
Neuro

2D FLAIR 10000/66 280 x 280 400 x 400 34 3 3 7:02

MP2RAGE 4500/2.27 240 x 225 320 x 320 208 0.75 3 9:15

SWI 27/15 230 x 173 640 x 640 96 1.2 3 5:38

TSE 5940/120 235 x 235 608 x 608 34 3 2 5:46

MSK

TSE tra 4200/36 160 x 160 432 x 410 40 2.5 2 3:15

TSE sag 4200/36 160 x 160 432 x 410 31 2.5 2 3:15

DESS 8.67/2.54 160 x 160 320 x 320 224 0.5 3 3:43
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Clinical MRI scanners with a magnetic field strength up  
to 3T have become the state-of-the-art imaging modality  
for clinical neuroimaging and for most musculoskeletal 
applications and contribute significantly to patient care. 
Continuous progression in the development of scanner 
technology has led to remarkable progress in gradient and 
radiofrequency performance, magnet coil design and field 
strength. After the initial demonstration of feasibility at a 
few academic institutions, MR systems with magnetic field 
strengths of 7T are now at the forefront of MR research 
[1–8]. Especially for neuroimaging, 7T research has 
significantly improved the potential for high-resolution 
morphologic and functional imaging. The main advantages 
of ultra high-field (UHF) MRI scanners are a higher signal-
to-noise ratio (SNR) and a higher contrast-to-noise ratio  
(CNR). Some applications benefit from both effects, such  
as susceptibility-weighted imaging (SWI) or time-of-flight 
angiography (TOF). The inherent higher SNR at 7T allows  
for submillimeter spatial resolution that gives accurate 
anatomical insight to reveal valuable diagnostic informa-
tion for clinical applications. However, before 7T can be 

1 510(k) pending. The product is not commercially available. Future availability 
cannot be guaranteed.

used in clinical routine, it is necessary to demonstrate the 
equivalence of a 7T scanner for clinical use compared to a 
clinical 3T scanner. In this article, we show the first 3T/7T 
comparison of patient data acquired on the new Siemens  
7T MRI scanner MAGNETOM Terra1.

In April 2015, the first MAGNETOM Terra was installed at the 
University Campus in Erlangen, Germany. This generation of 
7T scanners will be the first generation of UHF MRI scanners 
to apply for European CE certification and FDA clearance for 
neuro and musculoskeletal (MSK) applications.

After an initial implementation period with technical testing 
and volunteer scanning, patient scanning was started at  
the beginning of 2017 for planned CE and FDA clearance in 
close cooperation with Siemens Healthcare. More than  
60 patients were examined – including patients with brain 
tumors, multiple sclerosis, epilepsy, and neurodegenerative 
diseases such as Parkinson’s disease, glaucoma, and spastic 

TR/TE [ms] FOV [mm2] Matrix Number  
of slices

Slice thickness 
[mm]

Acceleration 
factor

Scan time 
[min:sec]

Table 1: Sequences and parameters MAGNETOM Terra 7T.

Sequence
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paraplegia as well as traumatic and degenerative lesions  
of the knee joint. The protocol of this prospective study was 
approved by the Clinical Investigation Ethics Committee of 
the University of Erlangen-Nuremberg and all examinations 
were performed in accordance with the Declaration of 
Helsinki. All participants gave written informed consent 
prior to all measurements. Exclusion criteria included 
implants in general, claustrophobia, and the inability to  
lie motionless during the scan time.

In this early phase we focused on – and we continue to focus 
on – the implementation and optimization of sequences  
and clinical protocols by fully exploiting the advantages of 
ultra high-field imaging with special regard to neuroimaging 
and musculoskeletal applications. In parallel with the  
7T exams, 3T exams were performed for all patients on a 
MAGNETOM Trio (Siemens Healthcare, Erlangen, Germany). 
For neuroimaging, 32-channel receive (Rx) array head coils 
were used on both scanners (7T: 32 Rx/1 Tx RF coil, Nova 
Medical, Wilmington, MA, USA; 3T: Siemens Healthcare, 
Erlangen, Germany). For MSK applications, at 7T, a 
28-channel receive (1 Tx) knee coil and at 3T, a 15-channel 
receive (1 Tx) knee coil were used (both RF coils: Quality 
Electrodynamics, Mayfield Village, OH, USA). Protocol 
parameters with the corresponding sequences are 
summarized in Tables 1 and 2 for 7T and 3T, respectively.

Compared to 3T, regarding T1-weighted imaging the high-
resolution MP2RAGE showed a similarly stable and in 
general equally high image quality with ultra-fine anato-
mical resolution in a reasonable scan time. MP2RAGE had 
an improved gray/white matter contrast at 7T, which might 
be exploited to allow for better delineation of cortical 
malformations such as focal cortical dysplasia. This may  
be especially of benefit in the diagnostic work-up of patients 
suffering from medically refractory focal epilepsy. 

