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Highlights 

• Functional MRI benefits in two ways from increases in field strength as both image SNR 
and BOLD signal changes increase, leading to large increases in sensitivity.  

• Drawbacks or points of attention are the increased susceptibility induced distortions, 
B0/B1 inhomogeneities and physiological noise contributions. 

Applications of ultra-high field to study human brain function 

Target audience: 

Physicists and/or neuroscientists starting to use an ultra-high field scanner (≥7T) for their fMRI 
experiments and those interested in doing so in the future. 

Outcome/objectives: 

Following this lecture, those in the audience should have a good understanding of the field 
strength dependence of the MR parameters of importance for fMRI. The lecture should help 
listeners to understand which studies might benefit from the use of an ultra-high field system 
and how, and also, which studies would not stand to gain much from an increase in B0.  

Effects of field strength on fMRI 

Many MR-parameters are to some extent field strength dependent. In the case of fMRI, the 
single most important change is the increased sensitivity to susceptibility differences, which 
leads to a near-linear increase in BOLD response amplitude with field strength 1–3. While this 
increased BOLD signal is undoubtedly a benefit to fMRI, the accompanying increase in 
susceptibility-induced distortions at air-water interfaces is rather more problematic. Other 
notable changes are the increase in available magnetisation4, a decrease in T2

(*), an increase in 
physiological noise contributions5, an increase in rf-power deposition and, somewhat less 
importantly, longer T1 values for both grey and white matter and an increase in B1 
inhomogeneities. These points will all be discussed, with some more emphasis on the aspects 
that have a direct impact on fMRI acquisitions. 

The increase in task-induced BOLD-signal changes was first described for a change in field 
strengths from 1.5 to 4T3 and has since been confirmed for a change in field strength from 4 to 
7T2 and for the common field strengths of 1.5, 3 and 7T1. The BOLD signal arises from local 
field inhomogeneities caused by magnetic susceptibility differences between 
deoxyhaemoglobin-rich blood in capillaries and venous vessels and the surrounding tissue, 
which scale linearly with field strength. The resulting increase in BOLD contrast is of great 
benefit for functional MRI studies and can be exploited to improve the spatial resolution, or 
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reduce the number of trials/participants required to demonstrate robust activation. The increase 
in BOLD signal changes is roughly linear with magnetic field1, motivating the use of ever higher 
field strengths for fMRI.  

The increase in susceptibility differences 
simultaneously results in increased 
susceptibility-induced distortions and 
through-slice de-phasing. These are best 
countered through an increase in spatial 
resolution, which reduces the effect of 
within-voxel gradients6. Many groups have 
demonstrated good echo planar image 
quality provided limited voxel sizes are used. 
For an example, see the echo planar image 
in Figure 1, which shows fine anatomical 
detail and limited geometrical distortions. 
Geometric distortions can also be reduced 
post-acquisition through corrections based 
on the use of a field map7 or other reference 
data8. Signal lost through through-slice de-
phasing cannot be recovered with post-
processing methods – only by changes in 
image acquisition strategies910.  

While the increase in available magnetization and resulting higher SNR4 can be seen 
straightforwardly as an advantage, the reduction in transverse relaxation times T2 and T2

* is both 
a limitation and an advantage. Faster relaxation means shorter echo trains can be acquired 
while avoiding blurring introduced by signal decay during the echo planar readout11, but also 
mean that more slices can be acquired in a limited TR while keeping TE≈T2

*; which is important 
for applications where whole-brain coverage is required or coveted, such as resting state 
fMRI12. An additional advantage for ultra-high field fMRI is provided in the increased shortening 
of the venous T2

* compared to the tissue T2
*, effectively reducing venous signal and thus false 

positive BOLD changes from draining veins1,13.  

