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pilot study with three healthy volunteers and an anthropo-
morphic 3D phantom was used to assess image quality and 
geometrical image accuracy.
Results The MRI scans were well tolerated by the vol-
unteers. Susceptibility artefacts were observed in both the 
cortex and subcortical white matter at close proximity to 
air-tissue interfaces. Regional loss of signal and contrast 
could be minimized by the use of dielectric pads. Image 
transfer and processing did not degrade image quality. The 
system-related spatial uncertainty of geometrical distor-
tion-corrected MP2RAGE pulse sequences was ≤2 mm.
Conclusion Integration of high-quality and geometri-
cally-reliable 7 T MR images into neurosurgical navigation 
and RTP software is technically feasible and safe.

Keywords Ultra-high field MRI · Radiotherapy · 
Treatment planning · Glioblastoma · Geometrical distortion

Abstract 
Objectives The use of 7 Tesla (T) magnetic resonance 
imaging (MRI) has recently shown great potential for 
high-resolution soft-tissue neuroimaging and visualization 
of microvascularization in glioblastoma (GBM). We have 
designed a clinical trial to explore the value of 7 T MRI in 
radiation treatment of GBM. For this aim we performed a 
preparatory study to investigate the technical feasibility of 
incorporating 7 T MR images into the neurosurgical navi-
gation and radiotherapy treatment planning (RTP) systems 
via qualitative and quantitative assessment of the image 
quality.
Materials and methods The MR images were acquired 
with a Siemens Magnetom 7 T whole-body scanner and a 
Nova Medical 32-channel head coil. The 7 T MRI pulse 
sequences included magnetization-prepared two rapid 
acquisition gradient echoes (MP2RAGE), T2-SPACE, 
SPACE-FLAIR and gradient echo sequences (GRE). A 
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Introduction

Glioblastoma (GBM) is the most common type of primary 
brain tumour, with a peak incidence in the 6th and 7th dec-
ade of life. Patients with a GBM have an extremely poor 
prognosis with a median overall survival of 14.6 months 
[1]. The main goals of surgery are verification of histologi-
cal diagnosis and reduction of any mass effect. A complete 
resection is nearly impossible because of the infiltrative 
nature of this disease and its spread along white matter 
tracts [2]. Therefore, patients up to 70 years old with a good 
performance status are treated with adjuvant radiotherapy 
in combination with temozolomide to delay local tumour 
recurrence and increase overall survival. Radiotherapy 
usually consists of conventionally fractionated regimens, 
delivering a dose of 59.4–60 Gy in 6–7 weeks. Computed 
tomography (CT) images (1 mm slices) are commonly used 
for radiation therapy planning (RTP) because of the excel-
lent spatial quality (i.e., no geometrical distortions) and 
the electron density information that is required for accu-
rate dose calculations. In current RTP practice for GBM, 
contrast-enhanced (CE) CT images are co-registered with 
1.5 or 3  T magnetic resonance (MR) images because the 
latter offer superior soft-tissue contrast over CT images. 
Subsequently, a gross tumour volume (GTV) is deline-
ated based on the resection cavity and any residual dis-
ease visible on CE T1-weighted MRI scans. According to 
European guidelines, a 2–3 cm isotropic margin is added 
to the GTV to encompass any non-enhancing tumour tis-
sue and to establish the clinical target volume (CTV) [3]. 
This margin is based on the fact that over 80 % of recur-
rences occur within 2 cm of the GTV [4, 5]. However, the 
isotropic margin does not take into account spatially vary-
ing tumour-growth dynamics in different brain tissues and 
tumour spread along white matter tracts, which evidently 
results in needlessly damaging healthy cells while leav-
ing viable malignant cells outside the CTV [6]. A planning 
target volume (PTV) margin is added to account for sys-
tematic and random errors such as setup errors, inter and 
intrafraction motion, but also uncertainty in image registra-
tion and delineation. Current clinically available MRI tech-
niques are unable to adequately visualize tumour spread 
throughout the brain. Ultra-high field (UHF) (>3 T) MRI 
might be able to overcome these limitations, because of 
the increased signal-to-noise ratio (SNR) and susceptibil-
ity effects, which allow for an increased spatial resolution 
and better contrast in comparison to clinically-used 1.5 and 
3 T MRI. However, the potential of UHF MRI for RTP of 
GBM has not been investigated so far.

With regard to neurosurgical planning, UHF MRI 
may benefit image-guided biopsies through identifica-
tion of increased vascularity suggestive for tumour grade. 

Endothelial proliferation and increased microvasculari-
zation are key features for the diagnosis of GBM accord-
ing to the WHO criteria [7]. An increase in susceptibility 
effects, as seen with UHF MRI in comparison to lower field 
strengths, results in novel contrast mechanisms on quanti-
tative T2*-weighted images by which microvascularization 
with a vessel diameter as small as 100 μm can be visual-
ized [8–11].

