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Ultra-high field MRI is an emerging technique promising high-resolution images for radiotherapy plan-
ning. We compared a 7 Tesla FLAIR sequence with clinical FLAIR imaging at 3 Tesla in glioblastoma
patients before radiotherapy. High-resolution 7 Tesla FLAIR imaging may enhance the depiction of organs
at risk and possibly modify target volumes.

© 2018 The Author(s). Published by Elsevier B.V. Radiotherapy and Oncology 130 (2019) 180-184 This is
an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Currently, MRI at field strengths of up to 3 Tesla (T), based on
T1-weighted contrast-enhanced and T2-weighted Fluid-
attenuated Inversion Recovery (FLAIR) imaging [1,2], is a corner-
stone in the diagnosis and treatment planning of glioblastoma
(GBM) [2-4]. Despite greatest-possible resection and adjuvant
chemoradiotherapy (CRT), patients still face a poor prognosis
[5,6]. A major problem is the aggressive and diffuse infiltration of
GBM, particularly along white matter tracts, which often remains
invisible on clinical imaging [7-10]. Ultra-high field MRI at field
strengths of 7T and above is an emerging imaging technique which
yields increased signal-to-noise-ratio (SNR) and allows for higher
spatial resolution [11-14]. Specifically, 7T MRI has the potential
to depict small anatomical substructures [13,15] and improve
diagnostic confidence in the brain [16]. Furthermore, integration
of 7T MRI in treatment planning for brain tumors is technically fea-
sible [17]. Hence, 7T MRI might enhance visualization of GBM infil-
tration as related to neighboring tissues and organs at risk (OARs),
thus refining current radiation target volume delineation.

In this preparatory work, we compared clinical FLAIR MRI at 3T
with a high-resolution FLAIR sequence at 7T for radiotherapy plan-
ning of GBM patients. We hypothesized that the 7T FLAIR sequence
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would yield higher spatial resolution at equally high image quality,
thus providing altered gross-tumor-volumes (GTV).

Patients & methods

Between May 2017 and April 2018, 19 prospective patients con-
secutively underwent FLAIR imaging at a 7T MRI scanner before
CRT. 7T MRI inclusion criteria were age >18 years, eligibility for a
7T MRI examination, histopathological diagnosis of GBM and resid-
ual tumor as visible on clinical imaging. Finally, consistent clinical
3T FLAIR MRI was mandatory, so that 15 patients were eligible for
this analysis (Table 1).

High-resolution FLAIR imaging was performed on a 7T MRI
scanner (MAGNETOM 7.0 Tesla, Siemens Healthineers, Erlangen,
Germany) with a single channel transmit/24 channel receive head
coil (Nova Medical, Wilmington, USA). Additionally, dielectric pads
were used [18]. The sequence based on a Hyperecho approach
[19,20] which facilitated adherence to SAR limits [refocusing flip
angle: 60°, echo train length: 13, TE: 111 ms, TR: 16000 ms, TI:
3100 ms, 0.57x0.57 mm?, slice thickness: 5 mm, number of slices:
15, distance factor: 10%]. Sequence duration was 7:30 minutes.
After examination, patients were interviewed for possible MRI side
effects.

Clinical FLAIR images were obtained on 3T MRI scanners (MAG-
NETOM Skyra (TrioTIM or Verio), Siemens Healthineers, Erlangen,
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Table 1

Patient characteristics and data analysis (n = 15). All p-values were additionally adjusted (adj) according to the Bonferroni-Holm method. (CRT = chemoradiotherapy, T = Tesla,
FLAIR = fluid-attenuated-inversion-recovery, SNR = signal-to-noise-ratio, SNR.,, = corrected signal-to-noise-ratio, WM = white matter, GM = gray matter, PE = peritumoral

edema, GTV = gross tumor volume).

