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Ultra-high-field magnetic resonance imaging (UHF MRI) refers to MRI systems operating at a static magnetic field of 7 Tesla or
higher. Compared to conventional clinical MRI, these systems significantly enhance measurement performance—including improved
signal-to-noise ratio (SNR), increased susceptibility-based contrast, and superior spectroscopic resolution—thereby expanding the
scope and density of information obtainable through magnetic resonance experiments. Recently, UHF MRI has transitioned from
fundamental development to practical system implementation for human imaging, with the full-scale installation of large-scale UHF
MRI facilities signaling rapid technological progress. However, as magnetic field strength increases, system components such as
superconducting magnets, gradient systems, and radio-frequency (RF) transmit/receive structures are subjected to various engineering
constraints. Decisions regarding the selection and operation of these elements determine the ultimate success of the system. In high-
field environments, these constraints include reduced RF signal wavelengths resulting in poor transmit homogeneity, increased local
power absorption (SAR), and the need for a balance between high switching performance, heat dissipation, and mechanical stability in
gradient systems. Furthermore, in superconducting magnet design, factors such as the properties of superconducting materials,
cryogenic cooling methods, shielding structures, and operating modes are critical determinants for performance and operational
feasibility. Within this context, various research groups have implemented UHF MRI systems through diverse design strategies and
technical choices. This paper examines the design approaches observed in UHF MRI systems currently in operation or under
construction. By analyzing these approaches, the study investigates the engineering challenges and development potential of UHF
MRI systems, providing insights into the future direction of next-generation hardware technology.
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3. Human-scale UHF
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Table 1. History of UHF MRI system (7~10.5 T Human-scale MRI).
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II. Historical Evolution

1. Clinical Field Strength Progression
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2. Beyond Clinical 7 T
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Year Magnet, warm bore

Location

Feature

1999 7 T, 900 mm CMRR, University of Minnesota

2003 9.4 T, 650 mm CMRR, University of Minnesota

2003 9.4 T, 800 mm University of Illinois, Chicago

2006 7 T, 680 mm CIBM, EPFL, Lausanne

2006 9.4 T, 820 mm MPI, Hochfeld Magnetresonanz Zentrum, Tubingen
2008 9.4 T, 900 mm Institute of Neuroscience and Medicine, Julich
2010 7 T, 830 mm NIH Bethesda

2011 7 T, 900 mm CMRR, University of Minnesota

2014 10.5 T, 880 mm CMRR, University of Minnesota

900 mm bore

First 9.4 T system

Larger bore 9.4 T system

First actively shielded 7 T system
Larger bore 9.4 T system

Larger bore 9.4 T system

Actively shielded larger bore 7 T system
Actively shielded larger bore 7 T system
First 10.5 T system
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1. Magnet Technology

1.1. LTS Characteristics & Cryogenic Engineering
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1.4. Design Paradigms for 14T and Beyond
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Table I1. Comparison of current 11.7 T systems and future UHF projects (Nottingham & Neoscan).

. Warm . . Bore Magnet
Site By (T) Target bore Shield Wire femp. (K) weight () Remarks
. NbTi .
NeuroSpin (FR) 117 Whole-body 90 ecm  Active 170 double 18 132 Driven mode
Iseult (~1,500 A)
pancakes
NbTi
GUGMC (KR) 11.74 Head-only 70 cm Passive Solenoidal 2.5 58 Persistent Mode
Gachon U
~600 km
Nottingham (UK) 11 2\ lebody 83 cm  Passive NbTi ~ 22 TBD TBD
(proposed)
HTS
DI-BSCCO
Ne(ocsocla;l(r:le (gE) 14 Whole-body 80 cm Passive (Bi2223) 4 TBD Driven mode
P 177 double
pancakes
Table I11. Gradient coil specifications and models at primary UHF sites.
Site Gradient Model Bore Size Amplitude Slew rate
NeuroSpin (FR) Siemens SC72 ID/OD: 64/81 cm
Iseult 11.7 T (whole-body) (length 1.59 m) 70 mT/m 200 T/mis
CMRR (US) Siemens SC72 .
Minnesota 105 T (whole-body) inner bore 60 cm 70 mT/m 200 T/m/s
GUGMC (KR) Tesla Engineering )
Gachon 11.74 T HFC26 (whole-body) ID/OD: 56/68 cm 100 mT/m >239 T/m/s
Nottingham (UK) Whole-body gradient + Whole-body gradient ID: S S
11.7 T (proposed) head insert gradient 610 mm >80 mT/m =200 T/m/s
Neoscan (DE) TBD TBD >80 mT/m >200 T/m/s