Cardiac and respiratory processes, which are unavoidable in fMRI, as well as subject motion, 
create temporal signal fluctuations in the brain, which are usually referred to as ‘physiological 
noise’. Since the physiological fluctuations represent a multiplicative modulation of the image 
signal, their amplitude scales with the MR image intensity and thus, for a given voxel size, with 
field strength5. A reduced voxel size can make the loss in BOLD sensitivity due to the increased 
signal instability smaller5,14. Alternatively, the lost BOLD sensitivity can be recovered post-
acquisition, either by acquiring at high resolution and subsequent smoothing15 or via the 
removal of signals correlated with cardiac and respiratory processes using methods such as 
RETROICOR16 or reference-region based strategies17,18.  

Figure 1. Activation map from 0.8 mm resolution 
gradient echo EPI data for an auditory task shown 
overlaid on the average of the planar imaging volumes 
it was generated from. 
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Increased B1-inhomogeneity due to the shorter wavelength is not a significant problem in 
gradient-echo based EPI, but can dramatically alter T2-weighting throughout the image in spin-
echo (SE)-EPI19. At the same time, SAR limitations, which do not tend to limit gradient-echo EPI 
acquisitions, can seriously reduce the number of slices that can be acquired in SE-EPI because 
of the high-intensity inversion pulse. There is thus a need for B1-inhomogeneity insensitive, low 
SAR rf-pulses for successful SE-EPI at 7T. Adiabatic pulses, while not sensitive to B1-
inhomogeneities, yield too high SAR levels for use in multi-slice fMRI11. PINS rf-pulses19 provide 
a low-power alternative and a good solution is also supplied by parallel transmit techniques20, 
provided the necessary hardware is available.  

Neuroscience studies using UHF fMRI 

While there are many studies emphasizing the benefits of the use of UHF in a range of brain 
regions (for example: occipital cortex2, motor cortex1, amygdala21, hippocampus22, or more 
extended brain regions12,23), the number of publications with a purely neuroscientific objective 
has been rather limited until very recently (Figure 2). 

 As can be concluded from the previous section, high-resolution fMRI studies stand the most to 
gain from UHF. Most applied UHF fMRI studies therefore use the high spatial resolution to 
specifically address a neuroscientific question that cannot be addressed at lower resolution. 
Although it should be noted that while nearly all ‘neuroscience’ studies were performed at <2mm 
isotropic resolution, only very few used a voxel size <1mm3, which has been demonstrated as 
feasible in several methods papers24–26.  In the following, a few examples will be given of recent 
neuroscience-driven ultra-high field fMRI studies.  

 
Figure 2. 7T fMRI papers published in peer-reviewed journals per year, divided into 
methods and neuroscience focused studies.  
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The earliest applications of 7T fMRI were in the already relatively well-studied visual cortex. An 
extremely high in-plane spatial resolution of 0.5mm was reached in a multi-shot, SE-EPI 
acquisition of a single 3mm slice. With this very high resolution protocol, Yacoub et al were able 
to demonstrate that they could map ocular dominance columns11 and, in a follow up study, 
demonstrated the presence of orientation columns in human VI27 

Due to cortical folding, fMRI outside VI benefits from isotropic voxel sizes, as used for example 
in somatotopic mapping of the primary sensory cortex2829. In these studies, a map spanning 
several Brodmann regions, distributed over two flanks and the crown of a sulcus, was 
successfully mapped with a GRE-EPI of 1.5 mm isotropic resolution.  

Applications of 7T fMRI for the mapping of higher cognitive functions have been done more 
recently too, with a good example published in Science last September30. High-resolution 7T 
fMRI (1.98*1.98*2 mm) was used to map neural representations of ‘numerosity’ in a small 
region in the parietal association cortex using neural models similar to those applied in the 
visual cortex. 

Conclusions 

7T fMRI benefits from high SNR and BOLD sensitivity, which can be traded for spatial resolution 
to limit the adverse effects of high field strength, such as susceptibility induced distortions and 
physiological noise contamination. Very recently, a dramatic increase in neuroscience 
applications for high-resolution, ultra-high field fMRI has been noted, starting a field which is 
expected to further expand in the coming years.   
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