Whole Patient group (n=15)

Age [Years]
Median Age 60
Interquartile Range 53-66

Gender N [%]
Male 8 53.3
Female 7 46.7

Previous Therapy N [%]
Biopsy only 4 26.7
Partial Resection only 6 40.0
Resection & CRT 5 333

Time span of 3T to 7T FLAIR [days]

Median Time Span 7
Interquartile Range 1-15

SNR in WM 3T FLAIR 7T FLAIR p-Value (adj)
Median 68.7 48.7 0.2293 (0.2293)
Interquartile Range 37.4-76.7 34.7-72.2

SNRcorr in WM 3T FLAIR 7T FLAIR p-Value (adj)
Median 68.7 107.7 0.0103 (0.0312)
Interquartile Range 37.4-76.69 73.8-152.3

SNRGm/wwm ratio 3T FLAIR 7T FLAIR p-Value (adj)
Median 1.14 1.30 0.0103 (0.0312)
Interquartile Range (1.11-1.21) (1.20-1.38)

SNRpgjwm ratio 3T FLAIR 7T FLAIR p-Value (adj)
Median 1.85 1.44 0.0004 (0.002)
Interquartile range (1.66-2.03) (1.28-1.50)

Subgroup for GTV comparison (N = 8)

Tumor localization N [%]

Frontal 3 37.5
Frontoparietal 2 25.0
Frontotemporal 2 25.0
Parieto-temporal 1 125

GTV 3T FLAIR [ccm] 7T FLAIR [ccm]
Median 79.09 76.58
Interquartile Range 21.2-113.7 20.9-90.9

GTV difference [% of GTV at 3T] p-Value (adj)
Median of Differences —7.4% 0.0078 (0.0312)

Interquartile Range —3.2% to —11.6%

Bold values indicate significant p-values after Bonferroni-Holm adjustment.

Germany) with 16-channel receive head coils (Siemens Healthi-
neers, Erlangen, Germany) at the same institution after application
of a Gadolinium-based contrast agent. All protocols based on a
turbo spin echo (TSE) sequence [flip angle: 150° (170°), echo train
length: 18 (21), TE: 117 (135)ms, TR: 8500 ms, TI: 2500 (2400)ms,
in-plane resolution: 0.74 x 0.74 mm? (0.89 x 0.89 mm?), slice
thickness: 5 mm (4-6 mm), number of slices: adapted to whole
head, distance factor: 5%]. Furthermore, pre- and postcontrast
T1-weighted imaging was performed [TE: 4.04 ms; TR: 1710 ms;
in-plane resolution: 0.25 x 0.25 mm?; slice thickness: 1 mm)].
Corresponding 3T and 7T MR-images were coregistered by
employing an automatic multi-modal rigid registration algorithm
in MITK [21]. Regions of interest (ROIs) were placed into white
matter (WM), adjacent gray matter (GM) and adjacent peritumoral
edema (PE) by a radiation oncologist (SA), based on the 3T MRI. PE
was defined as FLAIR hyperintensity without enhancement in post-
contrast T1-weighted sequences. Additionally, a large ROI was
drawn into background noise outside of the skull. SNR values of
WM, GM and PE were calculated dividing the mean signal of the
corresponding ROI by the mean signal of the background ROI.
SNR ratios of GM and WM (SNRgmwwm) as well as PE and WM
(SNRpgywm) were calculated to evaluate relative image contrast.

Finally, a linear normalization of SNR in WM to the voxel size of
the 3T sequence was performed to yield a spatial resolution cor-
rected SNR (SNR¢,;) in WM.

An experienced radiation oncologist (SA) delineated the FLAIR-
GTVs using Oncentra External Beam Version 4.5° (Elekta, Swe-
den). The FLAIR-GTV was defined as the resection cavity plus
the whole region of FLAIR abnormality which accounts for the
major part of the base plan (=GTV1) according to RTOG (resection
cavity plus enhancing lesions plus non-enhancing T2-weighted
FLAIR abnormalities) [2]. The corresponding 3T and 7T FLAIR-
GTVs were compared in all patients where the whole tumor
was covered by the 7T FLAIR imaging and the time span between
3T and 7T MRI was at most 7 days. Consequently, eight patients
were eligible.

Median and interquartile range (IQR) of SNR values in WM, the
SNR ratios and FLAIR-GTV were calculated for both field strengths.
The assessment of differences in SNR in WM, SNR ratios and FLAIR-
GTV between the two field strengths employed two-sided Wil-
coxon signed-rank tests. The level of statistical significance was
set to o <0.05 and all p-values were adjusted according to the
Bonferroni-Holm method to control the family-wise error rate.
The statistical analysis was implemented in R version 3.4.3.
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This study received approval by the local ethics committee
(vote specification: S-343/2016) and written informed consent
was obtained from all patients before MRI according to the decla-
ration of Helsinki.

