional direction of spatial encoding can be added with high density RF coil receiver arrays. 
Phase encoding is done on a larger time-scale than readout (aka frequency) encoding, and 
therefore more amenable to acceleration. So far, receiver arrays have been used to accelerate 
in either 1 or 2 --and in the rare-case 3-- phase encoding directions, but for MRI never in the 
readout direction. Moving from 1 dimension to 2 dimensions already boosted acceleration 
at preserved g-factor. When increasing to 3 dimensions, acceleration can be increased even 
further without sacrificing g-factor. The reason for accelerating in 3 directions is that the 
number of useful samples that can be obtained during one lobe of the ultra-fast EPI readout 
is limited, and may be less than required for high spatial resolution. Here we propose to 
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use phase encoding in 3 dimensions in addition to the readout in one dimension to further 
enhance spatial resolution. 

For clarity we provide an example embodiment of the presented invention of an ultrasonic (20 
kHz) z-direction gradient head insert, such as shown in Figure 15, used in combination with 
the x-, y-, and z-gradients of the MRI scanner for brain imaging. 

For a 3D MRI with a spatial resolution of 2 mm x 2 mm x 1 mm (x, y, z) with a field of view 
of 15 cm x 15 cm x 20 cm using a z-gradient of 160 mT/m and slewrate of 13000 T/m/s, a 
suitable bandwidth is 15 cm x 166 mT/m x 42.5 MHz/T = 1 MHz. A 20 kHz z-gradient provides 
25 microsecond lobes, thus 25 data points per lobe (1 MHz x 25 μs). Current state of the art 
gradient amplifiers can provide 2 kV and 1 kA, hence can drive a copper-wound head gradient 
coil 1 as seen in Figure 14. For a typical T2* contrast a 60 ms acquisition window can be used; 
this provides 240 z-lobes with a 20 kHz z-gradient. Adding a constant z-gradient during the 
readout period facilitates additional phase encoding in this z-dimension. Accelerating 4 fold 
in z-direction using an array of coils that provide different sensitivity profiles along z then 
requires only 2 phase encode steps in the z direction to end up in 2 x 4 x 25 = 200 data points 
in z-direction. Adding a blipped or constant phase encoding in the y-direction could facilitate 
15 lines and using coil sensitivity profile differences in the y-direction may extend 5-fold into 
a y-direction resolution of 2 mm. Finally, using a slow low power EPI train in x-direction can 
generate 15 or even 8 lines if half k-space scanning is used that can translate in a spatial 
resolution of 2 mm in x-direction as well. A simplified representation of a pulse sequence of 
this example is shown in Figure 16 and the corresponding acquired k-space (excluding coil 
sensitivity acceleration) in Figure 17.

Additional embodiments of the present invention incorporate high-frequency or ultrasonic 
switching gradients in more than one direction, such that readout trajectories through k-space 
are not limited to those presented herein.
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Claims

1. A method of operating a magnetic resonance imaging (MRI) system having a gradient 
coil, characterized by driving the MRI field gradients above the human auditory range ( 
= or > 20 kHz). 

2. The use of frequencies above 10 kHz for driving MRI spatial encoding gradients. 

3. A magnetic field gradient coil system comprising of coils that provide at least one axis of 
spatial encoding in which one or more of the coils are designed with minimal inductance 
such that the coil(s) can be driven at high frequency (> 10 kHz) and due to the minimal 
inductance require limited voltage. 

4. A gradient system as in claim 3 in which one or more axis of spatial encoding is implemented 
all or in part as a gradient insert coil. 

5. A magnetic field gradient coil system comprising of coils that provide at least one axis of 
spatial encoding in which one or more of the coils are driven at high frequency (> 10 kHz) 
and are made of hollow conductors to facilitate efficient cooling. 

6. A magnetic field gradient coil system comprising of coils that provide at least one axis of 
spatial encoding characterized in that the intended use of the coils is for high frequency 
switching gradients (= or > 10 kHz) and therefore can be made lightweight due to the 
reduced moment of inertia associated with shortened duration of Lorenz forces as the 
drive frequency is increased. 

7. A method of operating spatial encoding gradients for MRI characterized by the use of 
high frequency switching gradients in order to prevent peripheral nerve stimulation. 

8. The use of an array of RF receivers to extend the spatial encoding of high frequency (>10 
kHz) switching of gradient fields MRI readout of EPI or any trajectory through k-space of 
any dimensions. 

9. A method as in claim 8 in which g-factors get minimized and parallel imaging encoding 
schemes (e.g. CAIPIRINHA) become more effective from 3D acceleration. 
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In drawings: 

Figure 14: Copper windings (1) as an embodiment of the presented invention. The embod-
iment provides one-axis of spatial encoding above 10 kHz, in which coil inductance is min-
imized by the lack of a return section or self-shielding counter-wound section. The copper 
windings (1) are shown in Figure 14a. In Figure 14b the copper windings are mounted on a 
former (2) a structure that supports the gradient windings. It is lightweight in accordance 
with claim 6.

Figure 14a

Figure 14b



Chapter 4

58

Figure 15: An embodiment of the invention as described in claim 4. A single axis of spatial 
encoding is implemented as an insert high-frequency gradient, with the high-frequency gra-
dient winding (1) mounted on a lightweight structure (2) that is contained within a housing 
(3) which can be mounted on an MRI scanner bed. The housing (3) also contains an RF coil (4) 
and an RF shield (5) embedded in the gradient coil structure (2).
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Figure 16: A simplified representation of the gradient waveforms of an accelerated 3D single 
shot EPI trajectory. Gradient Z1 is performed at an ultrasonic frequency. Gradient X and Y are 
performed at frequencies in the acoustic range, but with a low amplitude. Gradient Z2 ensures 
an additional phase encoding in the readout direction.

Figure 17: A 2D simplification of the k-space trajectory of the sequence shown in Figure 16. 
Each line represents the acquisition during a single lobe of the magnetic gradient field switch-
ing at a frequency of 20 kHz.





Chapter 5

Maximizing sensitivity for fast GABA edited 
spectroscopy in the visual cortex at 7T

Based on publication: Hendriks A.D., Fracasso A., Arteaga de Castro C.S., et al. 
Maximizing sensitivity for fast GABA edited spectroscopy in the visual cortex at 
7T. NMR in Biomedicine. 2018;31:e3890. DOI: 10.1002/nbm.3890

Arjan D. Hendriks, 
Alessio Fracasso, 

Catalina S. Arteaga de Castro, 
Mark W.J.M. Gosselink, 

Peter R. Luijten, 
Natalia Petridou, 

Dennis W.J. Klomp



Chapter 5

62

Abstract 

Introduction: The combination of functional MRI (fMRI) and MRS is a promising approach 
to relate BOLD imaging to neuronal metabolism, especially at high field strength. However, 
typical scan times for GABA edited spectroscopy are of the order of 6-30 min, which is long 
compared with functional changes observed with fMRI. The aim of this study is to reduce 
scan time and increase GABA sensitivity for edited spectroscopy in the human visual cortex, 
by enlarging the volume of activated tissue in the primary visual cortex. 

Methods: A dedicated setup at 7T for combined fMRI and GABA MRS is developed. 
This setup consists of a half volume multi-transmit coil with a large screen for visual 
cortex activation, two high density receive arrays and an optimized single-voxel MEGA-
sLASER sequence with macromolecular suppression for signal acquisition. The coil setup 
performance as well as the GABA measurement speed, SNR, and stability were evaluated. 

Results: A 2.2-fold gain of the average SNR for GABA detection was obtained, as 
compared with a conventional 7T setup. This was achieved by increasing the viewing angle 
of the participant with respect to the visual stimulus, thereby activating almost the entire 
primary visual cortex, allowing larger spectroscopy measurement volumes and resulting in 
an improved GABA SNR. Fewer than 16 signal averages, lasting 1 min 23 s in total, were 
needed for the GABA fit method to become stable, as demonstrated in three participants. 
The stability of the measurement setup was sufficient to detect GABA with an accuracy of 
5%, as determined with a GABA phantom. In vivo, larger variations in GABA concentration 
are found: 14-25%. 

Conclusion: Overall, the results bring functional GABA detections at a temporal resolution 
closer to the physiological time scale of BOLD cortex activation.

Keywords:  fast edited spectroscopy, fMRS, half volume coil, MEGA-sLASER, visual 
cortex, γ-aminobutyric acid (GABA)
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Introduction
Blood-oxygenation-level-dependent (BOLD) functional MRI (fMRI) is the most widely used 
technique to measure brain function non-invasively in humans. BOLD measurements capture 
neuronal activity indirectly, via changes in blood flow, volume, and oxygenation [1,2]. These 
changes arise from local changes in neuronal activity and metabolism. The relationship between 
BOLD signals and excitatory neuro-metabolic processes has been studied extensively; however, 
the relationship between BOLD signals and inhibitory neuro-metabolic processes is less well 
understood [3-5]. One of the key inhibitory metabolites is γ-aminobutyric acid (GABA), which 
is the main inhibitory neurotransmitter of the brain and is believed to have a direct impact on 
BOLD contrast through regulation of neuronal firing rates [6-8]. In the human brain in vivo, the 
relationship between GABA and BOLD signals has been investigated in studies that combined 
fMRI and MRS [7,9-15]. 

Edited GABA spectroscopy is a commonly used technique to measure GABA levels [16]. 
With edited spectroscopy it is possible to separate the GABA signal from the signal of other 
metabolites. Faster non-edited, short echo time MRS techniques have been used for functional 
measurements of other metabolites as well, but often lack reliable quantification of GABA, 
because of contamination from overlapping resonances [17]. 

In order to further relate BOLD signal to GABA, it is desirable to measure GABA changes 
within the time scale of BOLD changes, meaning short scan times. Short scan times enable 
the measurement of rapid changes in GABA levels that are induced by specific cognitive tasks 
carried out by the participant inside the scanner [9,12,18]. Typical scan times for GABA edited 
spectroscopy reported in literature are of the order of 6-30 min [16], which is impermissibly 
long when compared with functional changes observed with fMRI. To further reduce scan time 
of GABA edited spectroscopy, the measurement method needs to be highly sensitive to GABA, 
allowing reduction of scan time per measurement.

At high magnetic field strengths, such as 7T or higher, the combination of BOLD fMRI and 
GABA MRS is particularly promising, because both BOLD contrast and MRS sensitivity are 
enhanced. This gain in sensitivity at high field can be traded for shorter measurement times. 
Nevertheless, even at high field, the sensitivity for functional GABA edited spectroscopy might 
not be enough. A seemingly simple solution to increase spectroscopic sensitivity is to increase 
the voxel size. However, when interested in specific regions of the brain, or regions that only 
contain tissue stimulated by a task, the voxel size must be limited by the corresponding physical 
brain shapes or by the maximal regional extent of stimulated tissue.

The aim of this study is to reduce scan time and increase GABA sensitivity for edited spectroscopy 
in the visual cortex. To realize this aim, a dedicated coil setup for a high field strength (7T) MRI 
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scanner was developed with a large projection screen. We focus on the visual cortex, because 
it is well characterized and it can be stimulated in a well-controlled manner. The developed 
setup consists of a multi-transmit head coil and high density receive arrays. The setup is 
developed for combined fMRI and GABA MRS at 7T in the visual cortex. The setup facilitates 
a clear visual view to a large screen, enabling a wide radial visual stimulus with a large visual 
angle. We expect that a stimulus with a large visual angle can activate a large cortical volume, 
which enables a large voxel size for spectroscopy, resulting in an enhanced GABA signal-
to-noise ratio (SNR). GABA measurements are performed with a MEGA-sLASER sequence 
with macromolecular nulling. The sequence is modified to include frequency offset corrected 
inversion (FOCI) editing pulses, enhancing GABA detection and spatial localization [19]. This 
setup enabled us to measure individual GABA concentrations over a short period of time. The 
effectiveness of the approach to achieve short scan time is evaluated in two steps. First, the 
coil setup performance with visual stimulus is assessed, by mapping the extent of activation 
in primary visual cortex (V1) and by determining the corresponding increase in spectroscopy 
voxel size. Second, the achievable SNR, speed and stability of the GABA measurements are 
assessed by performing multiple repetitive GABA measurements in the same region.

