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Background: We aimed to demonstrate the feasibility of generating high-resolution human brain magnetic 
resonance imaging (MRI) at 5 Tesla (T) using a quadrature birdcage transmit/48-channel receiver coil 
assembly.
Methods: A quadrature birdcage transmit/48-channel receiver coil assembly was designed for human brain 
imaging at 5T. The radio frequency (RF) coil assembly was validated by electromagnetic (EM) simulations 
and phantom imaging experimental studies. The simulated B1+ field inside a human head phantom and 
inside a human head model generated by the birdcage coils driven in circularly polarized (CP) mode at 3T, 
5T and 7T was compared. Signal-to-noise ratio (SNR) maps, the inverse g-factor maps for evaluation of 
parallel imaging performance, anatomic images, angiography images, vessel wall images and susceptibility 
weighted images (SWI) were acquired using the RF coil assembly at 5T and compared to those acquired 
using a 32-channel head coil on a 3T MRI scanner.
Results: For the EM simulations, 5T MRI provided less RF inhomogeneity compared to that of 7T. In the 
phantom imaging study, the distributions of the measured B1+ field were consistent with the distributions 
of the simulated B1+ field. In the human brain imaging study, the average SNR value of the brain in the 
transversal plane at 5T was 1.6 times of that at 3T. The 48-channel head coil at 5T had higher parallel 
acceleration capability than the 32-channel head coil at 3T. The anatomic images at 5T also showed higher 
SNR than those at 3T. Improved delineation of the hippocampus, lenticulostriate arteries, and basilar arteries 
was observed at 5T compared to 3T. SWI with a higher resolution of 0.3 mm ×0.3 mm ×1.2 mm could be 
acquired at 5T, which enabled better visualization of small blood vessels compared to that at 3T.
Conclusions: 5T MRI can provide significant SNR improvement compared to that of 3T with less RF 
inhomogeneity than that of 7T. The ability to obtain high quality in vivo human brain images at 5T using 
the quadrature birdcage transmit/48-channel receiver coil assembly has significant in clinical and scientific 
research applications. 
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Introduction

Magnetic resonance imaging (MRI) is the reference 
standard for the assessing neurological disorders that are 
the leading cause of disability and the second leading 
cause of death globally (1). MRI is also one of the most 
important diagnostic methods for systemic diseases due 
to its unparalleled soft tissue contrast. Better image 
quality and higher spatial resolution can be achieved in 
these assessments by using advanced technologies in MRI 
pulse sequences and hardware, including higher field  
strengths (2). The ultrahigh field [>3 Tesla (T)] MRI 
systems have important technical advantages including 
spatial resolutions as high as 100–200 microns for some 
applications. They can observe microscopic structures, 
functional nuclei, and molecular metabolism. Using 
ultrahigh field MRI systems can enable the study of the 
relationship between structure and function of biological 
tissues from the perspectives of molecular imaging, 
physiology and metabolism (3). Such systems can also 
enable to explore the mechanism and pathological process 
of major diseases such as tumor (4).

Increasing the magnetic f ield strength of MRI 
systems not only improves signal-to-noise ratio (SNR) 
to obtain high resolution images (5-9), but also increases 
susceptibility-based contrasts in anatomical and functional 
imaging (10,11). Because of its high sensitivity to tissue 
susceptibility, ultrahigh field MRI also demonstrates 
potential for high resolution susceptibility weighted images 
(SWI) (11), which is applied for assessments of cerebral 
veins, stroke, multiple sclerosis, tumors or hemorrhagic 
lesions. These observations have resulted in a push for 
higher field MRI systems (12-14).

However, due to regulation issues, the clinical use of 
ultra-high field MRI systems has been limited until recently. 
Although relatively recent the Food and Drug Administration 
(FDA) approval/ European conformity (CE) mark might 
change this, it should be noted that restrictions still apply to 
the approved setups. Furthermore, as the radio frequency 
(RF) wavelength becomes shorter than the dimensions of the 
object being imaged, the B1

+ field shows inhomogeneity due 

to constructive and destructive magnetic field interferences 
in ultrahigh field MRI scanners (15,16). This problem has 
been solved by using parallel transmit RF coils with B1

+ phase 
and/or amplitude shimming (17-19), and pulse sequences 
such as transmit sensitivity encoding (20-23), spoke pulses  
(24-27), and k-T pulses (28). These advances generate 
uniform flip angles over an imaged region. However, 
the supervision of multichannel transmit coils is more 
complicated with independent time-varying amplitudes 
and phases in the ultrahigh MRI systems, primarily due 
to a higher dependence on the patient’s anatomy (29). 
In combination with B1

+ field inhomogeneity, RF power 
transfer causes an increase in the body’s core temperature, 
which is a major concern in ultrahigh MRI. This transfer 
is defined by the specific absorption rate (SAR, measured 
in W/kg) and SAR increases quadratically with the 
strength of the main magnetic field (30,31). Measures 
that can be taken to reduce SAR have been described 
(17,32,33). Nevertheless, for only head MRI, International 
Electrotechnical Commission (IEC) guidelines recommend 
a global SAR limit of 3.2 W/kg for body transmit coils and 
a local SAR limit of 10 W/kg for local transmit coils in the 
normal operating mode (34).

Despite 20 years of development, these issues limited 
the clinical use of ultrahigh field MRI. So far, the most 
commonly used clinical MRI system is the 3T MRI 
scanners. An intermediate magnetic field strength of 5T 
may provide significant SNR improvement above 3 T, but 
avoids some of the more sticky issues of today’s 7T (and 
higher) systems (35), such as RF-related issues. Previously, a 
4.7T whole-body MRI system was built and used for human 
brain imaging (36,37), equipped with shielded head gradient 
coil with gradient fields of up to 36 mT/m and a maximum 
slew rate of 195 mT/m/ms, and a transmit/receive four-port 
drive birdcage RF coil (37). However, such a configuration 
is not optimal based on current MRI technology. Better 
image quality and higher image resolution can be achieved 
using a high density receiver coil array in combination with 
parallel imaging techniques.