Ultra high-field MRI shows higher sensitivity to magnetic 
susceptibility differences. By taking advantage of the 

susceptibility difference between deoxyhemoglobin and 
tissue, microvasculature as small as 200 µm can be 
depicted. As expected, SWI naturally benefited from the 
inherent strengths of 7T and showed greater CNR as well  
as greater SNR. Even very small structures such as tiny 
cortical veins (diameter 200–500 μm) were identified. In 
contrast, these structures could not be identified at 3T. This 
may be useful in diagnostic imaging, as SWI can visualize 
the formation of perivascular inflammatory lesions in 
multiple sclerosis. A clinical application might be imaging  
in inflammatory central nervous system (CNS) diseases. 
Multiple sclerosis lesions are frequently associated with 
vascular pathology and are located in the perivascular 
tissue, typically adjacent to a central vein [9, 10]. Visualiza-
tion of small (cortical) lesions may thus be improved and  
a 7T scan may help to make the diagnosis in patients with 
so-called ‘clinically isolated syndrome’. These patients 
clinically show features of an inflammatory CNS disease, 
but standard neuroimaging fails to confirm (post-) 
inflammatory lesions [11]. Here, 7T MRI might be more 
effective for detection of small lesions.

Ultra-fine SWI may also be useful in patients with brain 
tumors to help differentiate high grade glioma from primary 
CNS lymphoma [12]. 7T SWI offers improved evaluation  
of intratumoral susceptibility signals, thus intratumoral 
hemorrhage and microbleeds as well as tumor microvessels 
can be reliably detected. High resolution SWI can facilitate 
the diagnosis, as these lesions are uncommon in lymphoma. 

Furthermore, 7T SWI may deliver insight into iron accumula-
tion in the smallest anatomical structures in neuro-
degeneration such as Parkinson’s disease. Nigrosome-1,  
a small defined cell cluster in the substantia nigra, returns  
a high signal on SWI and can be directly visualized with high 
resolution SWI [13]. Its degradation leads to a hypointense 
signal and in consequence to the absence of the typical 
swallow-tail appearance of the healthy substantia nigra, 

Neuro

3D FLAIR 5000/253 250 x 250 256 x 256 160 1 2 11:42

MPRAGE 1900/2.38 250 x 250 256 x 256 176 1 2 4:29

SWI 28/20 230 x 230 384 x 384 120 1.2 3 7:50

TSE 6420/91 220 x 220 512 x 512 35 3 2 4:25

MSK

TSE tra 6050/30 150 x 150 384 x 307 40 2.5 2 4:40

TSE sag 3760/26 150 x 150 448 x 358 32 2.5 2 4:40

TR/TE [ms] FOV [mm2] Matrix Number of 
slices

Slice thickness 
[mm]

Acceleration 
factor

Scan time 
[min:sec]

Table 2: Sequences and parameters MAGNETOM Trio 3T.

Sequence
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possibly making 7T SWI a screening tool for early diagnosis 
of Parkinson’s disease.

T2-weighted turbo spin echo sequences generally showed 
stable results with high diagnostic image quality. Even small 
anatomical structures such as pontocerebellar fibers in  
the brainstem were noticeable and the high SNR helped 
visualize the microstructure and exact localization of post-
inflammatory multiple sclerosis plaques. Detailed T2w 
anatomical imaging of the hippocampus may be beneficial 
for diagnosis of hippocampal sclerosis as well as for 
visualization of early, subtle volume loss in subfields of the 
hippocampus as sign of neuronal degradation in Alzheimer’s 
disease [14].

3D-FLAIR SPACE imaging is prone to B1 inhomogeneities 
which results in variable CNR over the whole image data. 
Therefore, 3D SPACE sequences, which were used routinely 
for comparative 3T imaging, were replaced with 2D FLAIR 

2A 2B

Figure 2: (2A) 7T axial FLAIR (2D TSE) shows hyperintense MS 
lesion with hypointense center. (2B) Corresponding T2w TSE. 
(2C) High-resolution SWI shows typical central vein and 
perivenular demyelination.

2C

3A

Figure 3: (3A) 7T T2w TSE shows a left occipital mass confirmed 
as secondary CNS lymphoma by histology. (3B) 7T SWI shows 
absence of microbleeds and tumor microvessels.

3B

TSE sequences. Thus, we were able to achieve stable 
diagnostic image quality when FLAIR contrast was required 
or appropriate for diagnosis.