Design

Coil setup and MRS sequence design, rationale

Three important aspects were taken into account for the design of the setup. First, the size of 
the projected visual stimulus, and corresponding visual angle of view of the subject, directly 
influences the size of visual cortex tissue volume that can be activated [20]. An increased 
visual angle of view of the participant, for example due to an increased screen size, leads to 
activation of a greater part of the visual cortex. When measuring GABA in this greater part of 
the visual cortex, the acquisition volume (size of the single voxel) can be increased, which in turn 
delivers a stronger GABA signal with an enhanced SNR. The gain in GABA SNR can be used to 
reduce the GABA spectroscopy acquisition time. As an additional advantage, by increasing the 
amount of stimulated tissue, the interference of signals arising from non-stimulated tissue can 
also be minimized. At high field, the elongated scanner bore together with closed transmit coil 
configurations decreases the maximum projection size for visual stimulation. Often, multiple 
mirrors and prisms have to be used, at the cost of reducing the participant’s visual angle. Half 
volume multi-transmit coils that are specialized for the visual cortex do not have this drawback, 
and have recently been shown as a promising research tool for functional imaging [21]. The 
concept of an open half volume coil design [22-27] is used in this study to construct a setup 
that enables visual stimulation with a large visual angle. 
Second, B1 field uniformity over the acquisition volume is needed to reach the desired flip 
angle, which is especially important for GABA spectroscopy, in which editing pulses assume a 
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uniform B1 field. Using multiple RF transmit coil elements in parallel can significantly improve 
B1 field uniformity of high field MRI [28]. Therefore, the half volume coil was built with multiple 
channels for RF transmission to optimize B1 uniformity. 
Third, an optimized MEGA-sLASER sequence was implemented for enhanced GABA detection 
[29]. The sequence includes macromolecular nulling to minimize the contamination of 
the GABA signal by macromolecules. To optimize sequence performance, we employed 
frequency offset corrected inversion pulses (FOCI) as a means to increase the bandwidth of 
adiabatic pulses [19], reducing chemical shift displacement artifacts, thus improving the spatial 
localization of GABA signals.

Coil setup specifications
A dedicated coil setup was constructed for a 7T MR system (Philips, Best, The Netherlands). 
The setup (Figure 18) consists of a shielded open half-cylinder multi-transmit head coil with 8 
transmit elements. The 8 transmit elements are oval-shaped, with a size of 16x10 cm, facilitating 
B1

+ shimming in three dimensions. Each element is matched to 50 Ω at 298 MHz when loaded 
with the participant’s head. The transmit elements are arranged on the half cylinder with their 
direction to the back of the head (Figure 18b). Four elements are aligned along the direction 
of the B0 field and two pairs of two elements orthogonal to the field (Figure 18c). To maximize 
inductive decoupling of the elements with their nearest neighbors, all elements are positioned 
with a partial overlap to their adjacent elements. The overlap was determined by minimizing 
the S12 coupling in pairs of two, beginning with the center two elements followed by the paired 
orthogonal elements. This was done separately for each pair, without the other elements 
present. Subsequently, the overlap of the two orthogonal pairs to the center pair of elements 
was optimized by minimizing the S12 coupling between the pairs. Finally, the outer two elements 
were positioned with an overlap to the orthogonal pairs of elements such that S12 between 
the outer and the neighboring pair of elements was minimized. The elements are made of 
printed circuit board material and incorporate PIN diodes for detuning during receive. The 
RF coils are all actively detuned. The transmit elements are detuned during the receive phase 
and the receiver coils during the transmit phase. The elements are embedded in plexiglass. 
The surrounding U-shaped casing is custom made out of 6 mm thick polyoxymethylene, while 
aluminum foil was used as RF shielding to prevent coupling to the cables and conductors in 
the patient bed. The transmit elements are connected to two 4 kW and six 1 kW amplifiers via 
ceramic cable traps tuned to 298 MHz and transmit-receive switches. The amplifiers can be 
controlled in amplitude and phase for RF shimming over the visual cortex with a target B1

+ of 
20 μT. 
A projection screen, with bars of adjustable length embedded in the coil casing, is mounted 
at the back of the coil. The screen size is 35 cm high by 56 cm wide, just small enough to fit in 
the scanner bore. A 17x20 cm2 mirror is mounted on top of the coil casing on sliding bars that 
can be used to adjust the mirror location with respect to the participant’s eyes (Figure 18a,b). 
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Using back-projection of visual stimuli, the size of the projection achieved is 17x24 cm2. The 
mirror can be positioned approximately 10 cm from the participant’s eyes and angulated at 
45°, resulting in a visual angle of more than 60°. 
The receive part of the setup consists of two high-density 16-channel surface arrays (MR Coils 
B.V., Zaltbommel, The Netherlands). The high density receive arrays with small coil elements fit 
tightly on the participant’s head, and are used to produce high resolution, high SNR, fMRI and 
MRI scans, with a receive depth extending several centimeters from the coil elements [30,31]. 

Reference setup specifications
The performance of the custom-made coil setup was examined relative to the standard head 
coil setup of our 7T system. The standard setup consists of a dual-channel volume transmit 
coil in combination with a 32-channel receive head coil [32] (Nova Medical, MA, USA). The 
projection screen for the standard setup at our site is located at the front of the transmit coil 
and visible through prism glasses and a mirror at approximately 30 cm from the participant’s 
eyes (Figure 19a). Using back-projection of visual stimuli the projection size achieved is 9 x 15 
cm2 yielding a visual angle of approximately 11°.

Methods
The half volume coil setup was evaluated in two steps. First, the coil setup performance was 
evaluated by performing GABA measurements in four participants and fMRI in one participant, 

Figure 18: Overview of the half volume coil setup. The transmit coil is open (u-shaped), al-
lowing a visual stimulation with less mirrors and a large visual angle. Displayed is (a) a pho-
tograph of the coil setup in which the main components are labeled, including the 16 channel 
receive arrays, (b) a photograph of the coil setup without the receive arrays in place, showing 
the actual transmit elements, and (c) the transmit element arrangement in a schematic flat 
view, to illustrate the relative position of the 8 transmit elements to each other in more detail. 
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focusing on the spatial extent of visual cortex activation and corresponding maximal achievable 
size of the GABA voxel. These results were evaluated relative to the standard head coil setup 
of our 7T system. Second, the SNR, speed, and stability of the GABA measurements were 
assessed by carrying out multiple repetitive measurements with the half volume coil setup in 
three participants at rest and in a phantom. All participants gave informed consent, and the 
work was approved by the Medical Ethics Committee of the University Medical Center Utrecht.

Preparation and shimming

Before acquiring the fMRI and GABA scans, a number of preparation steps were performed. 
A T1-weighted scan was acquired for both setups as anatomical reference (3D gradient echo, 
TE/TR = 2.1/4.5 ms, flip angle of 5°, 2x2x2 mm voxel size, 250x250x198 mm3 FOV, 99 sagittal 
slices, and a duration of 1 minute). For the half volume setup, an extra preparation phase 
was performed to shim the B1 field on primary visual cortex (V1) based on 8 low flip angle 
gradient echo image series obtained by driving a different transmit element each time (multi-
slice gradient echo series, with a TE/TR of 0.85/15 ms, flip angle: 10°, 3.9x3.9x10 mm3 voxel 
size, 190x221x70 mm3 FOV, 7 slices, and a duration of 7 seconds). The resulting B1

+ level 
was assessed with a B1 map (AFI [33], 3D gradient echo, TE/TR= 2.2/25 ms, flip angle: 50°, 
3x3x3 mm3 voxel size, 176x220x27 mm3 FOV, 9 slices, and a duration of 1:47 minutes). The 
B1 shimming procedure was performed for each participant individually and lasted around 
10 minutes in total. B1 shimming was not performed with the standard head coil. As final 
preparation step for both coil setups, a B0 map of the posterior part of the brain was acquired, 
which was used for third order B0 phase map shimming (B0 map, 3D gradient echo, TE/TR = 
1.96/4.7 ms, flip angle: 10°, 2x2x2 mm3 voxel size, 190x190x70 mm3 FOV, 35 coronal slices, 
and a duration of 1 minute). The linewidth of the water peak after B0-shimming measured in 
the respective voxel, was on average 14±1 Hz (mean±sd) for the half volume coil setup and 
15±2 Hz for the standard setup. 

Coil setup performance
The coil setup performance was evaluated in terms of spatial extent of visual cortex activation 
assessed with fMRI and corresponding maximal achievable voxel size and SNR for GABA MRS 
measurements. The performance of the custom-made coil setup was examined relative to the 
standard head coil setup of our 7T system. For the coil setup comparison, 4 participants were 
scanned with both setups. Three participants were scanned with 3 GABA edited MRS scans 
of 5:30 min each (no fMRI). One participant was scanned with both fMRI and 2 GABA edited 
MRS scans of 5:30 min. 

fMRI acquisition

Visual stimuli consisted of a contrast-reversing checkerboard at 6 Hz, presented at full visual 
field to assess the spatial extent of activation in V1. The participant was instructed to fixate the 
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eyes on a central cross. The projection size was maximized according to the setup used. Full 
visual stimuli were presented in a block design with the contrast-reversing checkerboard 7 sec 
on/ 18 sec off. The duration of each run was 3.5 min. fMRI data were acquired using single-
shot echo-planar imaging (EPI), with TE/TR= 27/1800 ms, flip angle: 60°, 1.5x1.5x1.5 mm3 
voxel size, 160x170x53 mm3 FOV, and 35 slices orthogonal to the calcarine sulcus (Figure 19d). 

fMRI analysis

fMRI data were analyzed using AFNI [34]. Data were corrected for motion and drift, and active 
voxels were identified with correlation of the stimulus waveform convolved with the canonical 
hemodynamic response. Activation maps were obtained by thresholding the resulting 
correlation coefficient maps at p<10-5 uncorrected. The comparison between the activation 
maps of the two coils was performed by visual inspection of the spatial extent of activity in V1. 
To quantify the difference, an ROI analysis was performed as follows: The mean EPI image was 
computed for each fMRI time series, i.e. for each coil. A transformation matrix was obtained 
by co-registering the mean EPI images of the half-volume coil to the mean EPI image of the 
head coil using AFNI (3dWarpdrive function, rigid body transformation). This transformation 
matrix was applied to the correlation coefficient maps obtained for the half-volume coil data 
(3dAllineate function), bringing the activation maps of both coils in the same space. An ROI 
was selected on the mean EPI image of the head coil, encompassing that part of visual cortex 
which corresponds to the large MRS-voxel. Inside the ROI, the number of significantly active 
voxels were counted and compared between setups. 

MRS acquisition

A single voxel was positioned to approximately encompass the active regions in V1 in both 
hemispheres. GABA edited spectroscopy was performed using a MEGA-sLASER sequence. For 
each participant, consecutive MRS scans were performed during one scanning session with 
the half volume coil setup, the session was repeated on a different day using the standard 
head coil setup. Three participants were scanned with 3 GABA edited MRS scans for both 
receive setups. The used MRS acquisition parameters for these 3 participants were: TE/TR= 
74/5000 ms, spectral bandwidth: 4000 Hz, 32 odd-even pairs, 64 signal averages (NSA) 
and a total acquisition time of 5:30 min. The voxel size for the standard setup was 25x25x20 
mm3, and for the custom half-volume coil setup 40x30x30 mm3. Besides these 3 participants, 
one additional participant was scanned with both fMRI and 2 MRS scans, where the generic 
voxel size and location of the MRS scan was adapted to match directly to the activation area 
observed with fMRI. The same MRS acquisition parameters were used as described above, 
except for a voxel size for the half volume coil setup of 40x40x20 mm2, approximately spanning 
the fMRI activation maps (Figure 19, panels c,e,f,g). The MEGA-sLASER sequence combined 
two dual-banded editing pulses applied alternatively in odd/even acquisitions, to suppress the 
macromolecules and water signals simultaneously, while refocusing the 3.0 ppm GABA signal 
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[29]. FOCI pulses were implemented to increase the bandwidth of the adiabatic pulses [19]. 
Note that for an MEGA-sLASER sequence the acquisition of 1 editing pair, consists of 1 odd 
and 1 even spectrum, acquired over a period of 2 TR-intervals, which is counted as 2 signal 
averages (NSA). In addition to the water suppression of the two dual-banded editing pulses, 
VAPOR was applied with a window of 250 Hz. To also measure the water signal, each scan was 
preceded by an unsuppressed water pre-scan. No visual stimulation was applied for the MRS 
measurements. 

