
 
Cover Page 

 
 

 
 
 

 
 
 

The handle http://hdl.handle.net/1887/20590 holds various files of this Leiden University 
dissertation. 
 
Author: Versluis, Maarten Jan 
Title: Technical developments for clinical MR applications at 7 T 
Issue Date: 2013-03-06 

https://openaccess.leidenuniv.nl/handle/1887/1
http://hdl.handle.net/1887/20590
https://openaccess.leidenuniv.nl/handle/1887/1�




11

General discussion



168  | chapter 11

The development of magnetic resonance imaging (MRI) systems with incre-
asing field strengths is driven by the promise of higher signal-to-noise ratios 
(SNR) resulting in imaging structures that could not be visualized before. Ho-
wever it is not trivial to obtain the improvements that can be theoretically 
expected. The transition from a conventional 3 Tesla MRI scanner to a re-
search 7 Tesla system creates intrinsic challenges, such as radiofrequency 
(RF) inhomogeneity, B0 inhomogeneity and increased tissue heating that can 
negate the expected improvements. In this thesis several new techniques 
have been developed and applied to 7 Tesla MRI to optimally benefit from 
the expected improvements in SNR, and contrast.

Intrinsic challenges of 7 Tesla MRI

RF field inhomogeneities
Creating a highly homogeneous RF field (B1) is of great importance for many 
MR applications. In addition to the homogeneity it needs to be created with 
high efficiency to reduce the tissue induced heating. However this is not eas-
ily achieved. The short wavelength (approximately 11 cm in human tissue) 
and as a result deconstructive interference of the RF field (1) prohibits, or 
at least seriously limits the application of conventional RF coils (2, 3) used 
at lower field strengths. Almost all recently developed pulse sequences and 
system calibration sequences for 1.5 Tesla and 3 Tesla systems assume a ho-
mogeneous B1 field, therefore a simple translation of protocols will not work 
at 7 Tesla. There are two ways to mitigate these issues, the first is to develop 
different coils which are sufficiently homogeneous within a certain region-
of-interest (ROI), and the second approach is to develop sequences which 
are robust to variations in the B1-field. Since the introduction of 7 Tesla MRI 
systems a range of different coils has been developed. When the ROI is suffi-
ciently small, such as for imaging leg muscles, the eye lens, or even the heart 
or spine, a relatively simple local transmit-receive (Tx/Rx) coils can provide 
adequate coverage and homogeneity (4–7). This thesis has shown the devel-
opment of a local Tx/Rx coil for cardiac imaging, which was used to visual-
ize the lumen of the right coronary artery (8). For larger anatomies, or for 
improved homogeneity more sophisticated design is required using multiple 
independently driven RF coils simultaneously (B1-shimming) to create con-
structive addition of B1-fields (9–11), or using “traveling wave” antennas (12, 
13). Concurrently pulse sequences can be adapted to provide robustness 
for variations in the B1-field while staying within the specific absorption rate 
(SAR) limits for tissue heating. SAR intensive protocols involving turbo spin 
echo and fluid attenuated inversion recovery sequences have been adapted 
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to cope with these issues (14). For small targeted areas, such as in single 
voxel MRS the B1 field can be considered homogeneous, relatively indepen-
dent from the used coil configuration. This thesis has shown that a volume 
specific RF calibration can accurately establish the relation between RF am-
plifier power and generated B1 field in a small localized region, resulting in an 
increased SNR of single voxel spectra obtained in the calf muscle (6). 

Although the RF field inhomogeneities of 7 Tesla MRI will likely continue to 
be a challenge, several techniques, both in hardware and pulse sequences 
have been developed to overcome some of the issues.

Static magnetic field inhomogeneities
Inhomogeneities in the main magnetic field (B0) become increasingly larger 
for higher magnetic field strengths. These inhomogeneities can be separated 
into static distortions and dynamically fluctuating distortions. The former are 
created by transitions in magnetic susceptibility between different types of 
tissue and particularly by air cavities and produces on MR imaging local areas 
of deformation or signal drop out. The latter can create an overall degrada-
tion of image quality, especially for sensitive protocols, such as T2

*-weighted 
gradient echo sequences. Higher order shimming is used to counteract the 
static B0 inhomogeneities and is available on most 7 Tesla systems. Additional 
improvements in compensating for static inhomogeneities have been shown 
using slice specific shim settings, however this requires dedicated hardware 
(15). Correcting for dynamically fluctuating magnetic fields, which can sub-
stantially degrade image quality becomes increasingly important for long 
scan durations. These fluctuations can be introduced by breathing, coughing 
or involuntary body movements (16, 17). Solutions have been proposed that 
prospectively change the shim settings depending on the respiratory cycle 
(18), by the  additional placement of field probes (19, 20) or that retrospec-
tively correct the images using an additionally acquired navigator echo (17, 
21). Ultimately when the magnetic field distortions are known in real time it 
is possible to pro-, or retrospectively correct for the image artifacts, resulting 
in robust imaging. This thesis has shown that correcting for these artifacts is 
important for patient studies, which typically are more restless than healthy 
young volunteers. Similarly the frequent use of high resolution scans with a 
long scan duration lead to an increased chance of motion induced artifacts.

