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Abstract

Background and Purpose: Ultra-high-field 7T promises more than doubling the signal-to-

noise ratio (SNR) of 3T for MRI, particularly for MRI of magnetic susceptibility effects induced 

by B0. Quantitative susceptibility mapping (QSM) is based on deconvolving the induced phase (or 

field) and would therefore benefit substantially from 7T. The purpose of this work was to compare 

QSM performance at 7T versus 3T in an intra-scanner test-retest experiment with varying echo 

numbers (5 and 10 echoes).

Methods: A prospective study in N=10 healthy subjects was carried out at both 3T and 7T field 

strengths. Gradient echo data using 5 and 10 echoes was acquired twice in each subject. Test-retest 

reproducibility was assessed using Bland-Altman and regression analysis of region of interest 

measurements. Image quality was scored by an experienced neuroradiologist.

Results: Intra-scanner bias was below 3.6ppb with correlation R2>0.85. Inter-scanner bias was 

below 10.9ppb with correlation R2>0.8. The image quality score for the 3T 10 echo protocol was 

not different from the 7T 5 echo protocol (p=0.65).

Conclusion: Excellent image quality and good reproducibility was observed. 7T allows 

equivalent image quality of 3T in half of the scan time.
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Introduction

Ultra-high-field 7T MRI, which is capable of more than doubling the signal-to-noise ratio 

(SNR) of 3T MRI, has been established as an important research tool for imaging the brain 

and many other organs in the body1 and is becoming a clinical tool for imaging the brain and 

extremities.2 Tissue magnetism effects including susceptibility and chemical shift induced 
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by the main field B0 are proportional to B0.3 Accordingly, 7T MRI can potentially provide 

exceptional contrast-to-noise ratio (CNR) benefit for magnetic resonance spectroscopy 

(MRS) and susceptibility based imaging: T2* weighted magnitude imaging including 

susceptibility-weighted imaging (SWI)4 and paramagnetic-deoxyheme-based fMRI,5 phase 

imaging,6 and quantitative susceptibility mapping (QSM).7,8 QSM is particularly valuable 

for enabling precision targeting for deep brain stimulation,9 no-gadolinium MRI for 

monitoring multiple sclerosis patients,10 confident differentiation of calcification and 

hemorrhage for assessing brain tumor,11,12 dating and monitoring cerebral cavernous 

malformations,13 mapping iron overloading in Alzheimer’s disease14 and Parkinson’s 

disease,15 mapping cerebral metabolic rate of oxygen consumption,16 mapping magnetic 

nanocarrier distribution17, and precision measurement of liver iron concentration.18

T2* weighted magnitude and phase images are always simultaneously acquired in routine 

gradient echo sequences using quadrature detection, but they contain blooming artifacts 

highly dependent on imaging parameters and object orientation.19 QSM deconvolves the 

blooming artifacts to enable a quantitative study of the local tissue magnetic susceptibility 

property.7 The Bayesian approach to QSM has been established for solving the ill-posed 

field-to-susceptibility inverse problem.7,20–25 QSM has become sufficiently robust for 

routine applications in studying susceptibility changes occurring in neurodegeneration, 

inflammation, oxygen consumption, hemorrhage, bone mineralization and other 

calcifications.8 Several studies have now shown reproducibility of QSM across 1.5T, 3T, and 

7T, within sites and between sites, and between scanner vendors in well-controlled travelling 

phantoms, in healthy subjects, and in patients.26–33

The benefit of 7T for QSM has been recognized since the early days of QSM34–37 and 

reproducibility of QSM between 7T and 3T in human subjects has been studied on the whole 

brain level.33 The later echoes in the multi-echo gradient echo sequence typically used in 

QSM suffer from more rapid signal decay at 7T. Accordingly, this study compares 7T and 

3T QSM in various regions of interest within the brain and includes evaluating the effects of 

the number of echoes.