Results

Image quality

FLAIR imaging at 7T yielded a higher spatial resolution without
significant reduction in the SNR in white matter (WM) compared
to 3T MRI (median SNR in WM at 3T =68.7 (37.4-76.7), median
SNR in WM at 7T =48.7 (34.7-72.2), adjusted p = 0.23). Accord-
ingly, the SNR in WM at 7T reached significantly higher values after
normalization to the clinical voxel size (median SNR¢, at 3T = 68.7
(37.4-76.7), median SNR., at 7T =107.7 (73.8 - 152.3), adjusted
p =0.03). As a result, major WM tracts were depicted in more detail
in 7T FLAIR images (Fig. 1). Furthermore, the SNRgmwwm ratio was
significantly increased at 7T (median SNRgmwwm at 3T=1.14
(1.11 - 1.21), median SNRgmjwwm at 7T = 1.30 (1.20-1.38), adjusted
p=0.03). Thus, images showed a better contrast between gray
matter (GM) and WM (Fig. 1). Conversely, the relative contrast
between peritumoral edema (PE) and WM as represented by the
SNRpgjwm ratio showed significantly higher values in the clinical
FLAIR imaging (median SNRpgwwm at 3T = 1.85 (1.66-2.03), median
SNRpgjwm at 7T = 1.44 (1.28-1.50), adjusted p = 0.002).

7T FLAIR MRI for treatment planning in GBM

FLAIR-GTV

Comparison of FLAIR-GTVs between the 3T and 7T imaging
showed significantly lower volumes in the 7T FLAIR imaging (med-
ian deviation of 7T from 3T = —7.4% (—3.2% to —11.6%), adjusted
p=0.03) (Fig. 1).

Side effects

Only two patients complained about one mild side effect (claus-
trophobia, vertigo) during 7T MRI without the necessity to cancel
the examination.

Discussion

In this work, 15 prospective GBM patients underwent high-
resolution 7T FLAIR MRI for radiotherapeutic target volume delin-
eation in addition to clinical 3T MRI. The 7T FLAIR yielded signifi-
cantly higher SNR in WM and contrast between GM and WM,
whereas the contrast between PE and WM was significantly
decreased. Furthermore, the 7T FLAIR-GTVs were significantly
smaller (N = 8).

The increase in SNR or rather spatial resolution might enhance
anatomical depiction of WM tracts, which are preferred infiltration
routes of GBM [9]. Hence, 7T FLAIR could enhance the inclusion of
neighboring WM tracts into radiotherapy plans following previous

Comparison of FLAIR-GTV
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Fig. 1. Comparison of signal-to-noise-ratio (SNR) (a), SNR ratios (b) and gross tumor volume (GTV) (c) between the two different field strengths (
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with p < 0.05, n.s. = not statistically significant). (a) The corrected SNR is significantly increased at 7T. (b) The relative contrast between white matter (WM) and gray matter
(GM) is significantly higher at 7T. But the relative contrast between WM and peritumoral edema (PE) was significantly decreased at 7T. (c) GTVs were smaller at 7T in all
observed patients (corresponding patients are shown in the same shade of gray). (d) & (e) Exemplary high-resolution FLAIR MRI at 7T with corresponding clinical MRI at 3T in
two patients. The visibility of major WM-tracts (green arrows) and boundaries between GM and WM (green arrowheads) is enhanced in the 7T FLAIR. Near the skull base,
artifacts due to signal loss (yellow arrows) and brightening (red arrow) decrease SNR and contrast of the 7T MRI. (f) Exemplary delineation of FLAIR-GTVs at 3T (blue) and 7T
(red) with superimposition of the corresponding volumes on the clinical 3T MR-image.
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studies employing clinical FLAIR [22]. Additionally, the elevated
contrast between GM and WM suggests better visibility of anatom-
ical borders. Therefore, 7T FLAIR could improve the delineation of
complex organs at risk such as the hippocampus [15,16], which
might be an important structure concerning long-term cognitive
impairment [23]. Furthermore, smaller FLAIR-GTVs result in smal-
ler base plans (=GTV1) and possibly disproportionately smaller
clinical target volumes (CTV1) according to RTOG [2]. Presently,
the EORTC guidelines do not include FLAIR hyperintensities into
GTV, but an adaption of the CTV to encompass all FLAIR hyperin-
tensities is discussed especially in secondary GBM [2]. In that case,
smaller FLAIR-GTVs would also translate to smaller adapted CTVs.
Consequently, altered FLAIR-GTVs in GBM suggest analogous
changes in lower-grade gliomas, which would directly affect GTVs
and CTVs [24,25]. Possible advantages of more focused CTVs at 7T
include improved sparing of OARs as well as enhanced dose cover-
age of the target volumes but require validation in forthcoming
trials.