The (clinical) value of 7 Tesla MRI: current status

Following the technical advancements and solutions to many of the initial 
problems, 7 Tesla MRI is gradually being used in a clinical setting. To date 
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the number of pure patient studies is still very limited. By far, the majority 
of studies have been performed in patients with neurological diseases, likely 
because the techniques for brain imaging are most developed. Patients with 
a variety of neurological disorders have been studied. To name a few, in pa-
tients with Multiple Sclerosis (MS) enhanced lesion detection and location of 
lesions was obtained (22–24). In patients suffering from Huntington’s disease 
(HD) single voxel MRS could be obtained from small brain structures, such as 
the caudate nucleus and putamen known to be affected by the disease. Due 
to the increased chemical shift and SNR accurate metabolite concentrations 
were obtained showing a decrease of NAA, creatine and glutamate levels 
in patients (25). The visualization of small arteries using time-of-flight (TOF) 
angiography benefits both from the higher SNR and from the increased back-
ground suppression of static tissue due to prolonged T1 relaxation times. This 
technique has been applied to visualize the small perforating lenticulostriate 
arteries in stroke, vascular dementia and in cerebral autosomal-dominant 
arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL) 
patients (26–28). Studies from this thesis have shown the applicability of 7 
Tesla MRI in patients with AD (chapters 5 and 8). Based on the phase ima-
ges from a high resolution T2

*-weighted sequence, which is very sensitive 
to changes in the magnetic field homogeneity differences were found bet-
ween patients and controls. This difference is ascribed to local increases in 
iron concentration co-localized with Amyloid-β, one of the hallmarks of the 
disease. This technique benefits from an increased contrast caused by the 
increased sensitivity to magnetic field inhomogeneities in addition to the 
higher SNR. 

Overall, more clinical studies are expected to be performed in the future, 
especially because subject tolerance for 7 Tesla examinations is high, as was 
shown in this thesis (chapter 10) and by others (29). Currently, 7 Tesla brain 
imaging is the most widely applied, for other anatomies of the human body 
it is still mainly an experimental system requiring more technical develop-
ment for use in a clinical environment. Some initial studies using 31P MRS in 
breast cancer or 23Na imaging in patients after cartilage repair surgery (30, 
31) have been performed, but numbers are very limited so far.

Future directions and outlook

In the near future, 7 Tesla MRI is not likely going to replace lower field streng-
th MRI for a broad range of applications. The number of problems arising 
from the transition from 3 Tesla to 7 Tesla is more complicated than the pre-
vious transition from 1.5 Tesla. For many applications merely an increase in 
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SNR does not make up for much increased inhomogeneity, complexity and 
increased number of contra-indications (e.g. implants). Therefore research 
efforts need to focus on types of contrast that benefit from the higher mag-
netic field strength in addition to the higher SNR. The most promising ap-
plications, such as the detection of microbleeds, measuring disease related 
changes of iron in AD, single voxel MRS in small structures and native contrast 
angiography of small vessels all benefit from increased contrast in addition 
to SNR. In a more research setting is the potential for arterial spin labeling, 
or blood oxygen level dependent (BOLD) functional MRI.

Combining increased contrast with high resolution scans, often results in 
long scan durations making scans susceptible to subject induced artifacts. 
For the robust introduction of 7 Tesla MRI in clinical routine it is important 
to be able to correct for these artifacts. Proper subject fixation can be used 
to limit involuntary motion, however fluctuations of the magnetic field due 
to breathing, coughing or movement of other body parts is more difficult to 
avoid. A further complicating factor is that the amplitude of the magnetic 
field fluctuations scales with field strength. Navigator echo based measure-
ment and correction of these fluctuations has already shown to substantially 
improve image quality (this thesis). Some very promising approaches measu-
re real time field changes using magnetic field probes placed around the 
body or use multiple receive coil elements to sample the spatial distribution 
of the magnetic field (this thesis). In conjunction with the ability to prospec-
tively switch higher order gradient shim terms in real time, this would allow 
for highly robust imaging even for scans with long scan duration. On the lon-
ger term with adequate hardware to individually drive multiple RF coils and 
modified sequences, other anatomies are likely to benefit from similar im-
provements in contrast and resolution, ultimately leading to improved and 
earlier diagnosis.