Methods

Data Acquisition

MRI was performed in N=10 healthy subjects (2 female) with ages ranging between 19–68 

years (average 52 years) and who satisfied the MR safety criteria. Informed consent was 

obtained from each subject under approval from the Institutional Review Board. 3D multiple 

echo gradient echo (mGRE) data were acquired on a prototype 7T MR scanner (MR950, 

Signa 7.0T, General Electric Healthcare, Waukesha, WI, USA) and on a 3T MR scanner 

(Discovery MR750, General Electric Healthcare, Waukesha, WI, USA) using a 2-channel 

transmit/ 32-channel receive head coil at 7T and the body transmit coil and a 32 channel 

receive head coil at 3T. The same 3D mGRE sequence, compiled for both 3T and 7T 

scanners, was used to acquire data for QSM. For each subject and after acquiring a scout 

scan, two mGRE acquisitions were performed with identical parameters, except for the 

number of echoes, which was 5 and 10, respectively. For 3T only, a separate coil calibration 
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scan was prescribed and acquired to obtain coil sensitivity maps. For 7T, this was done 

automatically immediately for the first mGRE acquisition. Next, the subject was asked to get 

up from the scanner table and take a few steps, after which the subject was repositioned onto 

the table. This was done to ensure that instrumental and positioning settings were properly 

reset between measurements. The complete protocol was then repeated (including scout and 

calibration scans) to assess reproducibility. The imaging parameters for all mGRE 

acquisitions are shown in Table 1.

QSM reconstruction

From each mGRE acquisition, a total field was estimated from the complex data of all 

echoes using nonlinear least squares20. In the case of a single echo reconstruction, it was 

obtained by dividing the phase by the corresponding echo time. The Brain Extraction Tool 

(BET) algorithm in the FSL toolkit38,39 was used to extract a brain mask M(r), where r 

denotes the three-dimensional spatial index. The background field was removed using the 

projection onto dipole field algorithm to yield the local field bL r  40 Then a susceptibility 

map χ r , expressed in units of parts-per-billion (ppb), was reconstructed using the 

morphology enabled dipole inversion (MEDI) algorithm, which solves the following 

optimization problem,7,41

χ* r = argminχ r
W r e−id*χ r − e

−iδb r

2

2

+ λ1 MG r ∇ χ r 1 + λ2 MCSF r χ r − χCSF 2
2
, 1

Where δb r = bL r /B0 is the relative difference field, B0 the main magnetic field, W(r) 

reflecting the reliability of δb r , d r  the dipole kernel, ∇ the 3D gradient operator, MG r  a 

binary edge mask, and χCSF the average of χ r  over the ventricular cerebral spinal fluid 

(CSF) mask MCSFfor automatic zero referencing. From the magnitude mGRE images, the 

transversal relaxation rate R2* was calculated using the Auto-Regression on Linear 

Operations algorithm (ARLO).42 From this R2* map, a mask was computed by selecting 

those voxels whose R2* was below 5Hz and applying additional morphological image 

operations.41 The regularization parameters were chosen using the L-curve method with λ1 

=10−3 and λ2 =10-1. A Matlab implementation of the QSM reconstruction code can be 

freely downloaded at https://med.cornell.edu/mri. From the first 10 echo mGRE acquisition 

at both 3T and 7T, an R2* map was calculated using the ARLO algorithm.

Data Analysis

For each subject, the first 10 echo acquisition at 3T was set as the reference for image 

registration, denoting Iref r  and χref r  for the magnitude and susceptibility map, 

respectively. For each acquisition in each subject, the magnitude images I r  were registered 

to Iref r  using the FLIRT tool from the FSL Toolbox.39,43,44 On the reference susceptibility 

map χref r  of each subject, an experienced neuroradiologist (SL, 13 years of experience) 

segmented the following regions of interest (ROI): Caudate Nucleus (CN), Putamen (PU), 
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Globus Pallidus (GP), Substantia Nigra (SN), Red Nucleus (RN), Splenium of Corpus 

Callosum (SCC) and Dentate Nucleus (DN), segmenting the right and left subregions 

separately where applicable. These ROIs were then registered back to each of the 

susceptibility reconstructions by applying the inverse of the transformation obtained during 

the registration of the magnitude images. For each susceptibility map, the mean over each 

ROI was recorded and their average and standard deviation over the scans were recorded for 

each field strength and echo number to assess the reproducibility of the susceptibility 

mapping method.

For the R2* map derived from the 10 echo acquisitions, the mean over each ROI was 

recorded for each field strength. A linear regression of the ROI R2* values between 3T and 

7T was performed.