The imaging duration of 7:30 min as well as the low number of
side effects rendered 7T MRI clinically feasible in accordance with
previous studies [17,26].

The gain in SNR or rather spatial resolution at 7T is in accor-
dance to previous 7T MRI studies [13,16], although SNR.y; of
WM increased somewhat less in our work than reported by Zwa-
nenburg et al. [13]. This might be due to examination of physically
impaired GBM patients instead of healthy volunteers. Moreover,
tumor-related changes could have affected the signals from adja-
cent normal-appearing tissues. Additionally, the contrast agent
applied prior to the 3T FLAIR imaging may have produced an
increase in SNR in clinical MRIL.

Concerning the contrast between WM and GM, Zwanenburg
et al. [13] reported a slight decrease at 7T compared to 3T, whereas
the contrasts differed based on the employed sequence in a previ-
ous study by Springer et al. [16]. Our findings show a significant
increase of the SNRgmwwm at 7T for a Hyperecho-based FLAIR. It
may be inferred that the underlying sequence technique has an
important impact on image contrast. Moreover, the use of contrast
agent with the 3T FLAIR in our study is expected to provide a small
increase in WM-GM contrast. Consequently, the native FLAIR con-
trast difference between 3T and 7T could be even larger than our
findings suggest.

Previous studies of current 7T FLAIR MRI applications reported a
limiting loss of signal and contrast near the skull base [13,16,17],
which was also present within the temporal lobes in our images.
This might impede visibility of OARs and GTVs.

The relative contrast between peritumoral edema (PE) and WM,
as reflected by the SNRpgwm, was significantly lower in the 7T
FLAIR MRI than in clinical FLAIR imaging. Additionally, the 7T
sequence yielded consistently smaller FLAIR-GTVs. Those two find-
ings might be connected because SNRpgwm Was measured in the
outer rim of PE adjacent to WM, which is the area where FLAIR-
GTVs were delineated. Notably, all PE ROIs were defined on 3T
MRI. Hence, one could speculate that SNRpgwwm is decreased
because FLAIR imaging at 7T provides different signals in peritu-
moral edema compared to clinical MRI. Possibly, edema borders
are relocated on 7T FLAIR MRI, which could provide different infor-
mation on tumor infiltration and altered tumor volumes. A com-
plementary depiction of tumor infiltration might also support the
decision whether FLAIR hyperintensities should be included into
a CTV. However, the possible influence of contrast agent on
SNRpgwm in the 3T MRI must be considered, although we carefully
excluded all areas of Gadolinium-contrast enhancement as visible
on T1-weighted MRI from PE ROIs. Concerning the difference in
GTV, other possible influence factors include the lower image qual-
ity in the temporal lobes at 7T which might have impeded visibility
of tumor edema, but only three tumors extended to this area.

Moreover, the interval between 7T and 3T MRI could have allowed
changes in tumor edema but was limited to 7 days which reflects
clinical routine and minimized the bias. Notably, four patients
underwent both MRI examinations on the same day, also showing
consistently lower FLAIR-GTVs at 7T. Finally, two patients had
received a previous CRT with an interval to MRI of at least
2 months, so that therapy-associated changes were possible but
unlikely.

Further limitations of this study include hardware differences
as well as slightly varying FLAIR protocols between the different
MRI scanners. However, all protocols were optimized with respect
to the corresponding hardware. These are the first results from a
prospective study investigating high-resolution 7T FLAIR MRI in
radiation treatment planning in general and especially for GBM
patients. Consequently, our findings form the basis for validations
in bigger patient cohorts and investigations of patient outcome fol-
lowing 7T-MRI-based radiotherapy planning.

In conclusion, 7T FLAIR MRl is a clinically feasible imaging tech-
nique which could enhance visualization of tumor infiltration as
well as neighboring white matter tracts and organs at risk, thus
possibly altering treatment planning volumes in radiotherapy.
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