172  | chapter 11

References

1. 	 Webb AG, Collins CM. Parallel transmit and receive technology in high-field mag-
netic resonance neuroimaging. International Journal of Imaging Systems and Tech-
nology 2010 ;20:2–13.

2. 	 Hayes CE, Edelstein WA, Schenck JF, Mueller OM, Eash M. An efficient, highly ho-
mogeneous radiofrequency coil for whole-body NMR imaging at 1.5 T. J Magn Re-
son 1985 ;63:622–628.

3. 	 Vaughan JT, Hetherington HP, Otu JO, Pan JW, Pohost GM. High frequency volume 
coils for clinical NMR imaging and spectroscopy. Magn Reson Med 1994 ;32:206–
218.

4. 	 Richdale K, Wassenaar P, Teal Bluestein K, Abduljalil A, Christoforidis JA, Lanz T, 
Knopp MV, Schmalbrock P. 7 Tesla MR imaging of the human eye in vivo. J Magn 
Reson Imaging 2009 ;30:924–932.

5. 	 Versluis MJ, Tsekos N, Smith NB, Webb AG. Simple RF design for human functional 
and morphological cardiac imaging at 7tesla. J. Magn. Reson. 2009 ;200:161–166.

6. 	 Versluis MJ, Kan HE, van Buchem MA, Webb AG. Improved signal to noise in proton 
spectroscopy of the human calf muscle at 7 T using localized B1 calibration. Magn 
Reson Med 2010 ;63:207–211.

7. 	 Vossen M, Teeuwisse W, Reijnierse M, Collins CM, Smith NB, Webb AG. A radiofre-
quency coil configuration for imaging the human vertebral column at 7 T. Journal of 
Magnetic Resonance 2011 ;208:291–297.

8. 	 van Elderen SGC, Versluis MJ, Westenberg JJM, Agarwal H, Smith NB, Stuber M, 
de Roos A, Webb AG. Right Coronary MR Angiography at 7 T: A Direct Quantitative 
and Qualitative Comparison with 3 T in Young Healthy Volunteers. Radiology 2010 
;257:254 –259.

9. 	 van den Bergen B, Van den Berg CAT, Bartels LW, Lagendijk JJW. 7 T body MRI: B1 
shimming with simultaneous SAR reduction. Phys Med Biol 2007 ;52:5429–5441.

10. 	 Adriany G, Van de Moortele P-F, Ritter J, Moeller S, Auerbach EJ, Akgün C, Snyder 
CJ, Vaughan T, Uğurbil K. A geometrically adjustable 16-channel transmit/receive 
transmission line array for improved RF efficiency and parallel imaging perfor-
mance at 7 Tesla. Magn Reson Med 2008 ;59:590–597.

11. 	 Dieringer MA, Renz W, Lindel T, Seifert F, Frauenrath T, von Knobelsdorff-Brenken-
hoff F, Waiczies H, Hoffmann W, Rieger J, Pfeiffer H, Ittermann B, Schulz-Menger J, 
Niendorf T. Design and application of a four-channel transmit/receive surface coil 
for functional cardiac imaging at 7T. J Magn Reson Imaging 2011 ;33:736–741.

12. 	 Brunner DO, De Zanche N, Fröhlich J, Paska J, Pruessmann KP. Travelling-wave nu-
clear magnetic resonance. Nature 2009 ;457:994�998.

13. 	 Webb AG, Collins CM, Versluis MJ, Kan HE, Smith NB. MRI and localized proton 
spectroscopy in human leg muscle at 7 tesla using longitudinal traveling waves. 
Magnetic Resonance in Medicine 2010 ;63:297–302.

14. 	 Visser F, Zwanenburg JJM, Hoogduin JM, Luijten PR. High-resolution magnetization-
prepared 3D-FLAIR imaging at 7.0 Tesla. Magn Reson Med 2010 ;64:194–202.

15. 	 Juchem C, Nixon TW, Diduch P, Rothman DL, Starewicz P, De Graaf RA. Dynamic 
shimming of the human brain at 7 T. Concepts in Magnetic Resonance Part B: Mag-
netic Resonance Engineering 2010 ;37B:116–128.



 |  173general discussion

16. 	 Birn RM, Bandettini PA, Cox RW, Jesmanowicz A, Shaker R. Magnetic field changes 
in the human brain due to swallowing or speaking. Magnetic Resonance in Medi-
cine 1998 ;40:55–60.