Typically, SNR and parallel imaging performance can be 
improved by increasing the channel number of RF receiver 
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coils. At 3T, the channel count of the commercially available 
head coils is 32 (38), 48 (39) or 64 (40). However, the size of 
the coils progressively decreases when the channel number 
of receiver coils increases, causing the thermal noise from 
the coil to be dominant. Thus, the SNR improvement is 
limited by using this approach (41,42). This problem is less 
pronounced at ultrahigh field MRI because the thermal 
noise from the sample also increases with the magnetic field 
strength and can remain the predominant contribution of 
the niose (43). Therefore, a head coil with a high channel 
count at 5T would demonstrate a better parallel imaging 
performance compared with the commercially available 
head coils at 3T. 

In this work, we designed and constructed a 48-channel 
RF receiver array combined with a local birdcage transmit 
coil for human brain imaging on a prototype 5T whole-
body MRI scanner. First, the RF coil assembly was validated 
by electromagnetic (EM) simulations and phantom 
imaging experimental studies, of which the simulated and 
measured B1

+ fields were shown to demonstrate consistency. 
Additionally, the simulated B1

+ field inside a human head 
phantom and inside a human head model generated by the 
birdcage coils driven in circularly polarized (CP) mode at 
3T, 5T and 7T was compared. Then, SAR distributions at 
5T were investigated in 12 different head models during a 
safety assessment. Finally, SNR maps, the inverse g-factor 
maps to evaluate the parallel imaging performance, 
anatomic images, angiography images, vessel wall images, 
and SWI were acquired using the RF coil assembly at 5T 
and compared to those acquired using a 32-channel head 
coil on a 3T MRI scanner.

Methods

The 5.0 T MRI scanner

MRI experiments were performed on a novel whole 
body 5.0 T MRI scanner (MR 5.0 T, United Imaging 
Healthcare, Shanghai, China) with a clear bore that was 
60 cm in diameter. The field homogeneity of the main 
magnet was about 0.02 ppm over an empty sphere with 
a 20 cm diameter. The gradient system was driven by a  
3.5 MW power amplifier, equipped with a maximum 
gradient strength of 120 mT/m and a slew rate of  
200 T/m/s. The scanner was equipped with 96 receivers 
and 8-channel parallel transmitter that was independently 
driven by an RF power amplifier with a peak power of  
8 kW. 

RF coil design and construction

In this study, a local birdcage transmit coil and a 48-channel 
receiver coil were constructed (Figure 1). The local high-
pass birdcage transmit coil was driven in CP mode, of 
which the circuit schematic is shown in Figure 1D. The 
high-pass birdcage coil had one cut in the rungs. Positive-
intrinsicnegative (PIN) diodes (Macom, MA4P7435NM-
1091T) were added to the cuts and the ports of the transmit 
coil to enable active detuning during signal reception. 
The shielded transmit coil had a 30 cm diameter, and was 
comprised of 16 rungs, each with a length of 28 cm and 
a shield with a diameter of 34 cm. The diameter of the 
shielding was chosen based on the requirement for the 
coil center and shield center to be in line with the magnet 
center. To prevent the eddy current problem, the shielding 
was slit and divided into 32 strips, connected through 
capacitors (1 nF). The transmit coil conductor was copper 
that was 35 μm thick and 10 mm wide. The conductor had a 
0.1 mm thick on an FR4 substrate. 

The receiver coil was arranged on a close-fitting helmet 
with inner dimensions of 230 mm in the antero-posterior 
(AP) direction, 210 mm in the left-right (LR) direction, and 
266 mm in the inferior-superior (IS) direction. 16 elements 
in 3 rows were anterior and 32 elements in 5 rows were 
posterior, as shown in Figure 1C. In the receiver coil, the 
opening for the eyes was located in the position of elements 
2 and 3, which were larger than the other elements. A 
mirror could be mounted on the opening, as shown in 
Figure 1A, which could be used to study some visual brain 
functions. The helmet shape was designed to accommodate 
the 90th percentile contour of the standard head norm, and 
was fabricated using acrylonitrile butadiene styrene plastic. 
The anterior head segment was integrated with the transmit 
coil and overlapped the posterior head segment to allow 
the receiver loops on the two halves to be geometrically 
decoupled. The channels were loops of copper with  
35 μm thick and 5 mm wide. The sizes of each loop element 
was 65–75 mm in length, and they were approximately 
rectangular in shape. A combination of inductive and 
geometrical decoupling was used to cancel the inductive 
coupling between neighboring loops. The next-nearest 
neighboring loops were decoupled using preamplifier 
decoupling.

The circuit schematic of the receiver elements is shown 
in Figure 1E. The receive elements included a tuning 
circuit, a matching circuit, a passive detune circuit and 
an active detune circuit. Each element was tuned to a 



Quantitative Imaging in Medicine and Surgery, Vol 13, No 5 May 2023 3225

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2023;13(5):3222-3240 | https://dx.doi.org/10.21037/qims-22-945

Larmor frequency of 210.8 MHz, and the impedance was 
matched to 50 Ω. To reduce the influence of the current 
flow in the receiver coil during transmit operation, a two-
stage detuning circuit was designed for primary protection 
levels. PIN diodes were switched on via the current 
source when the transmit was switched on. The first 
active detune circuit comprised a PIN diode D1 (Macom, 
MA4P7435NM-1091T), an inductance L2, and a capacitor 
C3. The second active detune circuit comprised a PIN 
diode D3 (Macom, MA4P7435NM-1091T), an inductor 
L1, and a capacitor C5. For secondary protection levels, 
the passive detune circuit was composed of a capacitor 
C5, an inductance L1, and an antiparallel diode pair D2 
(Microsemi, UMX9989AP). The cable length and phase 
shifter were carefully adjusted for each loop to achieve 
preamplifier decoupling. To minimize Hall effects within 
the field-effect transistors in the preamplifier and to protect 
the preamplifier from the risk of being damaged during 
RF transmission, most of the home-made preamplifiers 
(gain ≥25 dB; Noise figure ≤0.5 dB; input impedance <2 Ω) 
were oriented in the z direction and positioned outside the 

transmit coil. The transmit and receiver coil assembly was 
connected via the plugs at the head end of the patient table.