MRS data processing 

The spectra were processed using Matlab (MATLAB 8.3, MathWorks, MA, USA). The processing 
steps performed were: phasing and apodization (10 Hz), residual water removal by HLSVD 
fitting [35], retrospective frequency and phase alignment of the acquired NSA based on the 
choline and creatine signal [36,37], and lastly, adding the odd/even spectra resulting in an 
edited GABA spectrum [29]. Afterwards, the edited spectra were fitted to estimate the relative 
concentration of GABA and creatine (as a reference). The fit procedure was implemented in 
the same Matlab routine as the data processing steps. Fitting of the metabolite peaks was 
performed with an iterative Lorentzian fitting function, regulating peak amplitude, linewidth, 
frequency and offset (0th order baseline). For GABA, a double Lorentzian curve was fitted at 
3.0 ppm with 14 Hz peak splitting. The creatine signal was fitted in the metabolite spectrum 
(odd and even subtracted). This was done as a reference, and as validation of the editing 
procedure. Both the area under the metabolite peak and the Cramer-Rao lower bound (CRLB) 
were estimated in the fitting procedure. Reported SNR values were calculated in time domain 
(FID), by dividing the signal amplitude of the fitted metabolite (GABA or creatine) in time 
domain by the standard deviation of the noise at the end (last 15%) of the acquired FID signal. 
This is done to obtain a metric for SNR which is independent of line shape [38]. SNR was 
calculated for both coil setups, as spectral resolution of the GABA resonance was similar for 
both setups, the SNR gain was quantified as the ratio of the two SNR values.

SNR, speed, and stability of the GABA measurements
The SNR and stability of GABA measurements using the custom coil setup was assessed in 3 
healthy volunteers and a phantom. The minimum achievable scan time with the coil setup was 
assessed by the number of averages required to reach a stable fit of the GABA peak, given by 
the number of averages required for the Cramer-Rao lower bound (CRLB) of the fit algorithm 
to reach a plateau. The stability of the GABA measurements was assessed by bootstrapping 
sets of spectra and computing the variance of the fitted GABA peak. The detection limits of the 
measurement and accuracy of the fit procedure were evaluated on a phantom.
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Acquired spectra

MRS measurements were performed in 3 participants with a MEGA-sLASER sequence of 5:30 
min and a voxel size of 40x30x30 mm3. The parameters of the MEGA-sLASER sequence were the 
same as described above in the methods of the coil setup performance (A). The measurement 
was repeated 3 times per participant. Additionally, phantom measurements were performed. 
The phantom consisted of a 4 cm diameter ping-pong ball containing the metabolites GABA 
and creatine. A phantom with a small diameter was chosen, to avoid artifacts originating from 
standing waves. Standing waves can appear because the RF wavelength in a phantom at a 
field strength of 7 tesla is smaller than in vivo due to their dielectric differences. Because of the 
small diameter of the ball, the voxel size that could be fitted inside the volume of the phantom 
was 6 times smaller than that employed for the in-vivo measurements. To compensate for this 
difference in voxel size, a 6 fold higher concentration was chosen for the metabolites in the 
phantom (GABA: 6.6mM, creatine: 48mM) than assumed in vivo, matching the SNR between 
the phantom and in-vivo measurements. The MEGA-sLASER sequence parameters were the 
same as the in-vivo measurements, except for a voxel size of 17x20x17 mm3. The measurement 
was repeated 6 times. Processing and fitting of the spectra was the same as described above 
in the methods of the coil setup performance (A). Though, in the phantom no choline was 
present, therefore, in the processing steps, alignment was based on the creatine signal only. 

SNR and speed 

To assess the minimum achievable scan time for a stable fit of the GABA peak, the number of 
averages (NSA) was incrementally increased and fitted. The area under the metabolite peak 
and the Cramer-Rao lower bound (CRLB) were estimated in the fitting procedure. The number 
of spectra that were averaged increased incrementally in steps of 2, starting from 2 to 64 (the 
entire scan), and the CRLB and SNR were computed at each step. The CRLB was calculated 
according to Cavassila et al. [39] The minimum achievable scan time (speed) was assessed by 
the number of spectra required for the CRLB of the fit algorithm to reach a plateau. For the 
data in this study, the plateau was defined as a rate of GABA CRLB decay of less than 10% for 
all participants.

Stability 

To assess the GABA variation over a short period of time, a bootstrapping procedure [40] 
was employed. Bootstrapping was the preferred method, since the GABA peak was difficult 
to distinguish from noise for the spectrum obtained from one pair of edited data acquisition 
(2 NSA). With the bootstrapping procedure, an estimate could be obtained for the error and 
variance of GABA over a short period of time. In the bootstrap procedure, 500 random pairwise 
combinations of 16 NSA (8 pairs) were selected out of a total of 64 NSA (32 pairs). Consecutive 
odd/even acquisitions were kept together (per pair) during the randomization. Each selected 
combination was added and fitted, resulting in 500 fits of the GABA and creatine peaks. The 
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procedure was repeated to also bootstrap 32 NSA out of 64 NSA. The mean and standard 
deviation of the metabolite peak areas were calculated over the 500 fits (all bootstraps) to get 
an estimate for the error and variance of the metabolite peaks over a short period of time. 
Since the concentrations of the metabolites in the phantom do not change over time, the 
stability of the measurement method could be determined by applying the same procedure 
on the phantom measurements. 

Results

Coil setup performance

Figure 19a and b show the standard 32-channel head coil setup and half volume coil setup 
respectively. The shaded (Figure 19a) and illuminated (Figure 19b) parts of the projection 
screen give an estimate of the difference in visual field of view between the two setups. The 
visual field of view achieved with the standard 32 channel head coil (Figure 19a) gives rise 
to activation in a part of the primary visual cortex, as measured with fMRI (Figure 19c). The 
large visual field of view achieved with the half volume coil setup (Figure 19b) enabled a 
larger activation encompassing about the entire extent of V1 (Figure 19e). The spatial extent 
of activation was larger than that obtained with the standard head coil, most notable in the 
upper part of V1 (upper bank of the calcarine sulcus) due to the elongated screen height 
(Figure 19 c,e). The increased spatial extent of activity allowed for a 2.5 fold larger MRS voxel 
size comprising of tissue that would be uniformly stimulated (Figure 19 f,g). The benefits of 
the increased voxel size obtained with the new setup can be seen in the MRS spectra by a 
substantial increase in SNR. 
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Figure 19: Coil setup comparison of one participant. As reference, (a) the standard 32 channel 
head coil was used to compare with (b) the half volume coil. Both setups have a mounted 
screen for visual stimulation. The maximum visual field of view achieved with the setups 
(a,b) directly influences the extent of visual cortex activation as measured with fMRI (c,e). 
The fMRI activation map (correlation coefficient, p<10-5 uncorrected) is overlaid on a sagittal 
view of the mean image of the EPI time series. The positioning of the fMRI slices is indicated 
on a T1-weighted anatomical scan (d). Note that there is an increase in the extent of activation 
in the fMRI maps for the half volume coil setup (c,e), especially in superior-inferior direction. 
The added green lines mark the calcarine, specifically separating the upper and lower banks. 
The increase in activated tissue allows for a larger spectroscopy voxel of 40x40x20 mm3 (g) as 
compared to the voxel of the reference setup of 25x25x20 mm3 (f). The larger voxel size yields 
an SNR improvement of the GABA measurement, as can be seen in the two spectra (f,g). Both 
spectra consist of 16 NSA and are acquired in 1:23 minutes.
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Quantification of the increase in spatial extent of tissue activation and the increase in GABA 
SNR can be found in Table 4 and Table 5, respectively. The spatial extent of tissue activation was 
quantified as the number of active voxels in an ROI of equal size as the large MRS voxel. As can 
be seen in Table 4, the spatial extent of tissue activation for the half volume coil setup increased 
by approximately 19%, as compared to the standard 32 channel head coil. The GABA SNR was 
measured in 4 participants and the values can be found in Table 5. For the half volume coil 
setup, there is an increase in GABA SNR in all participants. The increase in GABA SNR varies per 
participant and is not directly equal to the increase in voxel size. Overall, the average increase 
in GABA SNR of the half volume coil over all participants is a factor of 2.2, as compared to the 
standard 32 channel head coil. 

Table 4: fMRI comparison between the two setups. The number of active voxels was counted 
in an ROI of equal position and size as the large MRS voxel

Reference setup 
(n)

Half volume  
coil (n)

Increase (%)

2470 2947 19%

Table 5: GABA SNR comparison between the two setups.

Participant 
no.

MRS scans 
per setup 

(n)

GABA SNR (mean±sd) SNR 
increase, 

factor

Voxel size 
increase, factorReference 

setup
Half volume 

coil
1 3 2.0±0.2 3.2±0.6 1.6 2.88
2 3 1.5±0.5 4.5±0.9 3.0 2.88
3 3 1.1±0.2 2.6±0.5 2.4 2.88
4 2 2.3±0.5 5.1±0.4 2.2 2.56
All 11 1.7±0.6 3.7±1.1 2.2 2.8

The resulting B1
+ map obtained after shimming over the visual cortex is shown in Figure 20. 

Note that a B1
+ of around 16 µT could be obtained in the visual cortex, despite the absence of 

transmit elements on the upper part of the head.
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Figure 20: A B1 map acquired with the half volume coil. Beforehand, the B1 field is shimmed 
for optimal performance in the back of the head, with a B1 value of around 16 µT. The size and 
position of the GABA voxel is also indicated (red square). 
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SNR, speed, and stability of the GABA measurements

Acquired spectra

As an initial step, the quality of the acquired spectra was evaluated by visual inspection. Figure 
21 shows an example of the acquired spectra after processing (phasing, apodization, alignment, 
addition of odd/even acquisitions) for the three participants, indicated in blue, green, and red 
respectively. Figure 21a-c, shows the edited spectra for one scan, per participant. For each 
scan 64 signal averages (NSA) are acquired. Note, that the GABA peak is clearly visible in the 
spectra of all three participants. To get an impression of the temporal fluctuation within these 
64 NSA, the data of each participant was split into 4 sets of 16 NSA, which are shown in Figure 
21e-g. These spectra appear noisier since they were computed from only 16 NSA. Still, the 
GABA peak can be distinguished in the spectrum, though, small differences in GABA peak area 
are hard to evaluate visually from these plots. 

Figure 21: Illustration of the acquired GABA edited spectra after processing. For all 3 partic-
ipants (blue, green, red), one scan consisting of 64 NSA is shown (a-c, bright colors). At 3.0 
ppm the GABA peak is clearly visible. Furthermore, each spectrum is split into 4 sets of 16 
NSA (e-f, light colors), to also inspect the temporal behavior of the GABA peak within one 
scan. Even though these spectra consist of only 16 NSA and are thus noisier, the GABA peak 
can still be distinguished. 
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The SNR improves with increasing number of averages, as expected for both GABA (Figure 
22b) and creatine (Figure 22e), and for both in-vivo and phantom measurements (solid and 
dotted lines respectively). The goodness of fit results for the in-vivo measurements (Figure 
22 c,f ) showed that approximately 16 averages are needed to reach a stable fit for GABA, 
and about 8 averages for creatine, as estimated by the required number of averages for the 
CRLB to reach a plateau. After 16 NSA, the rate of GABA CRLB decay is less than 10% for all 
participants. For the phantom measurements, less averages (<10) are needed for the CRLB to 
reach a plateau for both GABA and creatine. The required number of averages (NSA) must be 
multiple of 2, since one average (1 NSA) either contains an odd or an even editing spectrum. 

Figure 22: Spectral fitting, SNR and goodness of fit. On the left, an example of the spectral 
fit is displayed for both metabolites GABA (a) and creatine (d). The two graphs in the center 
(b,e) show the SNR with different averaging. In all cases, the SNR increases with the number 
of averages. The two graphs on the right-hand side (c,f) display the fitting error, as described 
by the Cramér-Rao lower bound (CRLB). Note that less than 16 NSA (indicated by a vertical 
dotted line) are needed for the GABA fit to become stable, as estimated by the required num-
ber of averages for the CRLB to reach a plateau. After 16 NSA, the rate of GABA CRLB decay 
is less than 10% for all participants. The acquisition of 16 NSA converts to a scan time of less 
than 1:23 min. 

SNR and speed

The analysis of the fitted spectral data of the phantom and the three different participants, is 
shown in Figure 22. GABA results are shown in Figure 22 a-c. Creatine results are shown as 
reference in Figure 22 d-f. An example of a spectral fit of GABA and creatine is shown in panels 
a and d respectively. The SNR and the fitting error (CRLB) were determined with different 
averaging, as shown in the graphs in Figure 22 b,c for GABA and e,f for creatine. 
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The corresponding scan time for 16 averages is 1:23 min, the full 64 averaged editing sets take 
5:30 minutes to acquire. 
The GABA concentration over time, for 3 repeated MRS scans in three participants at rest, 
is shown in Figure 23. The GABA concentration is displayed in reference to creatine, both, 
when averaging consecutive sets of 16 NSA (Figure 23a), and as a moving average (Figure 
23b) with a window of 16 NSA and a step size of 2 NSA. Each data point consists of 16 
NSA, corresponding to a short scan time of 1:23 minutes. Note that, in both graphs, the 
individual GABA concentration in reference to creatine fluctuates over time for repeated 
GABA measurements at rest. The observed variability of the GABA over creatine ratios can 
predominantly be attributed to the variability of the GABA concentrations, since the coefficient 
of variation of creatine is on average only 1.4% within scans, and 3.8% between scans (of 64 
NSA). To further assess the size and origin of the GABA fluctuations a bootstrap analysis is 
performed, determining the stability of the GABA measurements. 