We therefore hypothesize that 7 T MRI allows for bet-
ter delineation of the GTV of GBM due to improved vis-
ualization of microvascularization. We have designed a 
future clinical study to investigate this, which includes a 
7 T-image-guided biopsy and RTP (clinicaltrials.gov NCT 
02062372). In this paper we describe the technical aspects 
of the preparatory work for this clinical trial. If 7 T MR 
images are to be used for neurosurgical and RTP purposes, 
a high spatial reliability is required. Although 7 T MRI 
may hold promise for inclusion into neurosurgical naviga-
tion and RTP, it also presents technical challenges such as 
inhomogeneity of the transmit B1-field, an increased spe-
cific absorption rate (SAR), and geometrical distortions 
caused by increased static magnetic field (B0) inhomoge-
neity, tissue susceptibility differences, and chemical shift 
effects [12–14]. In order to measure the geometric accu-
racy, a phantom study was conducted to quantify system-
related geometrical image distortions. Furthermore, a pilot 
study with healthy volunteers was conducted to investigate 
whether the 7 T MRI images meet the requirements for 
clinical application in RTP, such as visualization of brain 
anatomy structures on different sequences, differences in 
scanning times and patient tolerability of the scan. In this 
paper we report on the challenges and pitfalls we encoun-
tered in the preparation of our clinical study, and present 
solutions we developed to quantify the system-related geo-
metrical image distortions and to optimize 7 T MRI scan-
ning protocols, as well as the image transfer and processing 
workflow.

Materials and methods

Pilot study

A pilot study with healthy volunteers was conducted to 
assess the image quality in terms of field inhomogene-
ity and susceptibility artefacts and to optimize the pulse 
sequences and scanning protocols for RTP purposes. Prior 
to the 7 T MRI scan all volunteers received detailed infor-
mation regarding the purpose of the study and possible 
temporary sensory side effects due to the applied magnetic 
field. Written informed consent was obtained prior to par-
ticipation. A total of three volunteers were recruited: two 
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females (26 and 37 years old) and one male (29 years old). 
Subjects filled out a safety questionnaire prior to the scan 
regarding e.g. medication, claustrophobia, and metallic 
objects, and were instructed not to move during the scan-
ning procedure. They were positioned in a head-first supine 
position and dielectric pads were fixed on both sides of the 
subject’s head next to the temporal lobes after which the 
head coil was placed. The dielectric pads contained a 25 % 
suspension of barium titanate in deuterated water and were 
used to locally increase the transmit B1

+ field to improve 
its homogeneity across the brain [15]. Cushions were 
placed under the knees to provide extra comfort.

Phantom study

Geometrical distortion is a recognized problem in anatomi-
cal MRI, sometimes resulting in pixel shifts of several mil-
limetres, which is detrimental for application of MRI in 
image-guided interventions in neurosurgery and radiother-
apy. Geometric inaccuracies originate from system- (i.e., 
B0-inhomogeneity, gradient field nonlinearity) or object- 
(i.e., chemical shift, susceptibility effects) related causes, 
and can to some extent be corrected for by manufacturer-
developed distortion correction methods and shimming 
procedures. As magnetic field inhomogeneity, chemical 
shift, and susceptibility are proportional to B0, the spatial 
inaccuracy increases with higher magnetic field strength. 
Hence, estimation of the geometrical distortion is essen-
tial before 7 T MRI can be integrated into image-guided 
interventions.

For the assessment of system- and sequence-related geo-
metrical image distortions, we used a dedicated 3D anthro-
pomorphic skull phantom (CIRS Model 603A, Computer-
ized Imaging Reference Systems, Inc., Norfolk, Virginia, 
United States; Figs. 1, 2a, b). This phantom is made up of 
a plastic-bone tissue substitute and soft-tissue equivalent 
material consisting of a water-based polyacrylamide (Zer-
dine®, CIRS). The entire phantom is encased in a clear 
vacuum-formed plastic shell to protect the gel from desic-
cation. The cranial portion of the skull volume is filled with 
an orthogonal 3D grid of 3 mm diameter rods (reinforced 
nylon) spaced 15 mm apart. The maximum 3D grid-size 
is 15 × 12 × 13.5 cm3 (AP × LR × SI), resulting in 436 
measurable grid-intersection points. Since nylon shows 
magnetic susceptibility properties similar to water (i.e., 
difference in susceptibility <3 ppm), the phantom rods are 
expected not to induce artefacts and image abnormalities 
in either spin-echo or gradient-echo sequences [16]. The 
phantom was placed in an ABS vacuum-formed cradle to 
ensure reproducible placement within the scanner. Both CT 
and 7 T MRI images were acquired in order to compare the 
geometrical distortions of both imaging modalities.