Bench testing was implemented using a custom-made 
test power supply and a vector network analyzer (Agilent, 
E5061B), including the tuning, matching, active detuning, 
and decoupling of the coil elements. The custom-made 
test power supply provided 6.5 V for the preamplifiers. It 
tuned the local transmit coil and detuned the receiver coil 
using a switch to bias PIN diodes with a 150 mA current 
during the transmit mode. It also detuned the local transmit 
coil and tuned the receiver coil using a switch to reverse 
biasing of the diodes with a - 30 V voltage during image 
acquisition. The S11 parameter values were measured to 
evaluate the tuning and matching of the individual elements 
using the vector network analyzer. For the evaluation of the 
decoupling, the S21 parameter values were measured using 
cables directly connected to the preamplifier sockets of the 
two adjacent or nonadjacent coil elements on the vector 
network analyzer. During the decoupling test, the preamps 
were attached to supply preamplifier decoupling and all 
the other coil elements were actively detuned with the PIN 

Figure 1 The quadrature birdcage transmit/48-channel receiver coil assembly at 5T. (A) the layout of the coil assembly; (B) the photograph 
of the coil assembly; (C) the layout of the 48-channel receive coil; (D) the circuit schematic of the transmit birdcage coil; (E) the circuit 
schematic of a receiver coil element.
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diode under forward bias.

RF coil validation and SAR safety

Before in vivo imaging, the RF coil assembly needed to 
be validated (33). First, EM simulations and phantom 
imaging experimental studies were used to demonstrate the 
consistency of the simulated and measured B1

+ fields. The 
EM simulation was performed using the finite-integration 
time-domain method (Microwave Studio, CST, Darmstadt, 
Germany) with a broadband Gaussian excitation at a center 
frequency of 210.8 MHz, and the bandwidth was 200 MHz. 
The three-dimensional (3D) EM model of the transmit coil 
was simulated with precise dimensions. In the simulation, 
the conductor material of the transmit coil was defined as 
pure copper, and the series resistances of the PIN diodes 
and equivalent series resistance for the lossy capacitance 
were set to 0.2 Ω and 0.1 Ω, respectively. The coil shield 
was included in the simualtion, but the receiver coil loops, 
cable trap, and DC wiring were not. The transmit coil was 
tuned to 210.8 MHz and matched to 50 Ω with a reflection 
parameter less than −15 dB. The B1

+ maps were normalized 
to the coil accepted input power.

We compared the simulated B1
+ field inside a human 

head phantom and inside a human head model (Gustav, 
the commonly used male model) generated by the birdcage 
coils driven in CP mode at 3T, 5T and 7T. The human 
head phantom was built based on the three-dimensional 
shape of a human head, as shown in Figure 1B. It was filled 
with 523.8 g/L polyvinylpyrrolidone and 11.5 g/L sodium 
chloride (44) to mimic the average dielectric properties of 
human brain tissue, of which the conductivity is 0.53 s/m 
and the relative permittivity is 55.4 at 210.8 MHz. The 
3T MRI scanner (uMR790, United Imaging Healthcare, 
Shanghai, China) was outfitted with a body transmit 
coil and a 32-channel head receiver coil (45). For the 
32-channel head coil at 3T, 14 elements in four rows were 
anterior and 18 elements in four rows were posterior. The 
inner dimensions of the 32-channel head coil at 3T were:  
230 mm in the AP direction, 210 mm in the LR direction, 
and 260 mm in the IS direction. The head receiver coils 
at 5T and 3T had similar inner dimensions. The birdcage 
coil at 3T comprised 32 rungs and had a 62 cm diameter 
and a 45 cm length, of which the coil conductor was  
35 μm thick and 32 mm wide. The coil shield at 3T had a  
66.8 cm diameter and a 140 cm length. The size of the 
birdcage transmit coil at 7T was set as the same as that at 
5T for a fair comparison. In the human head model and 

human head phantom simulations, the dielectric parameters 
were based on the Gabriel dispersion relationship (46).

In the B1
+ field measurements, the receiver coil was 

assembled within the transmit coil. The B1
+ maps were 

acquired using a dual refocusing echo acquisition mode 
(DREAM) sequence with the following parameters: time of 
relaxation (TR) =3,000 ms; time of echo (TE) =1.49 ms; flip 
angle =54.7o; slice thickness =10 mm; field of view (FOV) 
=300×300 mm2; and matrix size =84×84. The simulated and 
measured B1

+ field maps were constructed by normalizing 
the accepted input power. Mean and relative standard 
deviation (RSD) values were calculated in the region of 
interest. Notably, the B1+ field maps were constructed after 
a -4 dB transmission loss from the RF amplifiers to the coil 
plugs, and a -0.3 dB loss from coil plugs to the matched 
coils. The simulated and measured B1

+ field maps included 
these losses.

EM simulations in 12 human head models were 
performed to determine safety total power limits and 
evaluate local SAR10g values in operation. In our CST 
version (CST studio suite 2021, Dassault Systèmes, 
French), only 6 adult human models (Emma, Gustav, Hugo, 
Donna, Laura, and Katja) were available. In our sim4life 
version (V6.2, Zurich Med Tech, Switzerland), only 6 
adult human models (Ella, Ella30, Duke, Fats, Fats29, and 
Glenn) were available. In order to increase the models for 
SAR simulations, we used both software for analysis, which 
can provide a greater security guarantee. Whole-head and 
peak SARs arising from the transmit coil in CP mode with a 
total input power of 1 W were averaged over 10 g of tissue 
(SAR10g) in each head model. 