Figure 23: GABA concentration over time referenced to creatine, as measured by 3 repeated 
GABA edited spectroscopy scans in 3 participants at rest. The GABA concentration is dis-
played (a) when averaging consecutive sets of 16 NSA, and (b) as a moving average with a 
window of 16 NSA and a step size of 2 NSA. Each data point consists of 16 NSA, correspond-
ing to a short scan time for GABA edited spectroscopy of 1:23 min. The individual GABA 
concentration at rest fluctuates over time. 
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Figure 24: Repeated MRS measurements of GABA (a-d) and creatine (e-f) for the phantom 
(a,c,e,g) and in-vivo (b,d,f,h). The graphs show the results for the repeated scans separately 
(6 for the phantom, 3 for each participant). To estimate the variation of the concentrations 
per scan, 500 bootstrap fits were performed. Results are shown for spectra consisting of 16 
signal averages (a,b,e,f) and 32 signal averages (c,d,g,h). The mean, standard deviation (error 
bar) and their ratio (percentage) across the 500 estimated GABA and creatine concentrations 
is shown in the graphs. Despite the same intrinsic SNR of GABA, the in-vivo levels show, per 
scan, higher fluctuations (16 NSA: 14-25%, 32 NSA: 8-16%) than the phantom results (16 
NSA: 5%, 32 NSA: 3%). 

Stability

The GABA stability results of the repeated spectroscopy measurements are shown in Figure 24. 
Both, 6 repeated scans in a phantom (Figure 24 a,c,e,g) and 3 repeated scans in 3 participants 
(Figure 24 b,d,f,h) are displayed. A bootstrap analysis is performed, both for averaging 16 NSA 
(Figure 24 a-d) and 32 NSA (Figure 24 e-h) out of a total of 64 NSA. For each data point, the 
relative metabolite concentration is plotted, as defined by the area under either the GABA 
(Figure 24, top row) or creatine peak (Figure 24, bottom row). The graphs show the results 
for the repeated scans separately (6 for the phantom, 3 for each participant). The error bars 
indicate the mean and standard deviation of the relative GABA or creatine concentrations 
computed from the 500 fits of the bootstrap procedure. The percentage displayed next to the 
error bars represents the ratio of standard deviation and the mean. For the phantom, this ratio 
of the standard deviation and the mean of the measured GABA concentrations is less than 5% 
for 16 NSA and less than 3% for 32 NSA (Figure 24 a,c). For creatine, this is less than 0.5% in 
both cases (Figure 24 e,g), which is similar to the total system stability. In-vivo, the ratio of the 
standard deviation and the mean of the measured GABA concentrations is between 14-25% 
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for 16 NSA and between 8-16% for 32 NSA (Figure 24 b,d). For creatine this is between 0.5-
2% for both 16 and 32 NSA (Figure 24 f,h). The variation of GABA is larger than the variation 
of creatine. 

Since the measured metabolite values (Figure 24) are relative concentrations, the ratio of 
GABA to other metabolites (Table 6 and Table 7) was also calculated to facilitate comparison 
with other studies. The GABA ratio is calculated with respect to the reference metabolite, 
creatine (Table 6), and water (Table 7). The GABA ratios for the 3 scans per participant are 
shown in both tables. Also, descriptive information is reported per participant, such as: the 
mean, standard deviation (SD), coefficient of variation (CV, %) and the absolute difference in 
terms of percentage (Abs Diff, % defined as the difference between first and last scan, divided 
by the mean signal of the participant). The last row shows statistics for the average over all 
participants, reported as the mean coefficient of variation and mean absolute difference. 
Note that the mean coefficient of variation over all participants for the GABA measurements 
when referenced to creatine is 18% (range: 14% – 25%) and when referenced to water it is 
16% (range: 13% – 20%). The mean absolute variation of GABA referenced to creatine is 33% 
(range: 23% - 50%) and referenced to water it is 30% (range: 24% - 38%). 

Table 6: Repeated measurements of GABA concentrations referenced to creatine, using a 
MEGA-sLASER sequence. The rows indicate the different participants. Columns 2 to 4 show the 
measured GABA ratios. The remaining columns show the calculated statistics, characterizing 
the variation in the GABA measurements. 

Participant GABA/cr (x10-2 IU) Mean SD CV (%) Abs Diff 
(%)Scan 1 2 3

1 4.94 3.90 3.95 4.27 0.6 13.7% 23.2%
2 4.30 5.74 5.68 5.24 0.8 15.6% 26.4%
3 7.28 5.80 4.34 5.80 1.5 25.3% 50.6%

Mean 18.2% 33.4%

IU, institutional units; SD, standard deviation; CV, coefficient of variation; Abs Diff, difference between first 
and last scan, divided by the mean. 

Table 7: Repeated measurements of GABA concentrations referenced to water, using a MEGA-
sLASER sequence

Participant GABA/H2O (x10-5 IU) Mean SD CV (%) Abs Diff 
(%)Scan 1 2 3

1 4.23 3.45 3.33 3.67 0.5 13.3% 24.2%
2 4.49 5.73 5.95 5.39 0.8 14.7% 27.3%
3 4.37 4.04 2.93 3.78 0.8 19.9% 38.0%

Mean 16.0% 29.9%

IU, institutional units; SD, standard deviation; CV, coefficient of variation; Abs Diff, difference between first 
and last scan, divided by the mean.
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Discussion
The aim of this study was to reduce scan time and increase GABA sensitivity for edited 
spectroscopy in the visual cortex. The developed half volume coil setup increased the spatial 
extent of fMRI activation, enabling an increase voxel size, yielding a gain in GABA SNR by a 
factor of 2.2 as compared to a conventional head coil setup at 7T. The gain in SNR can be 
exchanged for shorter acquisition times. Using this setup and the MEGA-sLASER sequence 
with FOCI pulses, we were able to obtain a reliable fit of the GABA peak in-vivo in 1:23 minutes. 
The stability of the GABA measurements, with the approach employed here, was sufficient 
to detect GABA with an accuracy of 3% in 2:45 min and 5% in 1:23 min, as determined 
with the GABA phantom. The GABA measurements show larger fluctuations in-vivo, than in 
the phantom, suggesting the influence of physiological variability. In-vivo, the concentration 
changes of GABA measurements were on the order of 18% per participant, which suggests 
that physiological variability might be substantially higher than the stability of the setup and 
approach presented. 

Our approach involved multiple avenues to enhance GABA MRS sensitivity. A half volume multi-
transmit coil was constructed and combined with a large screen for visual stimulation, enabling 
a projection size, with a visual angle, of more than 60 degrees. As no close fitting volume 
transmit coil was used, B1 shimming was performed with the constructed transmit array of the 
half volume coil. This resulted in a uniform field over the spectroscopy voxel, but also assured 
sufficient B1

+ to use the short adiabatic RF pulses, required for the optimized GABA acquisition. 
GABA MRS signal was acquired with a MEGA-sLASER sequence with macromolecular nulling 
and FOCI editing pulses to enhance the sensitivity and spatial localization of GABA signals. 
High density receive surface arrays were used for signal reception which yield a high SNR in 
the visual cortex, for a distance of several centimeters from the coil elements. The effectiveness 
of the constructed setup at 7T is discussed in more detail below. 

Coil setup performance
The achieved extent of tissue activation in the visual cortex with the half volume coil setup, 
as measured with fMRI, was larger than with the standard head coil setup, most evident for 
V1 (Figure 19 c,e). It is expected that this is caused predominantly due to the increased visual 
angle (larger presentation screen) of the half volume coil setup. The increased activated tissue 
volume encompassed about the entire extent of V1. The increase in active voxels within the 
voxel ROI was relatively modest, on the order of 19%, likely because other visual areas were 
also included in the ROI (such as V2 or V3). The difference in spatial extent of activation 
between setups was translated to 2.8-fold larger spectroscopy volumes containing stimulated 
tissue. The GABA spectroscopy comparison between setups showed a gain in SNR by a factor 
of 2.2 on average for the half volume coil setup. The increase in GABA SNR comes directly 
from the increased voxel size, which is possible due to a larger activated cortical volume when 
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using the half volume coil setup. The achieved gain in SNR can be used either to perform 
measurements with higher GABA sensitivity or to enable shorter measurement times. Though, 
the gain in GABA SNR of 2.2 did not scale linearly with the gain in voxel size of 2.8. This can 
be expected since the sensitivity profile of the surface receive coils decays towards the center 
of the brain, and the voxel size was expanded towards the center of the brain. The use of a 
dedicated coil setup for the back of the brain enhances the SNR close to the coils, but at the 
same time results in lowered SNR towards the center of the brain. 

SNR, speed, and stability of the GABA measurements
The SNR of the GABA measurements increased with the number of signal averages (NSA) 
as expected. The goodness of fit of the GABA peak also improved with the number of signal 
averages, as expressed by the CRLB, and became stable in less than 16 NSA, which can be 
acquired in less than 1:23 minutes. When comparing the 1:23 minutes acquisition time to the 
6-30 minutes typical scan times reported for GABA edited spectroscopy in literature [16], an 
approximate 4 to 20 fold improvement is achieved. However, when compared to the typical 
fMRI acquisition times of 1 to 4 seconds, there is still an order of magnitude difference. 
The stability and repetition accuracy of the 16 NSA and 32 NSA GABA measurement was 
5% and 3% respectively, as determined with a GABA phantom. This 3-5% variability in GABA 
measurements for the phantom data suggests that GABA changes of at least 3% can be 
detected within 2:45 minutes and 5% in 1:23 minutes, excluding physiological confounds. 
Then again, in vivo, the variability of the GABA peaks was substantially higher, both within 
and between repetitive GABA scans in all participants. The intra scan variability in GABA levels 
(variability within all averages of one scan) ranged from 8-16% (32 NSA) and 14-25% (16 NSA) 
in a period of 5:30 minutes. The inter scan variability (variation between consecutive scans) 
is larger (CV:18%, Abs Diff 30%) than the variation within one the scan (8-16% for 32 NSA, 
and 14-25% for 16 NSA). The variability of the GABA signals is substantially larger than those 
caused by intrinsic system noise and measurement instabilities, as assessed by the phantom 
measurements. The origin of this variability is unclear, however, given the much lower variability 
observed for the phantom measurements it could be of physiological origin. 
Noise and motion of the participant can affect the GABA level variation as well. However, 
a spectrum of poor quality due to motion of the participant would be averaged out in the 
bootstrapping procedure, which selects 500 sets of 16 or 32 NSA from a total of 64 NSA. 
Extreme artifacts of a single spectrum (1 NSA) per scan (5:30 min) would therefore not have a 
big impact on the results obtained for the in-vivo measurements. The larger voxel size might 
increase variability of GABA as well. Anatomically, a larger voxel includes more neurons. A 
larger pool of active and in-active neurons at different locations could possibly explain the 
increased physiological variations. In this study, the participants were asked to look at black 
presentation screen, but were free to close their eyes as well. This could be an additional 
factor of variation. The variability of GABA is larger than the variability of creatine, which can 
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be expected since the absolute concentration of creatine is in general almost 8 times larger 
than the concentration of GABA. Therefore, small absolute changes of creatine would be less 
visible in the large creatine pool. In case of GABA, small absolute changes would result in a 
big relative change of the total GABA concentration, since the total GABA concentration is low. 
When considering a physiological origin of the observed in-vivo variability in GABA levels, the 
results may imply that GABA changes of at least 8-16% may be needed in order to be detected 
in a functional MRS experiment. The high GABA variability impairs the possibility of detecting 
evoked GABA fluctuations, questioning the motivation to aim for GABA measurements with 
a high SNR and a short scan time. However, measurements that are performed with event 
related paradigms may still benefit, and may be able to identify evoked GABA fluctuations 
from background variability. Another reason for the of the observed in-vivo variability in GABA 
levels could be that the presumed resting state of the visual cortex during our measurements 
may not hold for GABA physiology. Consequently, new paradigms may be required to set the 
brain in resting GABA states in order to assess functionally induced alterations in GABA levels. 
Our result suggests that physiological alterations in GABA levels can occur within the duration 
of more common MRS acquisitions that average spectra over 6-30 minutes. However, further 
work is needed to confirm assumptions about the source of variability of GABA in-vivo. 