Image acquisition

For the phantom study, CT images (SOMATOM Sensa-
tion 10, Siemens Healthcare, Erlangen, Germany) were 
acquired at the MAASTRO clinic with a 1-mm slice thick-
ness, 306 slices, 50 × 50 cm2 field of view, 140 kV, 400 
mAs.

For the pilot and phantom study, MR images were 
acquired at the Scannexus facility with a 7 T whole-body 
scanner (Magnetom 7 T, Siemens Healthcare, Erlan-
gen, Germany) in combination with a 32-channel head 
coil (Nova Medical, Wilmington, United States). Pulse 
sequences included multi-echo gradient echo (GRE), 
magnetization-prepared rapid gradient-echo (MP2RAGE) 
[17], T2-sampling perfection with application optimized 
contrasts using different flip-angle evolution (T2-SPACE), 
and sampling perfection with application optimized con-
trasts using different flip-angle evolution FLAIR (SPACE-
FLAIR) (Table 1).

7 T MRI sequence selection and optimization

Sequences were selected to highlight differences in tissue 
contrast [18] and visualize microvascularization [9, 10]. A 
standard method for obtaining T1-contrast is the MPRAGE 
(magnetization-prepared rapid gradient-echo) sequence, 
which provides good grey-white matter contrast [19]. Due 
to inhomogeneities in both the transmit and receive radi-
ofrequency (RF) fields, a newer variant (MP2RAGE) was 

Fig. 1  Anthropomorphic skull phantom CIRS 603A. Source: Com-
puterized Imaging Reference Systems, Inc (CIRS), viewed 22 
November 2015 http://www.cirsinc.com/products/modality/99/mri-
distortion-phantom-for-srs/

http://www.cirsinc.com/products/modality/99/mri-distortion-phantom-for-srs/
http://www.cirsinc.com/products/modality/99/mri-distortion-phantom-for-srs/
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used that generates two different images at different inver-
sion times and allows for self-correction of the bias fields 
[20].

The MP2RAGE sequence with optimized TR-FOCI 
inversion pulse was chosen for T1-weighted imaging 
instead of the MPRAGE because received bias field could 
be corrected online (Fig. 3a) [21–24]. In particular, the 

T1-weighted images were obtained as the ratio of the two 
volumes acquired at different inversion times (INV1 and 
INV2), which minimizes the effect of B1-variations through 
space. A quantitative T1-map was calculated online by lin-
ear interpolation of the INV1 and INV2 images [17]. An 
optimized four-echo GRE was used instead of the typical 
single-echo GRE with a long echo time in order to correct 

Fig. 2  Sagittal and coronal 
slice of the CIRS 603A phan-
tom on CT (a), and 7 T MRI 
(b) scan

Table 1  Scan parameters per 
7 T MRI pulse sequence

MP2RAGE SPACE SPACE-FLAIR GRE

Repetition time TR (ms) 5000 4000 8000 33

Echo time TE (ms) 2.5 283 302 2.5

Inversion time (ms) TI1 900
TI2 27500

N/A 2330 N/A

Field of view (mm) 223 × 223 192 × 192 193 × 206 160 × 223

Nominal flip angle (°) 5 and 3 Variable Variable 11

Acquisition matrix (pixel) 0\320\320\0 0\320\320\0 0\256\240\0 0\320\320\0

Bandwidth (Hz/pixel) 248 372 383 290

Slices (n) 240 288 208 208

Slice thickness (mm) 0.7 0.6 0.8 0.7

Acquisition time (min) 8.02 7.50 10.58 8.33
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for B1-inhomogeneities and obtain quantitative T2*-images 
(Fig. 3b).

T2-weighted imaging using standard Turbo Spin Echo 
sequences becomes increasingly difficult at UHF due to a 
relatively high SAR induced by multiple 180° refocussing 
pulses [25]. For this reason, a technique involving the use 
of a tailored RF flip angle train was used (T2-SPACE) to 
obtain T2-like contrast [26–28]. This same technique was 
also used as the basis for a FLAIR-type contrast (SPACE-
FLAIR), where an inversion pulse, with inversion time 
of 2330 ms, was added to null fluid signals. For both T2-
weighted sequences, a Works-In-Progress package [WIP 
692] from Siemens was used and parameters were opti-
mised to obtain excellent contrast, with reference to stand-
ard clinical imaging. All images were reconstructed with 
and without manufacturer-developed correction procedures 
to restore gradient uniformity.