For each subject, the signal to noise ratio (SNR) was measured by drawing two circular 

ROIs on the magnitude image corresponding to the first echo of the first 7T 10 echo 

acquisition. A first ROI (ROIs) was drawn in the posterior horn of the right lateral ventricle. 

A second ROI (ROIn) was drawn within the air posterior to the head on the most inferior 

slice of the imaging volume. Spatially matching ROIs were then drawn on the first echo of 

the first 3T 10 echo acquisition by visually matching the anatomical locations. The 

magnitude SNR was computed as

SNRMAG =
MEMAG 1 ROIS

STDMAG 10 ROIn
,

where MEMAG 1 ROIS  was the mean over ROIs of the magnitude image of the first echo 

time and STDMAG 10 ROIn  was the standard deviation over ROIn of the magnitude image of 

the last (10th) echo time. The latter was done to avoid biasing the noise estimate by artifacts 

(such as remaining aliasing artifacts), which were sharply reduced due to the significant 

signal decay at the last echo time. The phase SNR was then estimated as

SNRPHASE =
MEPHASE 2 − 1 ROIS

1/SNRMAG
,

where MEPHASE 2 − 1 ROIS  was the mean over ROIs of the difference in phase between the 

second and the first echo time. This was done to remove the zero echo time image phase that 

may have differed between field strengths. The expression 1/SNRMAG was used to estimate 

the noise in the ROI phase.45

QSM image quality was assessed by an experienced neuroradiologist (IK, over 20 years of 

experience) using a three 3 point scale: 1=excellent contrast, (with deep gray matter nuclei 

and white-gray matter contrast well visualized), 2=diagnostic (moderate white-gray matter 

contrast), 3=undiagnostic. All QSM image parameters, including field strength and number 

of echoes, were blinded from the neuroradiologist.
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Reproducibility of the QSM ROI measurements across echo numbers and field strengths was 

assessed using correlation and Bland-Altman analysis. Reproducibility of the image quality 

was assessed using the Wilcoxon rank sum test.

Results

Figure 1 shows the magnitude, phase and QSM using a single echo, the first echo at 

TE~3.8ms for both 3T and 7T. The susceptibility induced field is more apparent on the 7T 

phase compared to the 3T phase, resulting in improved visualization of susceptibility 

contrast (bottom row).

T2* signal decay at 7T was faster than at 3T (Figure 2a) resulting in higher R2* values 

(Figure 2b). Across all segmented ROIs and all subjects, a regression analysis revealed an 

estimated slope of 2.28 between the R2* values at 7T and those at 3T (Figure 2c)

Figure 3 shows QSM images reconstructed at both 3T and 7T using the first 2, 4, 6, 8, and 

10 echoes. Using the first two echoes (Figure 3, first column, TE2 = 7.9ms), QSM image 

quality at 3T is visually worse than at 7T, with the latter having lower apparent noise. For 

both field strengths, QSM image quality is increased by including later echoes. At 3T, subtle 

improvement in the contrast between gray and white matter susceptibility is observed up to 

echo 10 (Figure 3, top tow, white arrows). At 7T, QSM image quality, including gray and 

white matter contrast, is largely similar when including between 6 and 10 echoes (Figure 3, 

bottom row, white arrows).

Average magnitude SNR was 73.2 for 3T compared to 162.4 for 7T, corresponding to a ratio 

of 2.2. Average phase SNR was 6.1 for 3T compared to 19.3 for 7T, corresponding to a ratio 

of 3.2.

The Bland-Altman analysis of test-retest reproducibility keeping field strength and echo 

number fixed is shown in Figure 4, indicating a bias between 0.2ppb and 3.6ppb (in absolute 

terms) and similar limits of agreement, between ±16.6ppb and ±23.2ppb around the bias. 

The corresponding regression analysis shows similarity with slopes between 0.94 and 1.01 

and R2 above 0.85 (Figure 5). The ROI measurements averaged across subjects are shown in 

Figure 6. The ROI values were similar between the 3T 5 echo, 3T 10 echo and 7T 5 echo 

acquisitions, with lower values for 7T susceptibility using 10 echoes. The Bland-Altman 

analysis of the reproducibility across field strengths and echo numbers is shown in Figure 7, 

showing a bias less than 13.4ppb between any pair of acquisitions. Similarly, good 

correlation between acquisitions was observed with R2 above 0.8 (Figure 8).