Methodological considerations
A number of methodological aspects have to be taken into account with respect to the coil 
setup design. Small surface coils tend to yield the highest SNR within their sensitive area, but 
their receive sensitivity is not very uniform and decreases with distance from the coils [41]. The 
high density surface coils used in the present setup allow for high sensitivity and SNR up to at 
least a 4-5 cm distance from the coil elements [30,31]. In the coil setup design, a choice was 
made to increase the visual angle by increasing the screen size. However, this approach can be 
argued. It may be possible to achieve the same visual angle with head coil mountable goggles 
near the participant’s eyes, minimizing the distance between the screen and the eyes of the 
participant [42,43]. Still, the electronics on the goggles should not interfere with the magnetic 
field, and the compatibility with a 7T scanner may be an issue. Another confound of large 
voxel sizes is the stronger demands on B1 and B0 shimming. To resolve this issue we adopted 
multi-transmit technology in the half volume coil design. Though, the limited availability of 
multi-transmit technology at 7T systems might be a drawback. In this study, B1 shimming 
is performed for each participant individually, which extended the scanning protocol with 
approximately 10 minutes. Though, when aiming for a short scan protocol, it is also possible 
to fix the transmit channels to one general setting. The spectroscopy scans are acquired with 
a peak B1 peak amplitude in accordance with the value found in the B1-map. If the value is 
lower than expected, the RF pulse durations in the sequence can become longer. With the 
current hardware there is still room for B1 field improvement, as the transmit channels are not 
yet maximally optimized in amplitude and phase settings. The refocusing RF pulses used in the 
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sequence are adiabatic RF pulses and are therefore less sensitive to B1 variations. However, the 
RF pulses used for MRS editing are conventional pulses, which can still be a source of variation. 
Despite the possible B1-field non-uniformity because of the large MRS voxel, we do expect it 
to be stable over time. So in that sense, it does not explain the variations we measure over 
time. As opposed to B1 shimming, the B0 shimming in the visual cortex is hardly compromised, 
particularly considering the broadened spectral lines of GABA due to inherent J-coupling. 
Finally, the voxel size is mainly enlarged towards the center of the brain, where the distance 
to the RF coils is greater. Consequently, the SNR may not linearly scale with the enlargement 
of the voxel. 

Technical comparison with other studies
Several studies have demonstrated changes in GABA levels between patient populations, 
however, less is known about short-term temporal (minute) GABA level fluctuations in 
individuals [16]. Repeatability studies that measure GABA over time [44-47] report lower 
fluctuations in GABA per participant with a CV of 4-12% (mean coefficient of variation, for 
GABA plus macromolecules (MM) referenced to either water or creatine at 3T). However, these 
studies use a MEGA-PRESS sequence, without macromolecular suppression. Macromolecular 
contamination can have a significant impact on the GABA results [48,49]. Two studies performed 
at 7T, which do incorporate macromolecular suppression show a higher GABA CV of 9.5% [50] 
and 13.6% [51], with a total acquisition time of 12:48 and 8:00 minutes respectively. In addition, 
a recent study performed at 3T which includes macromolecular suppression and motion 
navigation, reports a CV of 13.3 – 17.6% [52] with an acquisition time of 10:40 minutes. These 
values come closer to the CV of GABA variation found in our study of 16%-18%, acquired at 
7T in 5:30 minutes. In our study, we used macromolecular nulled GABA editing techniques 
that are obtained at a relatively short total acquisition time. When neglecting consequences 
of signal overlap, functional GABA MRS acquisitions may be obtained at even higher temporal 
resolutions using non-edited, short echo time MRS acquisition [53]. Similar as obtained for 
functional lactate MRS, these may reveal even faster GABA fluctuations in the visual cortex 
[54,55]. Despite the short echo time, care must be taken in assuming constant levels of 
overlapping resonances and fitting accuracies [49,56]. Short echo time MRS is more heavily 
dependent on data quality and fitting constraints for the quantification of GABA [17]. 

Studies that combine fMRI and GABA MRS are interesting from a fundamental point of view, 
because they may provide insight into the connection between neuronal metabolism and 
BOLD hemodynamics. Furthermore, they are also interesting from a clinical point of view, 
because imbalances in excitatory and inhibitory processes are believed to be implicated in 
several neuropathological conditions such as stroke, schizophrenia, autoimmune inflammation, 
Parkinson’s disease and epilepsy [7]. For the schizophrenia studies that focus on frontal cortex, 
the proposed setup with the advantages of a large screen, would not be beneficial. Though, 
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the application of the setup is widespread, as it can be extended to other brain regions, such 
as the temporal lobe where perception of objects and faces is based, which can be impaired in 
schizophrenia. Or it can be extended to other patient groups, for example neurofibromatosis 
type 1 patients in which a GABA deficit is present in the visual cortex [57]. In both cases our 
setup can enhance GABA sensitivity or reduce measurement time to approach measurements 
at a physiological time scale, gaining insight into the diseased brain system. 

Conclusion
The half volume setup enables an increase in the area of visual stimulation, allowing activation 
of almost the entire primary visual cortex (V1). Also, more than an average 2.2-fold SNR gain 
in GABA detection of stimulated tissue can be achieved, as compared to a conventional head 
coil setup. The SNR, speed and stability of the sensitivity optimized method employed at 7T is 
sufficient to detect GABA with an accuracy of 5%, within a fast scan time of less than 2 minutes, 
as determined in a phantom. This brings functional GABA detection at temporal resolutions 
that match closer to activation paradigms. However, the repetitive in-vivo measurements 
per individual show a large GABA variation of 14-25% at rest, suggesting a physiological 
origin. Overall, the results indicate new possibilities and considerations for GABA spectroscopy 
measurements in the field of human brain physiology. 
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Abstract

Summary: Energy metabolism of the human visual cortex was investigated by performing 
31P functional MRS.

Introduction: The human brain is known to be the main glucose demanding organ of 
the human body and neuronal activity can increase this energy demand. In this study we 
investigate whether alterations in pH during activation of the brain can be observed with 
MRS, focusing on the mitochondrial inorganic phosphate (Pi) pool as potential marker of 
energy demand. 

Methods: Six participants were scanned with 16 consecutive 31P MRSI scans at rest and 
during visual stimulation. Since the signals from the mitochondrial compartments of Pi 
are low, multiple approaches to achieve high SNR 31P measurements were combined. 
This included: a close fitting 31P RF coil, a 7T-field strength, Ernst angle acquisitions and a 
stimulus with a large visual angle allowing large spectroscopy volumes containing activated 
tissue. 

Results: The targeted resonance downfield of the main Pi peak could be distinguished, 
indicating the high SNR of the 31P spectra. The peak downfield of the main Pi peak is 
believed to be connected to mitochondrial performance. In addition, a BOLD effect in the 
PCr signal was observed as a signal increase of 2-3% during visual stimulation as compared 
to rest. When averaging the data over multiple volunteers, a small subtle shift of about 0.1 
ppm of the downfield Pi peak towards the main Pi peak could be observed in the first 4 
minutes (2 scans), but no longer in the 4 to 8 minute scan window. Indications of a subtle 
shift in resonance frequency of the mitochondrial Pi peak during visual stimulation were 
found, but this effect remains small and should be further validated. 

Conclusion: Overall, the down-field peak of Pi could be observed, revealing opportunities 
and considerations to measure specific acidity (pH) effects in the human visual cortex. 

Keywords:  31P MRS, phosphor spectroscopy, fMRS, visual cortex, mitochondrial 
inorganic phosphate Pi, pH
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Introduction
The human brain consumes a considerable amount of energy, and is known to be the main 
glucose demanding organ of the human body [1]. Neuronal activity can increase this energy 
demand, and can cause local pH changes via several mechanisms [2,3]. So, studying energy 
metabolism in the human brain should provide a direct assessment of neuronal integrity and 
functioning.

31P MR spectroscopy is often used to study energy metabolism in-vivo and non-invasively 
[4,5], for it can detect the energy products adenosine triphosphate (ATP), phosphocreatine 
(PCr), and inorganic phosphate (Pi). Moreover, using saturation transfer techniques, exchange 
rates between ATP and Pi can be determined [6], and acidity can be derived using the pH 
sensitive resonance position of the Pi signal. During muscle exercise, substantial alterations in 
PCr and Pi levels can be observed, as well as a clear shift of the frequency of the Pi signal that 
coincides with pH alteration. Even distinctions between Pi pools in mitochondrial, intracellular 
and extracellular compartments are visible due to their characteristic pH and thereby peak 
position in the 31P MR spectrum [7].

For several decades until now, no alterations of 31P MRS signal levels have been observed 
in the brain during activation, nor were alterations in pH observed, in contrast to the large 
activation-induced alterations of 31P MR signals in muscle. Under baseline hypoxia, neither the 
PCr/ATP and Pi/(Pi+ PCr) ratios nor intracellular pH levels in the brain were affected [8], despite 
the fact that blood oxygen saturation ranged from 0.95 to 0.83 reducing the blood’s capacity 
to deliver O2 to the brain as required for energy metabolism. Only chemical exchange rates 
during visual stimulation have been observed [6] and recently confirmed [9]. Obviously, the 
energy metabolism of the brain is strongly regulated and intracellular pH levels are controlled, 
for example through buffer processes such as the CO2/HCO3

− system. Because of these 
regulatory mechanisms, the magnitude of the neuronal activity induced pH changes is very 
small, so with MRS it could possibly only be detected as a small shift in peak frequency or 
minimal change in peak amplitude of Pi. A subtle shift in the intracellular Pi peak or amplitude 
alteration would be challenging to observe, as the 31P MRS peaks will get narrower line widths 
and higher amplitudes during stimulation caused by BOLD effects. Moreover, signals of 2,3-
DPG (2,3-diphosphoglycerate) from blood may contaminate the spectrum as demonstrated in 
cardiac MRS, as these have resonances close to the Pi peak [10,11].

In our study, we propose an alternative means to observe alterations in pH during activation 
of the brain. Rather than focusing on the total observed Pi pool, which is predominantly intra 
cellular, our study aims to observe pH alterations in the mitochondria. Distinction between 
mitochondrial Pi and intracellular Pi is possible due to their different acidic environments: 
pH of 7.8 in mitochondria (at rest) [12] versus 7.05 of the intracellular pool [13]. When the 
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chemical shift of PCr is normalized at 0 ppm, Pi at a pH of 7.8 would correspond to a chemical 
shift of 5.5 ppm, and Pi at a pH of 7.05 would correspond to 4.9 ppm. The spectral resolution 
is more than sufficient at a field strength of 7T to distinguish these two signals that have a 
chemical shift difference of 0.6 ppm (i.e. similar difference for phosphocholine (6.2 ppm) and 
phosphoethanolamine (6.8 ppm) that have demonstrated clear distinction at 7T) [14]. 

However, the pool size of Pi in mitochondria is substantially less than intracellular Pi, therefore 
the signal to noise ratio (SNR) has to be increased. With the use of SNR optimized RF coils for 
calf muscle 31P MRS at 7T, it has been demonstrated that the mitochondrial Pi pool reflects 
about 13% of the total observed intracellular Pi pool [7]. In fact, when taking a closer look at 
the first 31P spectra obtained from the human brain at 7T [15], a small peak down-field from the 
main Pi peak can be observed, albeit not labeled by the authors as such. Consequently, when 
optimizing SNR of 31P MRS in the human brain, the mitochondrial Pi pool may be detected. 

The SNR of the mitochondrial Pi signal can be improved at 7T in several steps. First, the 
volume of activated tissue can be enlarged. A large volume of activated tissue would enable 
the use of a large spectroscopy voxel size, resulting in an additional increase in SNR similar 
as recently observed for enlarged voxel measurements of γ-aminobutyric acid (GABA) using 
a setup with a large visual angle [16]. Secondly, the RF coil can be optimized for higher SNR. 
Using a tight-fit volume resonator, a uniform excitation can be obtained while assuring highest 
SNR in the center of the brain [17]. Moreover, when compared to surface coil transceivers, the 
uniform reception will reduce potential contamination from 31P signals from the large vessels 
close to the skull. Finally, it was demonstrated that the T1 relaxation time of mitochondrial Pi is 
about four-fold shorter than intracellular Pi [7], therefore short TR sequences can be used that 
maximize the SNR per unit of time. 

In this study, the above mentioned SNR optimization steps were implemented to investigate 
the behavior of the downfield Pi peak in the human brain of six healthy volunteers during visual 
stimulation. 

Methods
Six participants (5 male, 1 female, 24-43 year old) were scanned in a 7T Achieva system 
(Philips, Best, the Netherlands). The first participant was scanned twice: first to test the setup 
and scan protocols, and second to acquire data with an identical scan protocol as for the rest 
of the participants. All participants provided written informed consent, and the study was 
approved by the medical ethics committee of the University Medical Center Utrecht. 
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A dedicated custom coil setup was used with a large screen for projection of a stimulus with a 
large visual angle (Figure 25). The visual angle was around 40 degrees in height and more than 
70 degrees in width. The transmit/receive coil used was a tight fit (inner diameter = 23 cm), 
shielded quadrature birdcage coil, double tuned to both the 1H and 31P frequency. Ceramic 
floating cable traps tuned for 31P and 1H were used in series for both cables that run from the 
1H and 31P coil, via an RF splitter, to the narrow band transmit receive switches, quadrature 
hybrids and preamplifiers of the MRI system. 