In the 5T MRI system, a directional coupler was used 
to measure and monitor the transmitted RF power. The 
directional coupler was connected in series at the transmit 
power amplifier to detect the forward power and reverse 
power. The applied power was collected in real time by 
combining it with the analog-to-digital converter. The 
relationship between the total power exposed in head tissues 
(W) and the total incident power using power monitors (Wt) 
was given by:

1 load
t t

unload

QW W W
Q

η
 

= − = 
 

 [1]

1 load

unload

Q
Q

η
 

= − 
 

 
[2]

Where loadQ  and unloadQ  are the head coil quality factor 
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(Q) measured in the presence and absence of the subject, 
and η is defined as the coefficient of the energy absorption 
in the tissues. Here, the Q value was measured using the 
dual-loop probe method (47). During the measurement, 
the two pickup loops were placed inside the transmit coil, 
on the middle of each side of the shell. The Q factor is  
defined as (47): 

0

W

fQ
B

=  
[3]

Where f0 is the resonant frequency of the coil, and BW is 
the -3 dB bandwidth of the S21 parameter.

In the experimental studies, the total SAR deposited in 
the tissue was estimated by measuring the total incident 
power using power monitors on the 5T MRI scanner. 
During the scan, there would be a cross-section of SAR 
monitoring to view the total SAR. The calculated peak SAR 
could be obtained by using the following formula: 

maxpeak totalSAR SAR wη= ⋅ ⋅  [4]

Where maxw  was the max ratio of peak SAR10g to total 
SAR10g in the 12 simulations.

In vivo human brain imaging

This study was approved by the institutional review board 
of Shenzhen Institutes of Advanced Technology, Chinese 
Academy of Sciences. And the study conformed to the 
provisions of the Declaration of Helsinki (as revised 
in 2013). Informed consent was obtained from all the 
volunteers before the human studies were implemented. 
In this study, since each experiment took a long time, 
we divided the volunteers into groups according to the 
experiment’s content and time. A total of four healthy 
volunteers were scanned. SNR maps were obtained from 
a 30 years old healthy volunteer (male; 160 cm; 65 kg). 
Fast spin echo (FSE) brain images were obtained from a  
37 years old healthy volunteer (male; 170 cm; 70 kg). 
Magnetic resonance angiography (MRA) images were 
obtained from a 28 years old healthy volunteer (male;  
170 cm; 52 kg). Vascular wall images and SWI were 
obtained from a 39 years old healthy volunteer (male;  
170 cm; 80 kg). 

For SNR comparisons, a two-dimensional (2D) density-
weighted gradient echo (GRE) sequence was applied for 
signal acquisition using the following parameters shown in 
Table 1. Noise images were acquired by setting the flip angle 

Table 1 Typical sequence parameters

Sequence TR (ms) TE (ms) FA (o) Average PPA (CS) BW (Hz/pixel)
Acquired resolution 

(mm3)
Reconstructed 

resolution (mm3)
TA (min) 

5T GRE 3,000 6.5 30 1 0 590 1.95×1.95×5.0 1.95×1.95×5.0 6

T2_FSE 4,300 115.4 100 4 2 230 0.3×0.3×2.5 0.15×0.15×2.5 6.8

TOF 20 4 15 1 3.5 210 0.5×0.5×0.5 0.25×0.25×0.25 11.13

T1_mx3d 830 15 74 1 6 440 0.5×0.5×0.5 0.3×0.3×0.3 7.17

SWI 27 16 10 1 3 120 0.5×0.5×1.0 0.5×0.5×0.5 7

SWI 30 16 10 1 3 100 0.3×0.3×1.2 0.15×0.15×0.6 13.17

3T GRE 3,000 6.5 30 1 0 590 1.95×1.95×5.0 1.95×1.95×5.0 6

T2_FSE 4,700 128.7 100 4 2 230 0.3×0.3×2.5 0.15×0.15×2.5 6.8

TOF 16 3.5 15 1 3 260 0.5×0.5×0.5 0.25×0.25×0.25 10.67

T1_mx3d 800 16.2 75 1 5.4 440 0.5×0.5×0.5 0.3×0.3×0.3 6.87

SWI 28 18 15 1 3 130 0.5×0.5×1.0 0.5×0.5×0.5 7

TR, time of relaxation; TE, time of echo; FA, flip angle; PPA, partially parallel acceleration; CS, compressed sensing; BW, bandwidth; TA, 
time of acquisition; GRE, gradient echo; T2_FSE, T2-weighted fast spin echo; TOF, time of flight; T1_mx3d, T1-weighted three-dimensional 
MATRIX (Modulated flip Angle Technique in Refocused Imaging with eXtended echo train) sequence; SWI, susceptibility weighted images.
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to 0o. SNR maps were calculated using the sum-of-squares 
method on the data from each scanner, then compared (48). 

For a RF-spoiled GRE acquisition, the SNR was given 
by (9):

/ 1
/ 2*

0 / 1

1 sin
1 cos

TR T
TE T

C TR T

eSNR SNR S e
e

α
α

−
−

−

−
= ⋅ ⋅ ⋅ ⋅

− ⋅
 [5]

where T1 is the longitudinal transverse relaxation time and 
T2* is the apparent transverse relaxation time. TR and TE 
are the repetition time and the echo time of the RF-spoiled 
GRE sequence, respectively. α represents the flip angle. SC 
is the sensitivity of the receiver coil, including the noise 
figure of the receiver chain. The theoretical estimation of 
SNR0 was obtained with this equation. 