The image quality score (expressed in mean±standard deviation over the subjects) for the 3T 

5 echo protocol was 3.0±0.0 and 3.0±0.0 (test/retest, p=1.00). The image quality score for 

the 3T 10 echo protocol was 1.30±0.48 and 1.10±0.32 (test/retest, p=0.30). The image 

quality score for the 7T 5 echo protocol was 1.20±0.42 and 1.50±0.53 (test/retest, p=0.19). 

The image quality score for the 7T 10 echo protocol was 1.90±0.74 and 1.80±0.42 (test/

retest, p=0.82). The image quality score for the 3T 10 echo protocol was not statistically 

significantly different from the 7T 5 echo protocol (p=0.65).
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Discussion

The presented data confirmed a B0 increase in magnitude SNR and a greater than B0
increase in phase SNR in a gradient echo acquisition at minimal TE. For data acquisition 

using an mGRE sequence, R2* was found to increase linearly with B0 as well. QSM 

reconstructed from a short echo train (5 echoes) at 7T was similar to that from a long echo 

train at 3T (10 echoes). QSM was reproducible within fixed field strength when the same 

number of echoes were used. Across field strengths and with different numbers of echoes, 

acceptable levels of reproducibility were achieved between the 3T acquisition with 10 

echoes and the 7T acquisition with 5 echoes. The preliminary data suggest that 7T can be 

used to shorten QSM acquisition time or enable higher resolution QSM in clinically 

acceptable scan times.

The observed similarity in QSM image quality between using 10 echoes at 3T and using 5 

echoes at 7T is a consequence of both the increased magnitude SNR as well as the increased 

phase contrast. However the magnitude SNR depends on tissue T2*, which becomes shorter 

with higher field strength. This can be seen in Figure 2, where the slope between 7T and 3T 

R2* was found to be 2.2, close to the expected value of 7/3 ≈ 2.3.46 This affects the actual 

observed phase SNR.47 Indeed, in this work, the phase SNR increase with field strength (3.2 

folds) was lower than the expected value of (7/3)2 ≈ 5.4.45,48 Changes in tissue T1 

additionally affect this relationship. The low image quality scores for the 3T 5 echo protocol 

is a consequence of the generally poor white matter / gray matter contrast, on which the 

image quality score was partially based in this work. When a specific clinical application 

requires the visualization of anatomical regions with a higher susceptibility difference (such 

as cerebral veins or certain deep gray matter regions), a 5 echo protocol at 3T may be 

sufficient, but this was not investigated in this study.

The reproducibility of QSM at 7T and concordance among 7T and 3T QSMs may be 

explained in part by QSM’s insensitivity to B0 shimming. In fact, 7T QSM was performed 

without high order shimming, with only linear order shimming. The background field 

removal or general dipole-deconvolution in QSM reconstruction may explain its insensitivity 

to B0 shimming. The field due to sources outside the tissue of interest is separated from the 

tissue induced field in QSM reconstruction. The separation between background and tissue 

fields is very effectively achieved by using the Laplacian property of the background field.
7,20,25 Therefore, QSM reconstruction intrinsically performs B0 shimming in post-

processing.

The insensitivity of QSM to B1 inhomogeneity may also contribute to the reproducibility of 

QSM at 7T and acceptable concordance among 7T and 3T QSMs. A challenge of 7T MRI is 

the inhomogeneity of the transmit RF field B1 due to the wave characteristics of 

electromagnetic field, which increases with frequency or B0. Although reduced at lower flip 

angles such as the ones used in this work, B1 inhomogeneity is a concern for causing 

artificial contrasts in typical magnitude-based imaging. Fortunately, the contrasts in the 
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multiple echo derived field and corresponding QSM images are insensitive to B1
inhomogeneity, as the Larmor frequency is determined by the B0 field that is always 

sufficiently uniform over the imaging volume. However, B1 phase is observed in single echo 

phase images leading to the prominent dark ring in the 7T QSM TE1 in Figure 1. Image 

SNR does depend on B1 inhomogeneity but this effect may be mitigated by the 

regularization in QSM reconstruction.