Higher gradient strengths and submillimeter spatial 
resolution make clinically important structural diffusion-
weighted imaging promising at 7T. Diffusion tensor imaging 
(DTI) at 7T resolves small tracts and allows for measure-
ment of diffusion indices in small anatomical structures 
[15]. Together with the high anatomical resolution that 
could be achieved with MP2RAGE sequences, preliminary 
results of a cohort of 20 patients with glaucoma revealed 
atrophy of the corpus geniculatum laterale (CGL), an 
important relay station of the visual system. Due to the high 
spatial resolution, we were able to perform direct volumetry 
of the CGL and use it as seed point for tractography of the 
optic tract and the optic radiation. This revealed marked 
atrophy of the optic radiation in these patients.

4A

Figure 4: 7T SWI shows hyperintense signal of nigrosome-1 and 
the swallow-tail sign of the healthy substantia nigra.

4B

1A

Figure 1: (1A) 7T axial T2w TSE shows infratentorial multiple 
sclerosis lesion. (1B) Corresponding SWI confirms the 
perivenular location.

1B
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In addition to optimized anatomical and structural 
sequences for clinical applications, 7T high-field MR 
imaging will facilitate metabolic imaging as metabolite 
resonances increase with field strength. Spectroscopic 
imaging might thus become more accurate for differential 
diagnosis of various neurological disorders such as tumors 
and tumefactive inflammatory lesions. Furthermore,  
UHF-spectroscopy may improve the detection of onco-
metabolites (2-hydroxyglutarate) for grading and estimation 
of prognosis of gliomas [16]. Imaging and spectroscopy of 
non-proton nuclei such as sodium and phosphorus also 
largely benefit from ultra-high magnetic field strengths  
as the acquisition of reasonable voxel resolutions becomes 
achievable within clinically acceptable scan times.  
The sodium signal is increased in brain tumors and the 
combination of total sodium images and relaxation-
weighted sodium images may be beneficial for tumor 
grading [17]. Phosphorous spectroscopy might provide 

5A

Figure 5: (5A) 7T axial and coronar T2w TSE images show 
diagnostic quality with high anatomic detail, even near the skull 
base. (5B) Same patient, images acquired at 3T (2D T2w TSE).

5B 6A

Figure 6: (6A) 7T axial SWI shows perivascular multiple sclerosis 
lesions. (6B) Corresponding FLAIR (2D TSE).

6B

7A 7B

Figure 7: (7A) 7T MP2RAGE shows normal appearance of the 
corpus geniculatum laterale. Superior visibility compared to 
(7B) 3T MPRAGE of the same patient.

important insights into phospholipid metabolism and 
phosphate energy metabolism [18].

In this early stage of clinical 7T imaging, a significant 
potential for future improvements naturally exists.  
Scan time was longer at 7T for most sequences compared  
to the corresponding 3T examinations. Magnetic field 
inhomogeneities, chemical shift displacement, and 
inhomogeneous B1 field are still challenges. These inherent 
limitations of ultra high-field imaging could be observed 
especially in regions close to the skull base, i.e. the lower 
parts of the temporal lobes and in the cerebellum and 
brainstem. Necessary adjustments to overcome these  
issues (TR, flip angle) were partly responsible for longer 
acquisition times at 7T compared to 3T. Further improve-
ments of specialized pulse sequences and protocols as well 
as new hardware solutions, i.e. implementation of advanced 
parallel transmit technologies (pTx) will be addressed by  
a multidisciplinary team of MR physicists, engineers, and 

41Neurology  ClinicalMAGNETOM Flash (68) 2/2017 
www.siemens.com/magnetom-world



9A 9B

Figure 9: Retropatellar cartilage damage. (9A) 7T fat suppressed 
proton density-weighted image shows superficial cartilage 
fissure not reaching the subchondral bone in the lateral  
patellar facet (large arrow). In addition there is a high intensity 
intrachondral signal change at the medial patella indicating 
early cartilage degeneration without surface pathology  
(small arrow). (9B) Corresponding 3T image does not visualize 
cartilage fissure laterally. Medial signal change is markedly less 
pronounced. 

10A 10B

Figure 10: Meniscal tear. (10A) Sagittal 7T proton density-
weighted fat suppressed image shows a degenerative horizontal-
oblique tear of the posterior horn of the medial meniscus. Tear 
opens to the inferior meniscal surface anteriorly and near its 
base posteriorly (arrows). (10B) Corresponding 3T image shows 
intrameniscal high intensity signal change (arrows). Surface 
involvement is not depicted.

8

Figure 8: Selective tractography of the optic tract and the optic 
radiation using high resolution DTI fused with axial MP2RAGE. 

technicians in close contact with clinical radiologists and 
will further maximize the high-field gain in signal and 
contrast.