The flip angle maps used a B1
+ mapping DREAM 

sequence with the following parameters: TR =3,000 ms; TE 
=1.49 ms; flip angle =54.7o; slice thickness =10 mm; FOV 
=250×250 mm2; and matrix size =80×80. For T2* mapping, 
a multiecho GRE sequence was used with 12 echo times 
between 5 ms and 53 ms. The parameters were shown 
as follows: TR =3,000 ms; flip angle =30o; slice thickness  
=5 mm; FOV =250×250 mm2; and matrix size =128×128. 
T2* maps were obtained using polynomial curve fitting with 
the multiecho data for every voxel in the Matlab software 
(MathWorks, United States). For T1 mapping, a 2D spin-
echo inversion recovery (SE-IR) sequence was used. The 
protocol was: FOV =250×250 mm2; matrix size =128×128; 
slice thickness =5 mm; TR =10 s; TE =10 ms; bandwidth 
=500 Hz/pixel; and 9 inversion times TIs: 100, 200, 300, 
500, 1,000, 1,500, 2,000, 2,500 and 3,000 ms. To obtain 
T1 maps, the following equation was applied to fit the 
relaxation curve (9):

( ) ( )/ 1
0 1 2 TI TM TI M eβ −= ⋅ −  [6]

After the calculations of the T2* and T1 maps, the T2* 
and T1 values of the white and gray matter were calculated 
by taking the mean of two regions of interest (ROI) with 
5×5 pixels, respectively. To evaluate parallel imaging 
capability, the inverse g-factor maps were analyzed using 
sensitivity encoding (SENSE) reconstructions (49). The 
inverse g-factor maps were evaluated with the acceleration 
factors R ranging from 2 to 6 in the AP direction, R =2×2 
and R =3×3 in two directions (AP and LR).

Anatomic images were obtained using a T2-weighted 
fast spin echo (T2_FSE) sequence. MRA images were 
obtained using a time of flight (TOF) sequence. Vascular 

wall images were acquired using a T1-weighted 3D 
MATRIX (Modulated flip Angle Technique in Refocused 
Imaging with eXtended echo train) sequence (T1_mx3d). 
Lenticulostriate arteries (LSAs) were particularly visualized, 
which are one of the most important vascular structures 
in the human brain and the sites of many neurological  
diseases (50). SWI images were acquired with resolutions 
of 0.5 mm × 0.5 mm × 1.0 mm and 0.3 mm × 0.3 mm  
× 1.2 mm using the 5T MRI scanner, and with a resolution 
of 0.5 mm × 0.5 mm × 1.0 mm using the 3T MRI scanner. 
The typical sequence parameters are shown in Table 1.

Results

The simulated B1
+ field maps in the transversal, sagittal, 

and coronal planes at 3T, 5T and 7T were calculated, as 
shown in Figure 2. The mean and RSD values in the region 
of interest (dotted circle) are depicted in the maps. The 
B1

+ maps at 3T were the most homogeneous, and the B1
+ 

maps at 5T were more homogeneous than those at 7T. In 
the human head model (Gustav), the homogeneity of the 
simulated B1

+ field at 5T, represented by the RSD value, 
could be improved by more than 26% compared to that  
at 7T.

The measured B1
+ field maps inside the human head 

phantom at 5T were constructed in the transversal, sagittal, 
and coronal planes, as shown in Figure 3. The mean and 
RSD values in the region of interest (dotted circle) are 
depicted in the maps. The distributions of the measured B1

+ 

field were consistent with the distributions of the simulated 
B1

+ field depicted in Figure 2.
The total SAR and peak SAR10g values in simulations 

us ing the head models  at  5T are  summarized in  
Table 2. The intersubject local SAR variability range was 
0.3765 W/kg±19% (0.305–0.448 W/kg) for the peak 
SAR10g with 1 W input power. If the Glenn head model 
was used to define safe power limits, the peak SAR10g value 
achieved by the Laura head model could be 47% higher 
than predicted. Thus, for the peak SAR10g evaluation using 
only 1 head model, the required safety margin to account 
for the intersubject variability is 1.47 at minimum. In the 
12 simulations, the max ratio of peak SAR10g to total SAR10g 
was 3.64, which could be used for the evaluation of the 
worst case SAR.

The measured S11 and S22 parameters of the transmit 
birdcage coil loading with the human head phantom were 
about -13 dB and -17 dB, respectively, and had 10 dB return 
loss bandwidths of 3.51 MHz and 3.92 MHz, respectively. 
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Figure 2 Simulated B1+ field maps at 3T, 5T and 7T inside the human head phantom and the human head model (Gustav). In the figure, 
mean and RSD represent the mean and relative standard deviation values in the region of interest (dotted circle), respectively. 

Figure 3 Measured B1+ field maps inside the human head phantom at 5T in the phantom. In the figure, mean and RSD represent the mean 
and relative standard deviation values in the region of interest (dotted circle), respectively.

The quality factor of the transmit coil measured in 
the absence of the subject was Qunload=60.23, and it was 
Qload=21.29 when the transmit coil loaded with a human 
subject, using the dual-probe method. The coefficients of 
the energy absorption in the tissues was 64.65%, calculated 
by using equation (2). In the experimental studies, the total 
SAR deposited in the tissue was estimated by measuring the 
total incident power using power monitors on the 5T MRI 

scanner. Based on the simulations, the max ratio of peak 
SAR10g to total SAR10g was 3.64. The calculated peak SAR 
was obtained by using Eq. [3], which was used to determine 
whether it meets the IEC guidelines (51). 