B0 shimming of the visual cortex was performed by acquiring a 3D B0 map, and subsequently 
updating the currents in the shim coils with the calculated values from the first and second 
order harmonics that fit to the B0 maps. The B0 maps were obtained with TE = 1.54 ms, delta 
TE = 1 ms, TR = 4 ms, FOV = 240x180x157 mm3, spatial resolution = 3.75x3.75x3.75 mm3, and 
a total scan time of 16.2 sec. After B0 shim updating, the water frequency was determined from 
the visual cortex using the standard semi-LASER sequence implemented by the vendor [18]. 
The frequency was used to fix the carrier frequency of the 31P MR system during the remainder 
of the scan session.

Figure 25: The coil setup, which is equipped with a screen for visual stimulation. Displayed 
are (a) a photograph of the 1H-31P transmit-receive coil, (b) a photograph of the coil when the 
screen is mounted and (c) a schematic overview of setup during signal acquisition. Note that 
no mirrors and/or prism glasses are required for this setup, which enhances the visual angle 
of view with respect to the projected stimulus. 
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A pulse-acquire 31P MR sequence was used and configured with a short TR of 100 ms to obtain 
highest SNR per unit of time, while providing an acquisition window of 80 ms (512 datapoints 
at 6400 Hz) and a spectral resolution of 0.1 ppm. An Ernst-angle of 20 degrees was used, 
based on the estimated shortened T1 value of mitochondrial Pi of 1.4 sec, as obtained from 
literature [7]. The excitation pulse duration was set to 109 μs, and the pulse was amplified 
using the 4kW RF amplifier of the MR system. B0 gradient phase encoding steps of 400 μs were 
included to the sequence to provide 3D MR Spectroscopic Imaging (MRSI) in order to spatially 
distinguish the 31P MR spectrum of the stimulated visual cortex from the remainder of the brain 
(280x280x280 mm3 FOV, matrix size 8x8x8, 35x35x35 mm3 voxelsize). Hamming weighted 
averaging was applied with 6 averages of the center of k-space resulting in a scan-shot of 2:09 
minutes. For each participant a total of 16 consecutive 31P MRSI scans were acquired. 

Visual stimuli were projected in blocks of 4 scans (4 rest, 4 stimulus, 4 rest, 4 stimulus), as 
is shown in Figure 26. The visual stimulus consisted of a contrast reversing pattern at 8 Hz, 
which was comprised of curved-lines oriented in different directions, targeted to stimulate a 
big pool of neurons with varying orientation preference [19]. The stimulus was presented for 
8:36 min (4 scans) and was repeated after a rest period. The first subject was scanned twice 
to test the scan protocols. In the first session of the first subject a standard contrast reversing 
checkerboard at 8 Hz was used as visual stimulus. In the second session an identical visual 
stimulus was used as for the rest of the participants. 

After scanning, in post processing steps, the data was Hamming filtered in spatial domain 
and 1 voxel located in the visual cortex was selected from each 3D MRSI scan. The resulting 
spectra were phased using a fixed first order phase setting corresponding to the delay of 503 
μs between the center of excitation and the center of the first acquired data point. Manual 
zero order phasing was performed and fixed to the same setting for all spectra obtained from 
the same participant. Next, datasets were zerofilled to 4096 data points, apodized to 10Hz, 
aligned to PCr and averaged in three ways: 
First, four sets of 4 spectra were averaged for each individual participant (i.e. 4 rest, 4 stimulus, 
4 rest and 4 stimulus). From these averaged spectra, the BOLD effect to PCr is assessed by 
plotting the PCr peak over time. Second, the 16 individual consecutive scans were averaged 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

2:09 min 
8:36 min 

34:24 min 

Scan no. 
31P MRS 

Protocol
timing 

Rest Visual s�mulus Rest Visual s�mulusCondi�on

Figure 26: Overview of the scan protocol for the 31P MRS scans. Sixteen 31P MRS scans of 2:09 
minutes are acquired in 6 participants. Visual stimuli were projected in blocks of 4 scans (4 
rest, 4 stimulus, 4 rest, 4 stimulus). In total, the 31P MRS scans had a duration of 34:24 minutes.
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Figure 27: 31P MR spectra from the first scan session of the first participant. These spectra are 
obtained during rest and during visual stimulation with a checkerboard reversing contrast at 
8Hz. Each spectrum is an average of 4 consecutive scans of 2 minutes. A clear peak downfield 
from the intracellular Pi peak is indicated by the striped line (a). Upon closer inspection of 
the Pi,mi/ex peak, a small shift in frequency can be observed, particularly when comparing the 
first rest spectrum (bottom) with the first stimulus spectrum (second from the bottom). In 
addition, when comparing the rest spectra with the stimulus spectra, a line narrowing of the 
PCr peak can be observed reflected as ≈15% increase in PCr amplitude during stimulus (b).

over the 6 participants to assess temporal behavior of the mitochondrial Pi pool and pH. 
Matching blocks of either rest or stimulation were averaged to visualize the first 2 minutes, 
second 2 minutes and end of the stimulation block, to investigate possible dynamic changes 
of metabolites during the experiment. Third, all spectra were averaged per stimulation block 
over all participants. The relative amplitude of the mitochondrial Pi peak as compared to the 
main intracellular Pi peak was assessed using Lorentzian line fitting ( jMRUI version 3.0) with 
fixed prior knowledge on peak position and line width. 

Results
All included participants fitted in the RF coil and reported full visual view of the screen. In one 
participant the large visual field of view for visual stimulation is shown (Figure 25). The duration 
of the preparation steps such as planning and B0-shimming took less than 10 minutes, starting 
from the moment the participant was inside the MRI until the start of the first dynamic 31P 
MRSI scan. In one of the 6 participants, the automatic frequency determination was off during 
the preparation steps, thereby causing an off resonance of 1 kHz as compared to the spectra 
acquired from the other participants. As this offset is well within the bandwidth of the 109 μs 
RF excitation pulse (9.2 kHz), the dataset was still included in all analyses. 



Chapter 6

96

In the first scan session of the first participant, the scan protocol was tested revealing a clear 
resonance downfield of the main Pi peak (Figure 27a) indicating that the 31P spectra have a 
high SNR. Lorentzian fits of the two Pi peaks indicated that the signal integral of the downfield 
peak was 0.20 times the signal integral of the main Pi peak. Upon closer inspection, the 
frequency of the intracellular Pi peak at 4.85 ppm corresponding to a pH of 7.01 did not shift, 
while the mitochondrial Pi peak shifted at max 0.1 ppm up field during visual stimulation, 
corresponding to a shift in pH from 7.55 to 7.41. In addition, a clear BOLD effect in the PCr 
signal was observed, reflected as a signal increase of approximately 15% when comparing 
the spectra obtained during rest with the ones obtained during visual stimulation with the 
contrast-reversing checkerboard (Figure 27b).

As the temporal resolution of the MRSI scans was 2 minutes, while rest and stimulation periods 
were 8 minutes, dynamic alterations of 31P metabolites within the stimulation period can be 
investigated. In order to maximize SNR, data was averaged not only from all participants, but 
also from both rest and both stimulation events. Again, a subtle shift of about 0.1 ppm of the 

Figure 28: Dynamic 31P MR spectra from visual cortex (a) averaged (b) over all six partici-
pants. The spectra are obtained during rest and visual stimulation at a temporal resolution of 
2 minutes. In the spectra obtained in the first two minutes, as well as the spectra obtained in 
the second 2 minutes, a shift or line splitting of the Pi,mi/ex peak can be observed during visual 
stimulation when compared to the corresponding rest spectra. The shift is not observed in 
the averaged spectra of the final 4 minutes of activation when compared to rest. 
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downfield Pi peak towards the main Pi peak can be observed in the first 2 minutes as well as 
in the second 2 minutes scan, but no longer in the 4 to 8 minute scan window (Figure 28).
In the 31P spectra of the individual participants, the downfield Pi peak is visible in 5 out of 6 
participants (Figure 29). The SNR of these spectra is not sufficient to detect a 0.1 ppm shift 
of the Pi peak over time. In one participant the carrier frequency was off, thereby missing the 
β-ATP peak, yet the SNR of the remaining peaks remained similar when compared to the SNR 
of the 31P MR spectra from the other participants. 

Figure 29: 31P MR spectra of all participants individually. The spectra are acquired dynamical-
ly from the visual cortex of the brain during rest (lower), stimulus (second), rest (third) and 
stimulus (upper). The Pi,mi/ex peak downfield from the Pi,i peak is clearly visible in participant 
1, 3, 4, 5, and 6, highlighted by the striped line. Note that for participant 4 the spectra are not 
fully displayed (no β-ATP peak), due to a 1 kHz offset during acquisition.

In the 31P MRS datasets of the individual participants, the BOLD effect on the PCr peak was not 
clearly observed, however, when averaging over all participants, the signal intensity increased 
2-3% during stimulation as compared to rest (Figure 30, inset). The alignment of the spectra 
between participants facilitated averaging spectra over participants, while maintaining the 
detection of the downfield peak of Pi (Figure 30). When comparing the averaged spectra of 
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Figure 30 with Figure 27, clearly the SNR is improved. Likewise, line broadening, a subtle shift 
or even peak splitting of the downfield Pi peak over time can be observed of less than 0.1 ppm. 

Figure 30: 31P MR spectra averaged over all six participants during blocks of rest, visual stim-
ulation, rest and stimulation of each 8 minutes long. The high SNR shows the mitochondrial/
extracellular Pi,mi/ex peak downfield from the intracellular Pi,i peak as indicated by the striped 
line (a). Line broadening, a small shift in frequency or even peak splitting of the Pi,mi/ex peak 
can be observed when comparing the spectra over time. However, this effect is less prom-
inent as compared to the effect in the spectra of individual participants (Figure 27) or the 
temporally averaged spectra (Figure 28). In addition, when comparing the rest spectra with 
the stimulus spectra, a BOLD effect reflected as a 2-3% increase in PCr during visual stimula-
tion can be observed (b). 

Discussion and conclusion
The energy metabolism of the visual cortex was investigated with 31P MRS during visual 
stimulation with a large visual angle. Consequently, the spatial resolution could be reduced, or 
the voxel size increased to the enlarged stimulated area, in return for higher SNR and temporal 
resolution of the dynamic 31P MRSI exams. Combined with Ernst-angle acquisitions, and a close 
fitting RF coil, a clear resonance downfield from the intracellular Pi peak can be observed 
within a temporal resolution of 2 minutes. Moreover, during visual stimulation, a subtle shift of 
at most 0.1 ppm of this peak can be observed, corresponding to a pH shift of −0.13 units when 
assigning the peak as Pi from either the mitochondria or the extracellular space.
In this study we incorporated a relatively large voxel volume to obtain the SNR required to 
detect the down-field Pi peak. In addition, averaging over participants was another means 
to increase SNR, by using peak alignment of the large signal of PCr. This enabled studying 
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subtle effects in peak position and line width at relatively high temporal resolution. Temporal 
resolution may be important, considering the possible saturation or habituation effects with 
the prolonged stimulation employed here. In fact, the shift in the downfield peak of Pi seems 
better visible in the first two minutes of activation than in the final 4 minutes of activation. In 
line with this finding, when averaging over the full block of 8 minutes for all participants, the 
difference between the rest and stimulus condition is less prominent. Still for the spectra of 
some individual participants and for the average over all participants a small shift in frequency, 
line broadening or even peak splitting of the Pi,mi/ex is observed. These effects remain subtle 
and should therefore be further validated. 

While it has been shown that receiver arrays could enhance SNR, large volumes deeper in 
the brain may benefit more from the use of a volume transceiver due to inherent RF phase 
destructions within the voxel. Some gain in SNR may be found when obtaining a proper 
assessment of the T1 of the downfield Pi spins in the brain to further optimize the Ernst angle. 
Most improvements in SNR can be achieved when going to higher magnetic fields, such as 
9.4T or in the near future to even higher field strengths. 

Studies that use other approaches to measure pH changes in the brain, such as amide proton 
chemical exchange saturation transfer (APT-CEST), show that it is challenging to measure pH 
and that the expected pH differences could be smaller than 0.03 pH units [20]. However, the 
APT-CEST contrast is believed to predominantly originate from intracellular amides. In the 
current study it was aimed to specifically measure the pH in mitochondrial or extracellular 
compartments, so pH changes due to activation could be different there. 