As has been demonstrated in previous work, ultra high-field 
MRI at 7T is capable to improve the diagnostic confidence  
in routine MRI of the knee joint compared to examinations 
acquired at 3T [3]. Our preliminary results obtained with  
the new MAGNETOM Terra system are in line with these 
observations as exemplified by several corresponding image 
examples of 7T vs. 3T. Ongoing sequence optimization will 
most likely result in further improved image quality in the 
future, and additional evaluation comparing 3T and 7T in 
regard to diagnostic performance using a surgical gold 
standard is planned to eventually be able to fully appreciate 
the potential added value of 7T in clinical knee imaging.

Official clinical authorization of the MAGNETOM Terra 
would strongly support the transition of 7T high-field MRI 
into clinical application. In addition to research projects, the 
community will then be able to start evaluation of clinical 
benefits of 7T high-field imaging. To put it another way: as a 
next step, we have to demonstrate that 7T not only provides 
crisp images but that it also has the potential to signifi-
cantly improve the diagnostic workup and patient outcome. 
This can only be accomplished within clearly defined 
imaging protocols for defined larger patient cohorts, ideally 
in a multicenter approach.

Overall, our preliminary results give a first impression of 
what is already possible with clinical ultra high-field MRI 
and what interesting clinical perspectives can be expected 
for well-selected patients mainly in structural and 
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11A 11B

Figure 11: Cartilage delamination at the femoral trochlea. (11A) 
7T sagittal fat suppressed image shows cartilage delamination 
of a focal cartilage lesion at the anterior lateral torchlea. There 
is fluid equivalent signal at the interface between the deep 
cartilage layer and the subchondral bone (small arrows). The 
most anterior small arrow points to cartilage surface disruption 
at the most superior aspect of lesion. In addition there is a 
concomitant subchondral bone marrow lesion, a finding 
commonly associated with focal cartilage pathology (large 
arrows). (11B) Corresponding 3T image shows a signal change at 
the same location subchondrally that is less pronounced and 
cannot definitely be diagnosed as a delamination. Bone marrow 
lesion is depicted in slightly larger fashion at 3T compared to 7T, 
a finding that is likely due to decreased susceptibility at lower 
field strengths (arrows).

13A 13B

Figure 13: Osteochondral fracture. (13A) 7T sagittal proton 
density-weighted image shows an osteochondral fracture of  
the posterior lateral tibia with definite surface disruption of the 
chondral articular surface and slight depression of the osteo-
chondral fragment (arrows). In addition, there is concomitant 
traumatic bone marrow lesion. (13B) Corresponding 3T MRI 
shows osteochondral fracture but differentiation between 
articular surface depression with a preserved chondral surface 
from chondral surface disruption is not possible (arrow).  
Bone marrow lesion appears more pronounced at 3T compared 
to 7T MRI.

12A 12B

Figure 12: Anterior cruciate ligament (ACL) reconstruction.  
(12A) Sagittal proton density-weighted 7T MRI shows two  
intact hypointense bundles of an ACL reconstruction performed 
two years earlier (arrowheads). Note minor intraligamentous 
hypointense spot-like signal alterations representing minor 
metallic surgical remnants (arrows). (12B) Corresponding 3T 
image does not allow for differentiation of the two bundles as 
shown in 12A. Intraligamentous susceptibility is less pronounced 
at 3T compared to 7T.

14A 14B

Figure 14: High resolution morphologic 3D joint imaging at 7T. 
(14A) Sagittal 3D dual echo at steady state (DESS) image at  
7T MRI shows cartilage as high intensity tissue with marked 
contrast between the cartilage layer and subchondral bone. 
Commonly DESS is used for cartilage quantification of thickness 
and volume based on manual or automated segmentation 
approaches. (14B) Sagittal 7T DESS image shows tibial nerve  
as a multi-fasciculated structure posteriorly to the tibia (arrow). 
Intraneural nerve bundles can clearly be differentiated at high 
resolution 7T imaging.

functional neuroimaging in the future. Improved imaging 
methods may be applied to detect subtle anatomic, 
functional, and metabolic abnormalities associated with  
a wide range of neurologic disorders, including epilepsy, 
brain tumors, multiple sclerosis, neurodegenerative disease, 
and psychiatric conditions making the future of ultra high-
field imaging very exciting.
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What do 510(k) and CE Marking stand for?

Section 510(k) of the Food, Drug, and Cosmetic Act requires device manufacturers  
to notify the US Food and Drug Administration (FDA) of their intent to market a 
medical device at least 90 days in advance. This premarket notification has been 
submitted for MAGNETOM Terra.

CE Marking is a manufacturer's declaration that the product complies with the  
essential requirements of the relevant European health, safety and environmental 
legislation. MAGNETOM Terra is prepared for CE (Conformité Européene) Marking.

MAGNETOM Terra. The First Clinical 7T System
Submitted to 510(k) clearance and prepared for CE Marking
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