Image transfer and processing workflow

Since MAASTRO clinic and Scannexus each operate inde-
pendently from the Maastricht University Medical Center 
(MUMC), a dedicated inter-institutional imaging workflow 
was developed to be able to collaboratively share the 7 T 
MR images acquired at Scannexus with the department 
of Neurosurgery at MUMC and the Radiation Oncology 
department at MAASTRO clinic. Our solution comprised a 
cloud-based medical image sharing environment (Quentry, 
version 3.0, Brainlab AG, Feldkirchen, Germany) to upload 
the 7 T MR images into the neurosurgical cranial naviga-
tion software (iPlan Net, version 3.6, Brainlab AG, Feld-
kirchen, Germany) that will be used to obtain the biopsy 
specimen for the future clinical study. The MiTools soft-
ware package was used to generate quantitative T2*-maps 

from the multi-echo GRE images (http://od1n.source-
forge.net/). The 7 T MRI scans were imported directly as 
DICOM files into the radiation treatment planning system 
(Eclipse version 11, Varian, Palo Alto, United States of 
America) from the Scannexus facility.

Image quality assessment

Qualitative image analysis

During a multi-disciplinary session, a physicist, neuro-radi-
ologist, and radiation oncologist visually verified that the 
MR image quality was warranted after acquisition, transfer 
and processing of the images. Image quality was assessed 
by evaluating the images of all three volunteers on the 
MR scanner console and within the neurosurgical naviga-
tion and RTP software. The MP2RAGE, T2-SPACE, and 
SPACE-FLAIR sequences were visually evaluated by an 
experienced neuro-radiologist for SNR, visualisation of the 
cerebral lobes, depiction of grey-white matter, basal gan-
glia, ventricles, and CSF around the brain. Each of these 
factors was classified on a scale of 1–4 (1, excellent; 2, 
good; 3, marginal, but still diagnostic; 4, non-diagnostic). 
The GRE images were not assessed, as these images were 
post-processed in order to obtain quantitative T2*-images.

Quantitative image analysis: geometrical image distortion

To assess the geometrical reliability of the 7 T MR 
images, two clinically-relevant pulse-sequences (GRE 
and MP2RAGE) were used to acquire images of the phan-
tom, both with and without automatic geometric distor-
tion correction. Unfortunately, it was found that the dis-
tortion correction processing was not compatible with the 

Fig. 3  Axial slices of 7 T 
MRI T1-weighted image from 
MP2RAGE (a), and T2*-
weighted image from GRE (b) 
of a healthy volunteer. White 
arrow exemplifies the fine 
vascularisation detail that is 
observed

http://od1n.sourceforge.net/
http://od1n.sourceforge.net/
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multi-echo data, causing severe artefacts. For this reason, 
only the data from the MP2RAGE is presented. We aim to 
resolve this incompatibility in future clinical studies. The 
GRE and MP2RAGE sequences were selected to assess 
sequence-related geometrical image distortions, as they 
will be primarily used for GTV delineation in the clinical 
study.

Next, the 3D coordinates of all 436 grid-intersection 
points were acquired after manual processing of the respec-
tive CT and MR images in Eclipse. The coordinates of the 
reference points were deduced from the phantom’s known 
geometry.

Two methods were used to measure the geometrical 
distortion at different levels of sophistication. The first 
method was used to assess the overall image distortion 
using an in-house developed MATLAB script (R2014b, 
MathWorks Inc, Natick, USA). All unique pairs of grid-
intersection point coordinates were generated, from which 
the Euclidean distance was subsequently determined, and 
absolute differences in distance were calculated between 
the reference (i.e., phantom-based) and measured (i.e., 
image-based) distances. In a second method, Euclidean 
distances were measured between a fixed reference point 
located at the magnetic field isocenter, and all other grid-
intersection points in the image, and compared to corre-
sponding distances within the reference frame. Hence, 
a measure of the geometrical dispersion relative to the 
magnetic field isocenter was obtained. Both methods were 
applied to the CT and MRI scans. The overall geomet-
ric distortion was quantified by the global mean absolute 
deviation (MADglobal) and its standard deviation (SD), 
while geometrical dispersion relative to the isocenter was 
quantified by local mean absolute deviation (MADlocal) 
and its SD:

where Dref represents the Euclidian distance between 
reference points, Dm is the measured distance between 
image-based grid points, and Disoc is the measured distance 
between the magnetic field isocenter and surrounding grid 
points. For each measurement within a cluster of unique 
distances i, the MAD is then calculated as the average of 
the absolute difference in Euclidian distances.

Given the MAD and its standard deviation (SD), a 95 % 
confidence interval (Δ) was calculated as:

MADglobal=
1

i

∑

i

|Dref − Dm|i

MADlocal =
1

i

∑

i

|Dref − Disoc|i,

� = ±(MAD+ 2SD).

Based on this confidence interval, a maximum accept-
able tolerance level of 2.0 mm was defined. When 
MAD >1.0 mm and |Δ| > 2.0 mm, the level of geometric 
deviation between the measured and reference dimensions 
were considered unacceptable.