The S11 parameters of six representative coil elements 
(2, 8, 9, 14, 32 and 44) were −5, −20, −22, −16, −14 and  
−20 dB at 210.8 MHz, respectively. The S21 parameter of 
six representative neighboring coil elements (31, 32, 37, 38, 
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Table 2 The total and peak SAR10g values in simulations using the head models at 5T

Model Age (year) Gender Body mass index (kg/m2) Total SAR (W/kg) Peak SAR10g (W/kg) Peak SAR10g/total SAR

Emma 26 Female 28.0 0.141 0.444 3.15

Gustav 38 Male 22.3 0.146 0.431 2.95

Hugo 38 Male 31.8 0.128 0.403 3.15

Donna 40 Female 25.5 0.114 0.389 3.41

Laura 43 Female 19.2 0.143 0.448 3.13

Katja 43 Female 23.3 0.162 0.388 2.40

Ella 26 Female 21.6 0.112 0.408 3.64

Ella30 26 Female 30.0 0.120 0.378 3.15

Duke 34 Male 22.4 0.130 0.346 2.66

Fats29 37 Male 29.0 0.105 0.375 3.57

Fats 37 Male 35.9 0.093 0.330 3.55

Glenn 84 Male 20.4 0.123 0.305 2.48

SAR, specific absorption rate.

43 and 44) had an average value of −17 dB at 210.8 MHz, 
of which the worst-case situation was −14 dB. The isolation 
between the tuned and detuned states of the active detuning 
was nearly 40 dB. These results indicated that the tuning, 
matching, decoupling and detuning were satisfactory for the 
imaging requirements.

Figure 4 depicts the noise correlation matrix of the 
48-channel receiver coil at 5T and the 32-channel receiver 
coil at 3T. For the 48-channel head coil at 5T, the mean and 

maximum value of the noise correlation with exception for 
the diagonal elements were 10.2% and 51.2%, respectively. 
They were 11.9% and 53.9% for the 32-channel head 
coil at 3T, respectively. These results demonstrated that 
the 48-channel receiver coil at 5T had sufficient channel 
decoupling.

After correction for flip angle differences, the SNR maps 
of the human brain (Figure 5) and a human head phantom 
(Figure S1) in the transversal, sagittal and coronal planes 

Figure 4 Noise correlation matrix of the 48-channel receiver coil at 5T and the 32-channel receiver coil at 3T in human studies. The 
maximum and mean value of the noise correlation matrix with exception for the diagonal elements are shown below the maps.
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acquired at the 5T and 3T MRI scanners are shown. The 
mean SNR values in the brain regions were calculated and 
shown below the corresponding maps. As indicated by the 
mean values in Figure 5, the average SNR values in the 
transversal, sagittal, and coronal planes at 5T are 1.63 times, 
1.85 times, and 1.79 times of those at 3T, respectively. 
These values corresponded with those of the phantom (1.90 
times, 1.83 times, and 1.79 times, respectively, as shown in 
Figure S1 and Appendix 1). In the T2* measurements, the 
T2* values of the white and gray matter at 5T were 29.3 and  
40.3 ms, while the corresponding values at 3T were  
43.5 and 62.0 ms. In the T1 measurements, the T1 values 
of the white and gray matter at 5T were 1218 ms and 1883 
ms, while the corresponding values at 3T were 955 ms and 
1571 ms. These results are consistent with those found by  
Pohmann (9). After correction for T1, T2* (using the values 
of the white matter) and flip angle differences, the average 

SNR values in the transversal, sagittal, and coronal planes 
of the brain at 5T were 1.76 times, 2 times and 1.93 times 
of those at 3T, respectively.

The inverse g-factor maps with various SENSE 
acceleration factors in the transverse plane are shown in 
Figure 6. The mean and maximum 1/g-factor values in the 
indicated ROI were displayed below the corresponding 
maps. The 48-channel head coil at 5T demonstrated lower 
g-factors than the 32-channel head coil at 3T, particularly at 
a high acceleration factor, achieving a better performance in 
the imaging acceleration capacity.

Figure 7 depicts the T2-weighted FSE images of a 
healthy volunteer at 5T and 3T. The 300 μm in-plane 
resolution image from the 5T MRI scan shows the 
hippocampus in fine detail. The hippocampus is related to 
amnesia and dementia. The increased magnification of an 
area within the images better illustrates the higher quality 

Figure 5 Signal-to-noise ratio (SNR) maps after correction for flip angle differences from a healthy volunteer (39 years old; male; 160 cm; 
65 kg) at 5T and 3T. Mean values for SNR in the brain regions are displayed below each image. Relative SNR differences (5T/3T) between 
the SNR maps are shown at the bottom.
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of the hippocampal head, hippocampal body, hippocampal 
tail, and mesencephalon at 5T compared to 3T.

MRA images demonstrated that the 5T MRI scanner 
provided better image quality than that of the 3 T MRI 
scanner (Figure 8). An increased number of vessels was 
observed at 5T compared to 3T because of the higher 
SNR. Improved delineation of LSAs was observed at 
5T compared to 3T, especially in the more distal vessels  
(Figure 8C).

Figure 9 and Figure 10 show the vascular wall images 
of LSAs and basilar arteries, respectively. More distal 
vessels of LSAs were observed at 5T compared to 3T  
(Figure 9). The delineation of these LSAs allows for 
visualizing normal vessels and detecting possible pathologies 
such as arterial dissection and small LSA aneurysms. Basilar 
arteries with improved delineation and reduced blurring can 
be appreciated at 5T compared to 3T (Figure 10).

SWI revealed the difference in veins of deep brain 
regions between 5T and 3T scans (Figure 11). More details 
of veins were observed at 5T compared to 3T with the 
same acquired resolution of 0.5×0.5×1.0 mm3. At 5T, SWI 
images with a higher resolution of 0.3×0.3×1.2 mm3 were 
also obtained, which showed more vessels and details than 
the SWI images with an acquired resolution of 0.5×0.5 
×1.0 mm3.