Although we have assigned the downfield Pi peak as mitochondrial Pi, it is expected to be 
composed of several other compounds as well. For instance, 2,3-DPG is highly abundant 
in blood and expresses itself at 7T as two peaks in close proximity to the resonance of Pi 
and phosphocholine (PC). The absence of this peak in calf muscle was relatively simple to 
address, as PC levels are much lower in muscle therefore easier to identify the double 2,3-
DPG peaks if they were above the noise floor. We have used phase encoding gradients and 
Hamming filtering to localize the voxel from the visual cortex, which due to point spread 
function and partial volume effects may still incorporate some signals from blood vasculature. 
Further reduction of the chance to include signals from highly abundant vasculature close to 
the skull may be realized when using outer volume suppression by means of a crusher coil 
[21]. Another possibility could be that the signal comes from extracellular Pi at a much higher 
pH level than the intracellular Pi, or similar pH level as the mitochondrial Pi. Diffusion weighted 
spectroscopy may be applied to reduce the content from extracellular Pi. It should be noted 
that these diffusion techniques require stronger gradients considering the lower gyromagnetic 
ratio of 31P over 1H, and that SNR will go down. 
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We have shown that even with very high SNR and strong visual stimulation, energy metabolite 
levels remain highly intact. Yet, over 2 minutes of activation a subtle pH shift from 7.55 to 7.41 
can be observed when assigning the downfield peak of Pi as mitochondrial or extracellular Pi. 
This drop in pH matches observations of lactate increase, as reported with 1H MRS before [3]. 
However, considering the substantial BOLD effect reflecting local alterations in oxygenation 
and high levels of glucose consumption of the brain, stronger effects in 31P signals would be 
expected in close proximity to the neurons. The large voxel in our study will lead to partial 
volume effects of grey and white matter, which in total may have the buffering capacity 
to maintain the energy metabolite levels and environment constant. Longer and stronger 
activation strategies can be applied to study this buffer capacity. Or, when higher fields become 
available, reduced voxel sizes may be used to maximize neuron density, which in that case can 
be helped by receiver arrays to provide the required SNR. 

In conclusion, energy metabolism of the human visual cortex was investigated by performing 
31P functional MRS. We focused on the mitochondrial inorganic phosphate pool as potential 
marker of energy demand. The targeted resonance downfield of the main Pi peak could be 
distinguished, indicating the high SNR of the 31P spectra. Additionally, a BOLD effect in the PCr 
signal was observed. A small subtle shift of about 0.1 ppm of the downfield Pi peak towards 
the main Pi peak could be observed, especially in the first 4 minutes. When averaging over 
larger time periods the results were less prominent, indicating a time dependency. The effects 
are subtle and should be further validated. Overall, this study revealed potential opportunities 
to measure activation evoked changes in specific acidity (pH), but also emphasizes the need 
for higher SNR measurements to be able to study these processes in more detail. 
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General discussion
In this thesis the overall aim was to maximize the SNR, temporal resolution and spatial 
resolution of BOLD fMRI and MRS techniques to be able to gain further insight into the 
hemodynamics and metabolism of the human brain. This aim was pursued in five different 
approaches (chapters), which can roughly be divided in two parts. 
The first part of this thesis shows that it was possible to reduce scan time of high resolution EPI 
scans intended for BOLD fMRI measurements. A shot selective 2D CAIPIRINHA implementation 
was developed, which enhanced the image quality and reduced the scan time of sub-millimeter 
3D EPI scans of the visual cortex. It also enabled the acquisition of sub-millimeter 3D EPI 
scans with a sub-second temporal resolution (Chapter 2). Succeeding simulations showed 
that the use of a 256 channel receive coil array could potentially reduce scan time further. The 
estimated maximum acceleration factor, as compared to a 32 channel coil, went from 9 to 24 
using SENSE and from 12 to 28 using CAIPIRINHA (Chapter 3). In addition, a novel idea was 
presented to push the spatial and temporal resolution of EPI scans by the use of ultrasonic 
switching gradients, as described in a patent (Chapter 4). 
The second part of this thesis shows that it was possible to improve functional brain 
measurements that target (neuronal) metabolism using MRS. Neurotransmitter levels of GABA 
could be measured with GABA edited spectroscopy scans, which had a duration of less than 
1:23 minutes. This was achieved using a specially built half volume coil setup with a wide 
screen for visual stimulation (Chapter 5). The same principle of using a visual stimulation with 
a large visual angle was then applied to measure energy metabolism of the brain with dynamic 
31P MRS. This could potentially further extend the toolbox of MR techniques to study brain 
functions (Chapter 6). 

Main applications
The proposed approaches described in previous chapters lead to an increased temporal and 
spatial resolution for BOLD fMRI, and an increased SNR and shorter dynamic scan time for 
metabolic MRS. This brings new opportunities for the field of neuroscience. 
The improved spatial resolution allows BOLD fMRI studies to map the human cortex with high 
detail. This includes high resolution mapping of sensory and motor systems in for example 
retinotopy, tonotopy and somatotopy at a columnar or laminar level. It opens up possibilities 
to probe layer-specific hemodynamics and neurovascular coupling mechanisms in the cortex 
[1]. The overall target is to push the resolution to the fine spatial scale of cortical micro-circuits 
that perform the brain’s fundamental processing tasks. These circuits consist of small groups of 
neurons forming detailed cortical structures on the order of micrometers to a few millimeters 
thick. Being able to measure at such scales, enables us to gain fundamental knowledge on 
how the brain works. 
Improved temporal resolution (or short dynamic scan time) allows us to further explore 
specific time dependent characteristics of the BOLD response. Temporal characteristics of the 
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hemodynamic BOLD response can help to target neuronal processes and neuronal vascular 
coupling relationships across cortical layers, for example by differences in the start (onset 
times) of the BOLD response across cortical depth. Recent studies from animal research show 
that the BOLD onset arrives earliest in layer 4 of the somatosensory cortex, matching neural 
inputs [2]. Similarly, further improved temporal resolution of BOLD fMRI scans in humans, 
might eventually allow us to further determine the temporal order of neuronal events and the 
neuronal communication pathways in the human brain [3,4]. 
To give an initial example of improved temporal and spatial resolution for fMRI, a recent 
application of the shot selective 2D CAIPIRINHA approach of this thesis can be found in 
the preliminary results shown in Figure 31, where both temporal and spatial resolution are 
pushed, while maintaining sufficient SNR. High density receive arrays and the shot selective 2D 
CAIPIRINHA sequence were combined to perform enhanced BOLD fMRI imaging of the visual 
cortex during visual stimulation. Major improvements in SNR were achieved, as compared to 
a SENSE scan with the same resolution and scan time. This resulted in better detectable BOLD 
fMRI signals relating to neuronal activation. Even better imaging performance can potentially 
be achieved, when combining this method with the other approaches described in this thesis. 

Figure 31: A BOLD fMRI application of the shot selective 2D CAIPIRINHA approach using high 
density receive arrays. Multiple slices of the visual cortex are displayed for acquisitions at 0.8 
mm isotropic resolution using both CAIPIRINHA and SENSE. A checkerboard that reversed 
contrast at 8 Hz was used as visual stimulus. Note that the detected amount of activated 
voxels in the brain is much larger for the CAIPIRINHA dataset than the SENSE dataset, due to 
an increase in SNR. Both datasets were 3D EPI scans with 0.8 mm isotropic voxelsize, TR/TE of 
57/28, a 2.4 second dynamic scan time and a total scan time of 4 minutes. fMRI data was FDR 
corrected (p<0.01), the displayed background image is the mean of the EPI series. 
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The reduced dynamic scan time for MR spectroscopy brings us a step further towards 
functional measurements of (neuronal) metabolism in individuals. The knowledge from these 
measurements would be complementary to the existing vascular oriented MRI methods, such 
as BOLD fMRI. The fast scan time for GABA edited MRS of 1:23 minutes in this work, makes 
it possible to start initial exploratory studies to measure individual GABA levels over time, 
during visual stimulation and rest. Later, when potentially higher temporal MRS resolutions 
are achieved, this method can be used to study brain function from a metabolic perspective, 
in addition to the existing vascular based BOLD fMRI methods. At the moment there is still an 
order of magnitude difference in temporal resolution between these methods with a scan time 
of minutes for edited MRS and seconds for BOLD fMRI. 
The increase in SNR for 31P allows for improved measurements of energy metabolism in the 
human brain. It was possible to distinguish signals from different compartments of inorganic 
phosphate at a cellular level. Direct applications to study different brain functions through pH 
measurements with 31P MRS are not feasible at the moment, though promising applications 
might lie ahead when this method further advances in the future. 

Considerations and open points
The approaches outlined in this thesis made it possible to increase spatial and temporal 
resolution of MRI and MRS methods. This is a step in the right direction, though not the end of 
the line, especially considering the wide range of new developments in the MRI field. 
One could argue the choice in this thesis to measure brain function by using two techniques 
that appear to be very different, being BOLD fMRI and MR spectroscopy. Indeed, the techniques 
are different when looking from a pure methodological perspective. However, in this thesis, 
these seemingly different MR techniques have a very similar purpose. Both techniques try 
to capture functional changes in the brain over time. Where BOLD fMRI tries to measure 
neuronal activity by measuring changes in hemodynamics, MR spectroscopy measures similar 
functional behavior of the brain, but by quantifying the concentrations of underlying (neuronal) 
metabolites. 
The transition to sub-millimeter resolution imaging also brings high demands on the 
measurement setup. It is unrealistic to expect a human volunteer to lay still in the MR scanner 
for half an hour with sub-millimeter precision. Therefore accurate motion correction techniques, 
either during acquisition or post processing, are essential and will become more prominent in 
future applications. 
With this work and the ongoing drive to advance MRI technology, it becomes increasingly 
possible to achieve sub-millimeter voxel sizes with sub-second sampling rates, high SNR, and 
a large volume coverage of brain. However, as the spatial and temporal resolution of BOLD 
fMRI increases, the unavoidable question arises: How far can this be pushed? Is our ability to 
map dynamic and detailed cortical structures with fMRI limited by the instrumental resolution 
or by the “biological” resolution? In other words, are we limited by the spatial and temporal 
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sampling we can achieve with advanced MRI systems, or by the spatial and temporal specificity 
of the hemodynamic signals utilized in fMRI? At a certain point the biological detail of the 
hemodynamic signals and the brain’s ability to locally regulate changes in blood flow might 
become coarser than the upcoming achievable high resolution with MRI scanners. This would 
question the aim to further pursue fast and high resolution MR imaging. However, recent 
studies using optical imaging methods have demonstrated that blood flow regulation occurring 
in response to neuronal activity is far more precise than previously believed, suggesting that 
responses may be localized within individual cortical columns or layers [5-7]. Nevertheless, 
currently the ultimate achievable resolution by fMRI is still unknown [8,9]. While a range of 
cellular mechanisms, including astrocytes, pericytes, and interneurons, have been proposed 
to play a role in functional neurovascular coupling, the key spatiotemporal features of BOLD 
response remain unexplained [10]. 

Alternative applications of the developed techniques
In this thesis the improved techniques are mainly applied to the field of functional brain 
imaging and spectroscopy. However, the benefits of the improved methods have a broader 
field of application and can be used for other purposes as well. For example, instead of brain 
function, the developed shot selective 2D CAIPIRINHA implementation for 3D EPI scans (as 
described in Chapter 2) can be used for fast and high resolution scanning of clinical brain 
anatomy as well. A whole brain T2* weighted 3D EPI scan with a high resolution of less than 
1 mm is typically not performed in clinical routine, since the protocol takes too much time. 
With the exception of scan duration, such scans would be very useful and of clinical value, for 
example for patients with amyotrophic lateral sclerosis (ALS) where small hypointensities can 
be observed in the deep layers of the primary motor cortex [11,12]. Previously, the duration 
of these 0.5 mm isotropic T2* weighted 3D EPI scans was 10 minutes without acceleration and 
6 minutes with traditional SENSE acceleration [13]. As shown in this thesis, the 2D CAIPIRINHA 
implementation can shorten the duration of these scans significantly, resulting in a scan time 
of 1.5 minutes, making this scan practical and clinically realistic. 
The simulations in Chapter 3 show that it is possible to accelerate even more by using a 256 
channel receive array for the head. This applies to a broader range of scans, but the greatest 
improvement can be achieved with MRI protocols that focus on the cortex of the brain, since 
the achievable acceleration factor is the highest for these areas. 
The novel idea of an ultrasonic switching gradient system (Chapter 4) can not only be used 
to reduce scan time, but could also be used to create a “silent” MRI scanner. Traditionally 
gradients are driven in the auditory range, generating the typical loud noise of the MRI 
scanner. An ultrasonic switching gradient system is driven above auditory range, making 
gradient vibrations in theory inaudible. 
The spectroscopy studies in Chapter 5 and 6 are optimized for high temporal performance by 
maximizing SNR per unit of time. The developed multi-transmit half volume coil setup, as well 
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as the concept of a large screen for a visual activation with a large visual angle, are not solely 
applicable to MRS, but are also valuable for BOLD fMRI studies that target the visual cortex. 