Results

Image acquisition

The duration of the scanning sessions for the volunteers 
was 50 min. All three volunteers reported slight vestibular 
effects while being moved in and out of the magnetic field. 
One of the volunteers reported twitching of the nose tip 
during the scanning procedure. No other clinically relevant 
sensory effects were reported. The duration of the scan-
ning session for the phantom was up to 150 min, as it was 
scanned with the same sequences as the volunteers in three 
orthogonal planes (axial, sagittal, coronal).

Image quality

Qualitative image analysis

Images acquired with MP2RAGE (Fig. 3a), T2-SPACE, 
and SPACE-FLAIR sequences all showed good to 

Fig. 4  Sagittal 7 T MRI SPACE-FLAIR image of a healthy volun-
teer, showing increased geometrical distortion near the skull base, the 
ventral part of the temporal cortices, and the orbito-frontal cortex
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excellent SNR and visualization of the frontal and pari-
etal lobes. Furthermore, there was a good to excellent 
reproduction of the ventricles and CSF surrounding the 
brain. All sequences showed marginal to good SNR and 
visualization of the cerebellum. The reproduction of CSF 
around the cerebellum was good, except for on T2-SPACE 
where it was judged to be non-diagnostic to marginal. All 
sequences demonstrated non-diagnostic to marginal image 
quality for SNR, visualization of the cerebral lobes, depic-
tion of grey-white matter and ventricles and depiction 
of CSF around the brain at the frontobasal and temporal 
lobes. This decrease in image quality was primarily caused 
by a decrease in signal and susceptibility artefacts near 
the skull base (Fig. 4). The reproduction of the basal gan-
glia was good to excellent on T2-SPACE and MP2RAGE, 
respectively, but was considered marginal in one of the vol-
unteers on SPACE-FLAIR due to flow-artefacts. The visu-
alization of the cerebral vessels was good to excellent on 
both T2-SPACE and MP2RAGE and considered marginal 
to good on the SPACE-FLAIR. There was a signal inho-
mogeneity present in the T2-SPACE and SPACE-FLAIR 

images in both the medial–lateral and anterior-posterior 
direction. Moreover, the T2-SPACE showed a signal drop 
at both the skull base and the temporal lobes. Ghosting 
artefacts were anteriorly and posteriorly present in the 
T2-SPACE and SPACE-FLAIR. These may be the result 
of the relatively high amount of image acceleration used 
(2 × 2 GRAPPA) and it may be possible to reduce these 
artefacts through enhanced image reconstruction. In addi-
tion, flow-artefacts were observed near major intra-cranial 
vessels such as the carotid and basillary arteries. Image 
transfer and processing did not visually degrade the image 
quality.

Quantitative image analysis: geometrical image distortion

Global distortion method Based on the 436 reference 
points of the 3D grid, 95,266 unique distances between 
grid-intersection points were calculated and paired into 100 
unique distance clusters, ranging from 15 to 164.32 mm. 
The corresponding image-based distances were paired into 
the same clusters for calculating MADglobal.

Fig. 5  Absolute inter-grid distances (grey dot) measured within CT 
(a), distortion-uncorrected GRE images (b), distortion-uncorrected 
MP2RAGE images (c), and distortion-corrected MP2RAGE (d) rela-
tive to the possible cluster distances in mm. The overall geometric 

distortion was quantified by MADglobal (blue square) and its standard 
deviation. The 95 % confidence interval (Δ) is shown as the dotted 
line
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Figure 5 presents the absolute difference between phan-
tom- and image-based distances within each cluster, as 
well as the MADglobal of that cluster. The global geomet-
ric distortion within the MR-images is more pronounced 
than in CT images. However, CT is not completely free 
of distortion errors with average MADglobal of 0.20 mm 
(SD ± 0.05 mm) (Fig. 5a). The GRE and MP2RAGE 
sequences present MADglobal ranges of 0.31–1.35 and 0.38–
1.62 mm, respectively, in distortion-uncorrected images 
(Fig. 5b, c). Furthermore, the measured differences were 
less consistent in MP2RAGE images with various outliers 
above the 95 % confidence interval (Δ = 1.29 mm), mostly 
at small intergrid distances. In the distortion-corrected 
MP2RAGE images, relatively similar patterns of MADglobal 
could be noted (Fig. 5d) with values ranging from 0.34–
1.91 mm (Δ = 1.68 mm). Table 3 provides a clear over-
view of MAD ranges, average MAD, and MAD confidence 
intervals per selected image.