17. 	 Versluis MJ, Peeters JM, van Rooden S, van der Grond J, van Buchem MA, Webb 
AG, van Osch MJP. Origin and reduction of motion and f0 artifacts in high resolu-
tion T2*-weighted magnetic resonance imaging: application in Alzheimer’s disease 
patients. Neuroimage 2010 ;51:1082–1088.

18. 	 Van Gelderen P, de Zwart JA, Starewicz P, Hinks R, Duyn JH. Real-time shimming to 
compensate for respiration-induced B0 fluctuations. Magnetic Resonance in Medi-
cine 2007 ;57:362–368.

19. 	 De Zanche N, Barmet C, Nordmeyer‐Massner JA, Pruessmann KP. NMR probes for 
measuring magnetic fields and field dynamics in MR systems. Magnetic Resonance 
in Medicine 2008 ;60:176–186.

20. 	 Boer VO, Klomp DWJ, Juchem C, Luijten PR, de Graaf RA. Multislice (1) H MRSI of 
the human brain at 7 T using dynamic B(0) and B(1) shimming. Magnetic Reso-
nance in Medicine 2012 ;68:662-670.

21. 	 Versluis MJ, Sutton BP, de Bruin PW, Börnert P, Webb AG, van Osch MJ. Retrospec-
tive image correction in the presence of nonlinear temporal magnetic field chang-
es using multichannel navigator echoes. Magnetic Resonance in Medicine 2012 
;68:1836-1845.

22. 	 Tallantyre EC, Morgan PS, Dixon JE, Al-Radaideh A, Brookes MJ, Morris PG, Evange-
lou N. 3 Tesla and 7 Tesla MRI of multiple sclerosis cortical lesions. J Magn Reson 
Imaging 2010 ;32:971–977.

23. 	 Mainero C, Benner T, Radding A, van der Kouwe A, Jensen R, Rosen BR, Kinkel RP. 
In vivo imaging of cortical pathology in multiple sclerosis using ultra-high field MRI. 
Neurology 2009 ;73:941 –948.

24. 	 Kollia K, Maderwald S, Putzki N, Schlamann M, Theysohn JM, Kraff O, Ladd ME, 
Forsting M, Wanke I. First Clinical Study on Ultra-High-Field MR Imaging in Patients 
with Multiple Sclerosis: Comparison of 1.5T and 7T. AJNR Am J Neuroradiol 2009 
;30:699–702.

25. 	 van den Bogaard SJA, Dumas EM, Teeuwisse WM, Kan HE, Webb A, Roos RAC, van 
der Grond J. Exploratory 7-Tesla magnetic resonance spectroscopy in Huntington’s 
disease provides in vivo evidence for impaired energy metabolism. J. Neurol. 2011 
;258:2230–2239.

26. 	 Liem MK, van der Grond J, Versluis MJ, Haan J, Webb AG, Ferrari MD, van Buchem 
MA, Lesnik Oberstein SAJ. Lenticulostriate Arterial Lumina Are Normal in Cerebral 
Autosomal-Dominant Arteriopathy With Subcortical Infarcts and Leukoencepha-
lopathy. Stroke 2010 ;41:2812 –2816.

27. 	 Kang C-K, Wörz S, Liao W, Park C-A, Kim Y-B, Park C-W, Lee Y-B, Rohr K, Cho Z-H. 
Three dimensional model-based analysis of the lenticulostriate arteries and identi-
fication of the vessels correlated to the infarct area: preliminary results. Int J Stroke 
2012 ;7:558-563.

28. 	 Seo SW, Kang C-K, Kim SH, Yoon DS, Liao W, Wörz S, Rohr K, Kim Y-B, Na DL, Cho Z-H. 
Measurements of lenticulostriate arteries using 7T MRI: new imaging markers for 
subcortical vascular dementia. Journal of the neurological sciences 2012 ;322:200-
205



174  | chapter 11

29. 	 Heilmaier C, Theysohn JM, Maderwald S, Kraff O, Ladd ME, Ladd SC. A large-scale 
study on subjective perception of discomfort during 7 and 1.5 T MRI examinations.
Bioelectromagnetics. 2011 ;32:610-619.

30. 	 Klomp DWJ, van de Bank BL, Raaijmakers A, Korteweg MA, Possanzini C, Boer VO, 
van de Berg CAT, van de Bosch MAAJ, Luijten PR. 31P MRSI and 1H MRS at 7 T: initial 
results in human breast cancer. NMR Biomed 2011 ;24:1337–1342.

31. 	 Schmitt B, Zbýn S, Stelzeneder D, Jellus V, Paul D, Lauer L, Bachert P, Trattnig S. 
Cartilage quality assessment by using glycosaminoglycan chemical exchange satu-
ration transfer and (23)Na MR imaging at 7 T. Radiology 2011 ;260:257–264.



 |  175general discussion