Discussion

In the simulations study, the 5T MRI showed more 

homogeneous B1
+ field distributions than those shown by 

the 7 T MRI, as observed in Figure 2. In the human head 
model (Gustav), the B1

+ field homogeneity at 5T could be 
improved by more than 26%. Compared to the 3T MRI 
using the 32-channel head coil, the 5T MRI using the 
48-channel head coil demonstrated higher SNR and a better 
parallel imaging performance. These findings demonstrate 
that 5T MRI can provide significant signal-to-noise ratio 
improvement compared to that of 3T MRI with less RF 
inhomogeneity than that of 7T MRI.

Pohmann’s study (9)  assumed a relationship of 
SNR~B0

1.65, which was calculated for the cerebrum by 
fitting three points. But it may deviate in the whole brain 
evaluation. For example, the increase of SNR at 7T 
compared to that of 3T is 4.00 based on this relationship. 
However, the SNR increase from 3T to 7T is with 
2.96±0.22, 3.36±0.24, and 3.78±0.37 in the outer brain 
region, in the inner brain and the cerebellum, respectively. 
These values are also lower than those calculated by 
the theoretical estimation. The increase of SNR at 5T  
(210.8 MHz) compared with that at 3T (128.2 MHz) is 2.27 
based on this relationship. The measured increase in the 
average values in the transversal, sagittal, and coronal planes 
of the human brain at 5T are 1.76, 2 and 1.93, which could 
be within the margin of error.

Our findings showed that the 5T MRI can provide high-
resolution anatomic images, angiography images, vessel wall 
images, and SWI. The images were compared with those 
acquired on a commercial 3T MRI scanner, which showed 

Figure 6 The inverse g-factor maps in the transversal plane of the human brain obtained by a two-dimensional density-weighted gradient 
echo (GRE) sequence from a healthy volunteer (39 years old; male; 160 cm; 65 kg) at 5T and 3T. Maximum and mean values in the regions 
of interest identified with the dashed ellipses are displayed below each image.
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that the image quality using 5T was better compared to 
that obtained using 3T MRI. Particularly, the hippocampus 
could be better illustrated at 5T MRI compared to 3T MRI. 
Improved delineation of lenticulostriate arteries and basilar 
arteries associated with ischemic stroke was observed at 
5T MRI compared to 3T MRI. SWI images with a higher 
acquired resolution of 0.3×0.3×1.2 mm3 could be obtained 
using the 5T MRI scanner, which showed more small blood 
vessels compared to those using the 3 T MRI scanner. This 
improved imaging can assist in assessing cerebral veins, 
stroke, multiple sclerosis, tumors and hemorrhagic lesions. 

The 5T MRI shows a more homogenous B1
+ field and 

has fewer safety issues related to SAR problems compared 
to the 7T MRI. Therefore, using the quadrature birdcage 

coil can achieve good performance at 5T. Undeniably, using 
parallel transmit techniques could potentially improve the 
B1

+ field homogeneity and reduce RF energy deposition. So 
far, for the human brain imaging at 7 T, only the quadrature 
birdcage transmit coil integrated with a 32-channel receiver 
head coil has been approved by FDA (52). Currently, 
the parallel transmit coils are only permitted for use in 
the nondiagnostic research mode and are not cleared for 
the CE-labeled clinical mode at the latest generation 7T 
systems (53). Some studies show that radiative antenna 
arrays may have advantages over more conventional coil 
array elements when imaging deeply located body targets at 
ultrahigh field MRI (54-56), such as monopole antenna (54), 
dipole antenna (55) and J-shape antenna (56). Further work 

Figure 7 T2-weighted fast spin echo brain images of a healthy volunteer (37 years old; male; 170 cm; 70 kg). The images were acquired with 
an acquired resolution of 0.3 mm × 0.3 mm × 2.5 mm at 5T (A) and 3T (B). Magnification of the hippocampal area (yellow rectangles) from 
the 5T image (C) and the 3T image (D). 1: hippocampal head; 2: hippocampal body; 3: hippocampal tail; 4: mesencephalon.
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Figure 8 Magnetic resonance angiography images obtained by a time of flight sequence of a healthy volunteer (28 years old; male;  
170 cm; 52 kg). Vessels in the brain were imaged with a 0.5 mm × 0.5 mm × 0.5 mm acquired resolution at 5T (A) and 3T (B). 
Lenticulostriate arteries (yellow rectangles) were observed at 5T (C) and 3T (D).

Figure 9 Vascular wall images of Lenticulostriate arteries (LSAs) from obtained by a T1-weighted three-dimensional MATRIX sequence 
a healthy volunteer (39 years old; male; 170 cm; 80 kg). Thin minimum intensity projection across 10 mm slices for the visualization of 
LSAs at 5T (A) and 3T (B). Distal vessels were better observed at 5T than at 3T, as shown by the white arrow heads. LSAs, lenticulostriate 
arteries; MATRIX, Modulated flip Angle Technique in Refocused Imaging with eXtended echo train.
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is needed on the parallel transmit techniques and radiative 
antenna arrays at 5T MRI.

To improve the transmit efficient, the local transmit 
birdcage coils for human brain imaging are usually 
shielded, which lead to the coils hindering access to 
the imaging participants. This structure reduces the 
participant’s comfort and makes the MRI examination 
stressful, especially for claustrophobic patients. A large 
window in front of the participant’s face would help during 
cognitive functional MRI experiments (57). To provide 
a large opening in front of the participant’s face, various 
open transmit coils are available, such as half-birdcage  
coils (58), U-shaped birdcage coils (59), quadrature half-

volume transverse electromagnetic coils (60) and open 
birdcage coil (61). Further work is needed on open transmit 
coils at 5T MRI to achieve this outcome.