14 T (concept)

2. Gradient System
2.1. Engineering Constraints in UHF
o= B 3 G TS feirie = e AR
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2.2. Whole-Body vs. Dedicated Insert Coils
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A AFS HodFEr) 83 eme] FEA|(Wide-Bore) A W
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3. RF Transmission and Reception

UHF MRIPIA RF 52 AlEle 7 5283 e obd
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IV. Safety and Human Translation at
Ultra-High Field

UHF MRI®| A3 % e Bed] sl=sold] =
g gpduto g @gEy] ot Al Al Bl FAl
A7) AURAE AR Feshes 807, A e
Ao] RS Alz=Hl] 35l FA Z7do] oid AAlY] H
A BEE thRolriof sh ol Slsl] 913 84
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1. Static Magnetic Field Effects
7T ool AP Hellx @At oled wf Ash=

Z312F MRIS| 838H] Ao} B 7hsd - FAdE - gy
= A7 o] (Vestibular System)l] 2F835h= 2al=3]L- of
A& (Vertigo), 2FX(Nystagmus), A7] E-A](Magnetophosphenes)
o AAH S FEE 5 Q) oSt de diRE
7HF oy ZIRIAPE A=, 28 Al 2FA] o)F £& A
o, A 238, T FUHY 2 | T T2EF
o] FFolt}. #A| UHF #-& 3EF2 IEC 60601-2-33 B
ICNIRP 7lol=gele) oJ&) 7=, BAEX O E Controlled
operating mode’ollAe] 83 733lH 938 1A (Informed
Consent) X7} Q7-9TH28.29].

2. Regulatory Landscape

20174 7 T &8 A&Hle] FDA sl7k= UHF 71&°]
A 7] Slal] AgoE NS Yele AEe]
ATH30]. T A 105 T 2 117 T A2Ee dAg
ol mE=a itk el el AR 7IEsler] eiM
= Al bAA HlolH =3, RF =% 9 SAR 5]
FE3}, Sk 3l tigk &2lF Thol=ekel Fylo] A1
Holof 3t} 53] A} B 71 OW@ tlojgjel 7]
Wik g0 BrFsslu®, A S A 700 ZX Tt
A F8H(Regulatory Science)2] FHF A370] -5‘8_0}‘:}.

3. Human Experience and Tolerability

UHF MRI®] AAFEAL FgAbe] 435 (Tolerability)oll
o8 ARG Hol A7, A, 71 F A7 & AL &
Sol A P vtk 53] 117 TH W ARl
N W 2AE FRIRE 25 Y Y BAVL FZsm
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o] FgHoltt. wiebx] UHF Y2E25- HHshke B, 38
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V. Clinical Applications and Computational
Integration
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1. Structural and Mesoscopic Imaging
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SIS, Sol SaE A o
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Fig. 1. (Color online) SNR wvalues in four different brain
compartments. The red line represents fitting results on the SNR over
the entire cerebrum as SNR = B{®° [8].
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3. Quantitative and Metabolic Imaging
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4. Body and Cardiac Imaging
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[ Corrected, mean = 0.4672, max = 0.8795, std = 0.2504
[ Uncorrected, mean = 0.4570, max = 0.8773, std = 0.2515

ReHo value

Fig. 2. (Color online) Group-level ReHo maps from 10 resting-state fMRI runs at 10.5 T MRI demonstrate that motion and field correction

increase ReHo compared with uncorrected reconstruction [31].
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Fig. 3. Distributions of BI" (left), SAR (center), and
resultingtemperature increase (right) forquadrature surface coil at 300
MHz. Linear grayscale is from 0 (black) to 15 mT (white) for B17, 0
to 20 W/kg for SAR, and 0 to 1.5°C for temperature increase.
Contours for temperature in-crease at 0.5, 1, 1.5, 2.0, and 2.5 °C [32].

5. Computation as an Enabler: Reconstruction, Al,
and Digital Twin
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VI. Future Directions
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