Local distortion method Figure 6 shows the geometrical 
dispersion relative to the isocenter (MADlocal) and illus-
trates modality-and sequence-dependent distortion effects 
and the quality of the MR-distortion correction methods. In 
CT-images, MADlocal ranges from 0.06–0.27 mm, indicat-
ing small spatial deviations. In the distortion-uncorrected 
7 T MR images, MADlocal ranges from 0.28–1.31 mm 
(Δ = 0.99 mm) in GRE images and 0.26–1.46 mm 
(Δ = 1.04 mm) in MP2RAGE images. In the distortion-
corrected MR-images, MADlocal ranges from 0.22–1.82 mm 
(Δ = 1.56 mm) in MP2RAGE images. The value for MAD-

local is observed with increasing distance from the magnetic 
field isocenter, with a maximum of 1.82 mm near the edges 
of the phantom. At equal distance from the isocenter, geo-
metric distortion was found to be anisotropic. For distor-
tion-corrected MP2RAGE images, major spatial displace-
ment could be noted in the superior-inferior (SI) direction 
(e.g., 0.82 mm at 45 mm isocenter distance).

Based on the average MAD-values for CT and 7 T 
MRI, both modalities present tolerable levels of geo-
metrical image distortion with average MAD ≤ 1.0 mm 
and Δ ≤ 2.0 mm (Tables 2, 3). However, MADglobal and 
MADlocal of larger cluster distances often exceed this tol-
erance limit. For corrected MP2RAGE images, MADglobal 
was >1.0 mm for intergrid distances >77.9 mm. MADlocal 
measurements in distortion-corrected MP2RAGE images 
was <1.0 mm up until 68.7 mm from the isocenter.

Discussion

This paper reports on the preparatory work for our clini-
cal study to integrate 7 T MR images into neurosurgical 
navigation and RTP systems. It includes a pilot study with 

healthy volunteers and a phantom study. The volunteers in 
our pilot study reported limited side effects of the 7 T MRI. 
Similar to other studies on UHF MRI, mainly transient 
vestibular effects were noted [29, 30]. In our study these 
effects were only present during a change in table position. 
The cause of transient vertigo and dizziness is not yet fully 
understood, but magnetic stimulation of the ear’s labyrinth 
has been suggested [31].

There are currently still a few shortcomings in image 
quality that need to be resolved before clinical implemen-
tation of UHF MRI. Although image quality in our study 
was good to excellent in the frontal and parietal lobes, 
all sequences demonstrated a non-diagnostic to marginal 
image quality for all evaluated parameters at the fronto-
basal and temporal lobes. This is a well-known issue for 
UHF-MRI and is generally caused by a decrease in signal 
and susceptibility artefacts near the skull base. As a conse-
quence, patients with tumours near the skull base will be 
excluded from our clinical trial.

Many researchers have been working on improving 
the inversion contrast in MPRAGE, particularly trying to 
reduce the sensitivity to off-resonance and RF inhomoge-
neity effects [19]. RF transmit technology is a very active 
research field within UHF MRI, and better transmitter 
designs may become available. The application of dielec-
tric pads improves the transmit field homogeneity, which 
in our case ensured obtaining sufficient signal from the 
temporal regions [15, 32]. Concurrently, the application 
of dielectric pads also affects the receive B1 field and can 
lead to signal increases in their immediate vicinity. Image 
intensity inhomogeneities of this kind are also typical for 
multi-channel RF receiver coils. They can be circumvented 
by image post-processing techniques such as division by 
an image with the appropriate weighting or by model fit-
ting of at least two images differing by a single parameter 
[24]. The latter approach is utilized when generating the 
T2*-maps from the multi-echo GRE data and T1-maps from 
the MP2RAGE data, whereas the former approach is used 
to obtain the MP2RAGE T1-weighted images. It is worth 
mentioning that the inversion pulse of the MP2RAGE 
sequence has been specifically designed to deliver homoge-
neous T1-contrast across the whole brain despite B1-inho-
mogeneities [22].

Yet further gains may be possible through the use of par-
allel transmit (pTx) technology, where 8 or 16 separate ele-
ments may be combined to produce a more uniform or tar-
geted excitation. However, the use of such systems involves 
significant additional experimental setup (e.g., more com-
plicated RF coils and pre-scans to determine per-subject 
transmit patterns, etc.), which may limit the applicability 
to patients. Additionally, SAR considerations are signifi-
cantly more complicated in a pTx setup, as different excita-
tion patterns will produce different SAR values within the 
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Fig. 6  Geometric dispersion 
relative to the magnetic field 
isocenter, quantified by MADlo-

cal and its standard deviation 
within CT (black square) and 
distortion-uncorrected 7 T 
MR images a acquired with 
GRE (green diamond) and 
MP2RAGE (orange diamond) 
pulse sequences. Measured 
MADlocal values for CT and 
distortion-corrected 7 T 
MR images b acquired with 
MP2RAGE (orange circle) 
pulse sequence are shown rela-
tive to the distance



600 Magn Reson Mater Phy (2016) 29:591–603

1 3

subject. While considerable progress has been made, there 
is still significant work required to implement this in clini-
cal studies.