The 5T MRI scanner has a lighter weight during 
operation than the 7T MRI. The 5T MRI scanner weighs 
17 tons in operation with a 60 cm diameter bore size and 
a 206 cm magnet length, while the commercial 7T MRI 
scanner (MAGNETOM Terra, Siemens) weighs less than 
25 tons in operation with a 60 cm diameter bore size and a 
270 cm magnet length. The 5 Gauss line for the 5T MRI 
scanner is 4.10 m × 3.60 m, a reduction of 37% compared to 
the 5 Gauss lines of the 7T MRI scanner, which is 8.00 m × 
5.00 m. However, the distance of the 5 Gauss line depends 

Figure 10 Vascular wall images of basilar arteries obtained by a T1-weighted three-dimensional MATRIX sequence from a healthy 
volunteer (39 years old; male; 170 cm; 80 kg). The images were obtained with a 0.5 mm × 0.5 mm × 0.5 mm reconstructed resolution for 5T 
(A,C) and 3T (B,D). Magnification of areas in the brain (yellow rectangles) at 5T and 3T are also displayed. MATRIX, Modulated flip Angle 
Technique in Refocused Imaging with eXtended echo train.
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on the magnet technology and active shielding. 
Whole-body imaging at 4T has been investigated since 

the late 1980s (62,63). Using a transmit/receive four-
port drive birdcage RF coil, the images acquired at 4 T 
were not optimal. In 2001, body imaging results acquired 
with birdcage transmit coils and phased array receiver 
coils indicate that 3T whole-body systems have a clinical  
role (64),  which greatly impacted 4T MRI. Since 
then, research has focused on 3T and 7T MRI studies. 
Additionally, some diffusion scans implemented with  
40 mT/m, 80 mT/m and 120 mT/m gradient (Figure S2 
and Appendix 1) at 5 T demonstrated that the stronger the 
gradient strength, the shorter the TE and the higher the 
SNR. Therefore, with the continued development of high-
performance gradient systems, high-performance whole-
body transmit coils, high-density receiver coils and fast 
imaging techniques, 5T MRI can potentially achieve better 
image quality than that of the earlier 4T MRI.

Conclusions

In conclusion, the quadrature birdcage transmit/48-channel 

receiver coil assembly at 5T obtained an improved SNR and 
higher quality human brain images compared to those of the 
32-channel head coil at 3T. In particular, high-resolution 
SWI phase imaging at 5T had impressive anatomical 
contrast. The 5T MRI scanner using the quadrature 
birdcage transmit/48-channel receiver coil assembly 
has potential clinical and brain science applications. It 
may significantly impact the diagnoses, prognoses, and 
treatment of neurological diseases. Future work will include 
confirmation of our results and performance evaluations  
in SWI.
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Supplementary

Appendix 1 

Some signal-to-noise ratio (SNR) measurements were carried out on a human head phantom, which is filled with 1.24 g/L 
NiSO4·6H2O and 2.62 g/L NaCl. The signal images were acquired using a two-dimensional gradient echo (GRE) sequence 
(time of relaxation (TR) =3,000 ms; time of echo (TE) =6.5 ms; flip angle =30o; field of view (FOV) =250 mm × 250 mm; 
slice thickness =5 mm; matrix size =128×128; bandwidth =590 Hz/pixel). The noise images in each channel were obtained by 
setting the flip angle to zero. SNR was obtained using the following equation.

cov -1S SrSoS HNR S− = Ψ [1]

where S is the signal image, H indicates transposed complex conjugate, and Ψ denotes the noise matrix.

The B1
+ maps in the phantom were also evaluated using a dual refocusing echo acquisition mode (DREAM) sequence with 

the following parameters: TR =3,000 ms, TE =1.49 ms, flip angle =54.7o, slice thickness =10 mm, FOV= 250×250 mm2, and 
matrix size =80×80. 

The normalized SNR was calculated by using the formula: SNR/ sin (B1
+), as shown in Figure S1. As shown by the mean 

values in the regions of interest, the average SNR values in the transversal, sagittal, and coronal planes at 5T were 1.90 times, 
1.83 times, and 1.79 times of those at 3T, respectively. The average SNR values in the transversal, sagittal, and coronal planes 
of the human brain at 5T were 1.63 times, 1.85 times, and 1.79 times of those at 3T, respectively. These values corresponded 
with those of the phantom. The difference in the SNR results in the transversal plane might be caused by different slice 
positions. Nevertheless, the SNR results of the human brain corresponded with those of the phantom.

A diffusion scan was implemented with following parameters: TR =3,000 ms; TE =57.1 ms; flip angle =90o; slice thickness =5 
mm; FOV = 220×230 mm2; and matrix size =153×160; echo train length =51; bandwidth =1,750 Hz; b values: 0 sec/mm2 and 
3,000 sec/mm2. In the diffusion scan, the shorter the TE, the stronger the gradient strength. We set the TE to the shortest 
value, corresponding to a 120 mT/m gradient. Additionally, we implemented two other diffusion scans with TE =61.9 ms 
and TE =79.9 ms, corresponding to a 40 mT/m and 80 mT/m gradient, respectively. The diffusion images and ADC images 
are shown in Figure S2. By dividing the signal by the quadrangle noise, the SNR in a region of interest of the diffusion 
image (b=3000) was obtained, as shown in Figure S2B. Compared to the SNR of the diffusion image (b=3000) using 40 mT/
m, the SNR of the diffusion image (b=3000) using 120 mT/m increased by 42%. Compared to the SNR of the diffusion 
image (b=3000) using 80 mT/m, the SNR of the diffusion image (b=3000) using 120 mT/m increased by 10%. These results 
demonstrate that the stronger the gradient strength, the shorter the TE and the higher the SNR.

https://cdn.amegroups.cn/static/public/QIMS-22-945-Supplementary.pdf
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Figure S1 The normalized SNR maps of the phantom in the transversal, sagittal, and coronal planes at 5T and 3T.



© Quantitative Imaging in Medicine and Surgery. All rights reserved.  https://dx.doi.org/10.21037/qims-22-945

Figure S2 The diffusion images and apparent diffusion coefficient (ADC) images using different gradient strength at 5T MRI. The b3000 
images are shown with an appropriate window level, while the other images are displayed with the same window levels.