Other approaches in literature
There are other approaches, as described in literature, to be able to perform MRI scans of the 
human brain with a high spatial resolution and a high temporal resolution. 
An integrated approach can be found in several projects such as the currently running project 
MR Corticography (MRCoG) of Feinberg et al. [14], where multiple strategies (similar to those 
described in this thesis) will be combined at 7T to image the brain’s cortex on the meso-scale. 
High density receiver arrays with 128 coil elements will be combined with high performance 
gradients and recently developed pulse sequences to produce high acceleration factors for EPI 
images. Those studies expect to achieve a higher spatial resolution (of around 0.4 mm) than 
the resolution of current 7T scanners [15]. 
The most commonly used technique for functional imaging is BOLD. However, there are other 
approaches to map functional activity of the human brain. In this thesis, in addition to BOLD, 
the neurotransmitter GABA and the pH sensitive metabolite inorganic phosphate are measured 
as well. In literature, alternative methods are described that measure functional activity based 
on changes in: cerebral blood volume (VASO) [16,17], cell swelling (diffusion fMRI) [18,19] or 
glutamate neurotransmitter levels (fMRS) [20,21]. These techniques are promising, but overall 
they face the same challenges as BOLD fMRI of balancing temporal and spatial resolution. 
A more rigorous approach is to increase the strength of the main magnetic field (B0 field) 
of MRI scanners even further. When going to higher B0 field strengths the SNR increases. In 
addition, for fMRI applications, the BOLD contrast increases with the B0 field as well [22]. A 
small number of groups took this approach and constructed whole body human MRI scanners 
with field strengths up to 10.5T, whereas two 11.7T scanners (whole body and head-only) 
are currently being installed [23]. This technology is predicted to enable quantification of 
biochemical components of the functioning brain not detectable heretofore. Despite the clear 
advantages of going to a higher field strength, there are also a lot of practical challenges with 
this approach. These include the construction, costs, heating due to shorter RF wavelengths, 
increased field inhomogeneities, and the necessity of tailored MR sequences. 
A project that approaches the issue from a metabolic point of view is the realization of a so 
called META scanner [24]. In this project fundamental knowledge is expected to be gained, by 
exploring metabolic pathways. A 7T scanner will be constructed to perform not just proton 
imaging, in addition the system will be equipped with dedicated hardware to measure several 
other resonances as well (including fluorine, phosphor, sodium and carbon). This could open 
several new windows in the MRI field. 
A multimodal approach, using multiple MRI sequences with different contrast in combination 
with other measurement modalities, such as PET and optical microscopy, will have a great 
chance of unraveling some of the complex mechanisms of the brain. In the field of preclinical 
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animal research for example, it is possible to scan at even higher field strengths and combine 
these MRI measurements with invasive optical or electrophysiological recordings. Previous 
research showed it was possible to relate BOLD responses with intracellular neuronal calcium 
signals [25,26]. 

Conclusion
In this work different approaches were investigated to maximize the SNR, temporal and 
spatial resolution of BOLD fMRI and MRS techniques to be able to gain further insight into the 
hemodynamics and metabolism of the human brain.
It was shown that the adaptations in acquisition and reconstruction techniques (Chapter 2) 
and receive coil configuration (Chapter 3) can significantly improve BOLD fMRI measurements 
in terms of acceleration performance for high resolution EPI scans in the human brain cortex. 
Novel ideas were described to be able to overcome traditional gradient limits and push 
acceleration even further in the future by the use of ultrasonic switching gradients (Chapter 4). 
Alternative approaches to capture neuronal activity via the brain metabolism were further 
optimized in terms of their acquisition setup, resulting in improved MRS measurements of the 
main inhibitory neurotransmitter GABA (Chapter 5) and inorganic phosphate (Chapter 6). 
This work laid down strong technical fundaments, upon which both engineering, neuroscience 
and clinical studies can further build. With these results the ability to follow human brain 
processes in-vivo with biologically sufficient high spatial and temporal resolution comes a step 
closer. However in the big perspective, it is a small initial step in the rapidly developing field of 
MRI, where staggering new techniques and discoveries lie ahead. 
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Summary
Our brain plays an important role in our everyday life. Nearly all of our common activities 
require our brain. Especially the brain cortex is essential for our thoughts, decisions, personality 
and imagination. Even though brain research has advanced tremendously over the recent 
years, there are open questions and mysteries about the brain that remain unsolved to this 
day. These are both fundamental questions about our consciousness and how our brain works, 
as well as clinical questions in case of neurological diseases like Alzheimer’s and Parkinson’s 
disease. 

Magnetic resonance imaging (MRI) has proven itself to be a valuable instrument to study the 
human brain, allowing structures and anatomy to be visualized in-vivo at high detail. However, 
in order to gain more knowledge about the mechanics of the brain, static imaging of anatomy 
is not enough. To take the next step, it is essential to study dynamic in-vivo brain functions, 
including (neuronally triggered) hemodynamics and metabolism. 

This thesis focuses on two MR techniques that measure brain activity via changes in 
hemodynamics and metabolism, specifically blood-oxygen-level dependent functional MRI 
(BOLD fMRI) and magnetic resonance spectroscopy (MRS). In general, MRI measurements 
are a tradeoff between the signal-to-noise ratio (SNR), resolution, (dynamic) scan time and 
imaging volume. With MRI it is therefore possible to acquire high resolution images, but at the 
cost of a long acquisition time. This is not desirable when aiming to monitor fast and detailed 
physiological processes. For example for BOLD fMRI, the combination of both a high temporal 
resolution (< 1 sec) and a high spatial resolution (< 1 mm) is rarely seen. For edited MRS, the 
commonly reported (dynamic) scan times to measure the main inhibitory neurotransmitter 
γ-aminobutyric acid (GABA), range between 6 – 30 minutes. This is long when looking at 
the time scale of brain functions. Therefore, in this thesis it is intended to lift some of the 
technical barriers for different MR techniques to get closer to measurements at the speed 
of physiological brain processes. The aim of this thesis is to maximize the SNR, temporal 
resolution and spatial resolution of BOLD fMRI and MRS techniques to be able to gain further 
insight into the hemodynamics and metabolism of the human brain. 

To achieve this aim five approaches (Chapters 2-6) are pursued to make BOLD fMRI and MRS 
techniques more suitable for fast and high resolution in-vivo measurements of physiological 
processes in the human brain. First, the dynamic scan time of BOLD fMRI scans was reduced 
(Chapter 2) by a combination of high density receive arrays, and an advanced under sampling 
strategy for 3D fMRI scans (2D CAIPIRINHA for 3D EPI scans). Second, simulations were 
performed (Chapter 3) showing the potential of a 256 channel receive array for whole brain 
imaging to reduce dynamic scan time of fMRI scans by an order of magnitude further. Third, 
the idea of ultrasonic switching gradients was presented (Chapter 4), which might hold even 
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higher accelerations for the future, as described in a patent. Fourth, the neurotransmitter 
GABA could be measured dynamically with GABA edited MRS techniques that have a reduced 
scan time of only 1:23 min (Chapter 5) by using a specially built half volume coil setup. Fifth, 
31P MRS was found as potential new technique to explore brain function further (Chapter 6). 

This work brings the ability to follow human brain processes in-vivo with high spatial and 
temporal resolution a step closer. Fundaments upon which both engineering, neuroscience 
and clinical studies can further build. In the big perspective, I hope it will contribute to the 
rapidly developing field of MRI, where staggering new techniques and discoveries lie ahead. 

Summary
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Samenvatting
Ons brein bepaalt voor een groot deel wie wij zijn. Het herbergt onze gedachten, keuzes, 
herinneringen, dromen en persoonlijkheid. Vooral de cortex van het brein speelt een 
essentiële rol bij deze processen. Ondanks dat er al veel kennis over het brein bestaat en 
wetenschappelijk onderzoek in de laatste jaren met grote sprongen vooruit is gegaan, zijn 
er nog een hoop onbeantwoorde vragen. Dit zijn zowel fundamentele vragen die over ons 
bewustzijn gaan of over hoe ons brein precies werkt, als klinische vragen in verband met 
ingrijpende hersenziektes zoals Alzheimer of Parkinson. 

Magnetic resonance imaging, beter bekend als MRI, heeft zich gemanifesteerd als een waardevol 
instrument om het menselijk brein te bestuderen. MRI maakt het mogelijk om structuren en 
anatomie van het brein met hoog detail te visualiseren. Echter, om meer te weten te komen 
over de werking van het brein, zijn statische beelden van brein anatomie niet toereikend. Het 
is essentieel om te kijken naar het levende dynamische brein in functie, waaronder (neuronaal 
getriggerde) processen op het gebied van hemodynamica en metabolisme. 

In deze thesis ligt de focus op twee MR technieken die brein activiteit meten via veranderingen 
in hemodynamica en metabolisme, namelijk blood-oxygen-level dependent functional MRI 
(BOLD fMRI) en magnetic resonance spectroscopy (MRS). Over het algemeen zijn MRI metingen 
een compromis tussen de signaal-ruisverhouding (SNR), resolutie, scan tijd per beeld en het 
scan gebied. Het is daardoor mogelijk om beelden van het brein te maken met een hoge 
resolutie, maar wel ten koste van een langere scan tijd. Dit is ongewenst, zeker wanneer het 
de bedoeling is meerdere beelden snel achter elkaar te maken, om snelle en gedetailleerde 
fysiologische processen te volgen. Voor BOLD fMRI bijvoorbeeld, komt de combinatie van een 
korte scan tijd (< 1 sec) en een hoge resolutie (< 1 mm) nog nauwelijks voor. Voor MRS, is 
de gebruikelijk scan tijd om de voornaamste inhiberende neurotransmitter γ-aminoboterzuur 
(GABA) te meten met GABA edited MRS scans tussen de 6 tot 30 minuten. Dit is lang in 
vergelijking tot de tijdsduur van verschillende hersenfuncties. Deze thesis is daarom gericht op 
het doorbreken van de technische barrières van verschillende MR technieken, om metingen 
te kunnen verrichten die de werkelijke snelheid van fysiologische processen in het brein 
beter benaderen. Het overkoepelende doel van deze thesis is de SNR, temporele resolutie 
en ruimtelijke resolutie van BOLD fMRI en MRS technieken te maximaliseren, om beter in 
staat te zijn kennis van het menselijk brein te vergaren op het gebied van hemodynamica en 
metabolisme. 

Om dit doel te bereiken zijn 5 strategieën (Hoofdstuk 2-6) nagestreefd om BOLD fMRI en 
MRS technieken geschikter te maken om fysiologische processen in het brein te volgen met 
een hoge resolutie en snelheid. Ten eerste, voor BOLD fMRI scans is de benodigde tijd per 
beeld verkort (Hoofdstuk 2), door een combinatie toe the passen van meerdere kleine dicht 
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op elkaar geplaatste ontvangst spoelen, en een geavanceerde undersamplingsmethode voor 
3D fMRI scans (2D CAIPIRINHA voor 3D EPI scans). Ten tweede, zijn er simulaties uitgevoerd 
(Hoofdstuk 3), die laten zien dat met een 256 kanaals ontvangstsysteem voor het hele brein, 
de scan tijd van fMRI scans met een orde van grootte verkort kan worden. Ten derde, het 
idee van ultrasonisch schakelende gradiënten is geïntroduceerd (Hoofdstuk 4), dit kan in de 
toekomst mogelijk voor nog snellere scans zorgen, zoals beschreven in een patent. Ten vierde, 
veranderingen in de concentratie van de neurotransmitter GABA kunnen sneller over de tijd 
gemeten worden met GABA edited MRS technieken en een korte scan tijd van 1:23 min, door 
het gebruik van een speciaal ontwikkelde half volume setup (Hoofdstuk 5). Ten vijfde, 31P MRS 
is ingezet als potentiele nieuwe techniek om brein functies verder te ontrafelen (Hoofdstuk 6). 

Dit werk vergroot de mogelijkheden om de processen van het levend menselijk brein met 
hoge temporele en ruimtelijke resolutie te volgen. Hiermee wordt een fundament gelegd, 
waar zowel technische studies, neurowetenschappelijke studies als klinische studies verder op 
kunnen bouwen. In het grotere perspectief, hoop ik dat dit werk zal bijdragen aan het snel 
groeiende MRI veld, waar de toekomst nieuwe technieken en sensationele ontdekkingen met 
zich mee zal brengen. 

Samenvatting
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