The phantom we used provides a realistic anthropomor-
phic scenario for CT and MRI to assess spatial distortion in 
7 T MRI for clinical use. Although there is no standard pro-
cedure for assessing spatial distortion in 7 T MRI, AAPM 
and the Institute of Physics and Engineering in Medicine 
recommend measuring the distance between two selected 
points in the MR-image and calculating the deviation 
from the known distance [33, 34]. Based on these recom-
mendations we assessed the geometrical image distortion 
using two different methods, MADglobal and MADlocal. We 
selected two variable points in the image for MADglobal 
assessment and selected one variable and one fixed point 
in the image (e.g., magnetic field isocenter) for MADlocal 
assessment [35, 36].

The assessment of geometrical distortion in our study 
is similar to the study by Cho et al. investigating the visu-
alisation of targets for deep brain stimulation in Parkinson 
disease [13]. However, in the present study an updated ver-
sion of the CIRS phantom was used. Furthermore, we did 
not consider CT as a reference standard and therefore did 
not co-register the CT to the MRI scan. Instead, the known 
geometry of the phantom was considered the reference.

Although no geometrical distortion was expected, we 
do report minimal distortion from the CT images. This 
was probably caused by measurement uncertainties from 
manually assessing the grid coordinates and was not found 
to be correlated to inter-grid distances or distances from 
the isocenter. For MRI however, overall geometric dis-
tortion increases exponentially with increasing distances 
between grid-intersection points. In uncorrected GRE 
and MP2RAGE images, a plateau-stage starts to manifest 
at 58 mm from the isocenter. Presumably, this plateau-
stage could be attributed to the non-linearity of the gra-
dient fields. Near the edges of the image, the assumed 

linear relationship between spin position and precession 
frequency in the local field is false, leading to a compres-
sion of the image. In distortion-corrected images, gradi-
ent uniformity was restored and as a result, the image was 
decompressed to its correct dimensions. Consequently, 
MP2RAGE sequences show a more linear increase of spa-
tial deviation and higher MADlocal maxima are measured 
(Table 3). The larger range of MAD-values is related to the 
increase in measurable distance between grid-intersection 
points and the residual system-related geometrical distor-
tion factors, such as eddy currents and B0 inhomogeneity, 
which were not corrected for. Others have used a similar 
method, as applied in this study to estimate the reliability 
of stereotactic coordinates on 1.5 and 3 T MR images [37]. 
They reported a range of mean errors of 0.30–1.20 and 
0.43–1.78 mm in T1w-images at 1.5 and 3 T, respectively. 
For T2w-images, they have shown ranges of 0.29–0.58 mm 
and 0.31–1.85 mm, respectively.

Geometric distortion can occur to different degrees 
depending on the imaging sequence parameter set-
tings [38]. Differences in MADlocal between GRE and 
MP2RAGE could be attributed to differences in read-out 
bandwidth (rBW). With a lower rBW, more geometric 
distortion could be noted in the frequency-encoding or 
read-out direction. For MP2RAGE, a low rBW was used 
(250 Hz/pixel) for measurements in the SI read-out direc-
tion, while the read-out direction for GRE images was AP. 
To minimise this type of geometric distortion, a larger rBW 
could be selected, however, this in turn implies a loss in 
SNR. Increasing slice thickness could compensate for this 
loss in SNR, but is undesirable in clinical practise as reso-
lution decreases.

Based on Figs. 5 and 6, we conclude that geometric 
distortion is anisotropic. When measuring local displace-
ment at equal distances from the magnetic field isocenter, 
the geometric distortion correlates with the frequency-
encoding direction. However, the exact quantification of 

Table 2  Geometric distortion 
measures for CT

MADglobal (mm) MADLocal (mm)

Range Mean ± SD Δ Range Mean ± SD Δ

CT 0.14–0.64 0.20 ± 0.05 0.30 0.06–0.27 0.16 ± 0.04 0.24

Table 3  Geometric distortion measures for 7 T MRI

Sequence DC MADglobal (mm) MADLocal (mm)

Range Mean ± SD Δ Range Mean ± SD Δ

GRE No 0.31–1.35 0.88 ± 0.22 1.33 0.28–1.31 0.65 ± 0.17 0.99

MP2RAGE No 0.38–1.62 0.88 ± 0.21 1.29 0.26–1.46 0.64 ± 0.20 1.04

MP2RAGE 3D 0.34–1.91 0.98 ± 0.35 1.68 0.22–1.82 0.85 ± 0.36 1.56



601Magn Reson Mater Phy (2016) 29:591–603 

1 3

geometric distortion anisotropy was not investigated and 
will be analysed in future work. When interpreting MADg-

lobal and MADlocal, it is important to note that the phantom 
used in this study describes the dimensions of a realistic 
human head. This implies that larger measurable distances 
from the isocenter could be measured in AP and SI direc-
tion than are possible in LR direction, leading to a possi-
ble misinterpretation of MADglobal and MADlocal and their 
respective SD.

Geometrical distortion, image registration, and deline-
ation inaccuracies should all be taken into account while 
establishing the PTV margin for the clinical application of 
the 7 T MRI [39]. However, a larger PTV margin might be 
less relevant for RTP in GBM in which an isotropic CTV 
margin of 2–3 cm is added. An increase in PTV margin is 
highly detrimental for stereotactic radiosurgery, in which a 
very high radiation dose is given to a small volume of the 
brain. Manufacturer’s distortion correction routines (i.e., 
gradient non-linearity correction and automated shimming) 
were applied to decrease geometric inaccuracies. However, 
Wang et al. showed that despite these measures, distortion 
can still be significantly present in UHF MR images [40]. 
As confirmed by our measurements (Fig. 5), the spatial 
deformation in geometrically corrected MR images is non-
negligible for RTP purposes, especially for tumours located 
far from the magnetic field isocenter. This finding corre-
sponds to the results obtained by other studies using a dif-
ferent phantom [12, 13]. Current use of MR images in radi-
otherapy planning requires co-registration to CT images, as 
information of electron density is needed for dose calcula-
tion. Although CT shows negligible geometric distortion, 
co-registration of CT and MR images introduces registra-
tion errors [41]. MRI-only-based treatment planning could 
provide an alternative to errors introduced through regis-
tration, but requires thorough investigation before clinical 
implementation [42].

Any technical and logistic challenges we encountered in 
the image transfer and processing workflow were primarily 
caused by the different image acquisition and processing 
platforms used at the different institutions and departments 
involved in this study, e.g. the 7 T MRI scanner at Scan-
nexus, and neurosurgical and RTP software. Not all image 
data formats (e.g. NIfTi, xBrain) were compatible with 
these software systems. Fortunately, we could solve these 
problems by converting all image datasets into DICOM 
format and by using a cloud-based environment to collabo-
ratively share the images. However, transfer and conversion 
of images could carry an inherent risk of data degradation 
and should be checked prior to clinical use.

The present study has several limitations and some fac-
tors that need to be considered when attempting to set up a 
similar study. First, the number of volunteers included in 
our pilot study was small. Moreover, sequence optimization 

was limited by the increase in SAR and scan duration and 
leaves room for future improvement. Second, unlike a 
human head, the anthropomorphic skull phantom did not 
contain any air cavities (i.e., sinuses) and only allowed 
assessment of the system-related geometrical distortion. 
Third, we only investigated geometrical distortion of 7 T 
MRI in comparison to CT and did not yet evaluate lower-
field-strength MR images. Geometrical distortion in rela-
tion to 1.5 and 3 T field strengths will be addressed in a 
future study. Fourth, other hardware-related geometrical 
distortions such as eddy currents and B0 inhomogeneity are 
not corrected, and remain present in the images. In general, 
B0 inhomogeneity could be resolved with shimming and 
field map correction, although these corrections are mostly 
effective in EPI sequences [43, 44]. Finally, the distortion-
corrected GRE images could not be assessed for geometri-
cal distortion due to severe artefacts, therefore a compari-
son between distortion-corrected pulse sequences was not 
possible.

Several investigators suggested that the presence of 
microvasculature on UHF MRI may aid in improved iden-
tification of WHO tumour grade in GBM as compared to 
3 T MRI [8, 10]. So far, these findings have not resulted 
in a systematic investigation of the potential value of 7 T 
MRI for improved neurosurgical navigation and target vol-
ume definition in RTP. Therefore, we aim to demonstrate 
the potential benefit of UHF MRI in identifying tumour 
infiltration for the delineation of GBM in our upcoming 
clinical study. This study is expected to open for inclu-
sion in the first quarter of 2016. During the preparatory 
phase of the current study, image quality has significantly 
improved. However, further improvement of the image 
quality by reducing susceptibility artefacts in the frontoba-
sal region and in the temporal lobe is required before clini-
cal implementation.

Conclusion

Although the integration of high-quality and geometrically 
reliable 7 T anatomical MR images into neurosurgical nav-
igation and RTP software is technically feasible and safe 
for the system and pulse sequences studied, image quality 
needs further improvement before it can be integrated into 
the clinical workflow. System-related geometrical distor-
tions of the 7 T sequences studied are clinically acceptable 
for image co-registration with CT prior to radiotherapy and 
for direct use in neurosurgical procedures.
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