The intra-and inter-scanners reproducibility observed here using Bland-Altman analysis is 

consistent with literature on QSM reproducibility.26–33 This suggests practical applications 

for QSM to advance the MRI study of tissue magnetic susceptibility from simple qualitative 

detection of its hypointense blooming artifacts to precise measurement of its 

biodistributions.19 High resolution 7T QSM may be especially useful for studying cortical 

pathological changes in Alzheimer’s disease14,49 and multiple sclerosis.50

This study may be improved in several aspects. 1) The data acquisition at 7T should be 

further optimized. The first echo time may be shortened to reduce signal loss for structures 

of high T2* signal decay at 7T, which would benefit QSM depiction of these structures. 

Higher order B0 shimming on product scanners and specialized B0 shimming may be used to 

reduce T2* decay caused by the inhomogeneous background field. The echo train length and 

flip angle need to be adjusted for optimal SNR efficiency, which would be useful for high 

spatial resolution QSM at 7T. 2) The susceptibility value measured on 7T was observed to 

be lower than that on 3T (Figures 5–8). This underestimation may be caused by 

discretization of the finite voxel size and is expected to increase with field strength due to 

greater dephasing,51 as well as possible decrease of susceptibility with field strength.17 The 

results in this study suggest that the estimated susceptibility is also influenced by the choice 

of the number of echoes, consistent with prior work investigating this dependence.33,52,53 

This dependence is somewhat more apparent at 7T compared to 3T in terms of bias (Figure 

7F vs Figure 7A) for the ROIs investigated in this study, which were predominantly deep 

gray matter regions. The fiber orientation of the surrounding white matter likely plays a role 

here.52,53 Imperfection in removing background field effects may also contribute to the 

lower values in the dentate nuclei. This susceptibility underestimation at ultra-high-field 

should be further investigated and corrected for, including calibration on phantoms of 

deoxyheme, ferritin and hemosiderin, major paramagnetic iron sources in brain tissue. 3) 

Additional investigation is needed to study white matter susceptibility anisotropy effects on 

QSM at 7T.35,54,55 Recent studies have shown that tissue microstructure has an effect on the 

estimated susceptibility56,57 and that this effect is echo time dependent.33,52,53 Further 

studies elucidating this at 7T are warranted. 4) This study was performed in healthy subjects 

only and further research is needed to establish the findings of this study in patients. 5) This 

study did not investigate higher resolution at 7T within the same acquisition time of 3T to 

demonstrate the benefit of 7T in studying smaller anatomical features.

In conclusion, reproducible QSM values can be obtained with 3T and 7T MRI. At 7T, the 

number of echoes can be reduced by half to achieve the same image quality of 3T.
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Figure 1. 
Comparison of 3T (left) and 7T (right) MRI: magnitude (mag, top), local field (phase, 

middle), which was obtained by removing the background field, and quantitative 

susceptibility map (QSM, bottom) from the first echo time TE1=3.8ms. All images shown 

are registered.
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Figure 2. 
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a) Magnitude images of 3T and 7T for all even echo times (TE2 through TE10). All images 

shown are registered. The susceptibility induced magnitude changes are already well 

visualized at TE2=7.91ms. The 7T magnitude image signal to noise decay is much faster 

than for 3T. b) The R2* maps at 3T and 7T, demonstrating higher R2* values for 7T. c) 

Regression of deep gray matter region of interest R2* values across the 10 subjects between 

3T and 7T. A good correlation with a slope of 2.28 was found.
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Figure 3. 
QSM images reconstructed at 3T (top row) and 7T (bottom row) using the first 2, 4, 6, 8, 

and 10 echoes (columns 1 through 5, echo times TE2 through TE10). Image quality at 3T 

increases with increasing echo number as evidenced in the white-gray matter contrast (white 

arrows), while image quality at 7T remains similar after including 6 or more echoes. All 

images were obtained from a single 10 echo acquisition. Images at 7T are registered to those 

at 3T for visualization purposes only.
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Figure 4. 
Bland-Altman analysis of test-retest reproducibility of quantitative susceptibility mapping at 

3T and 7T and using 5 and 10 echoes (5E and 10E). Susceptibility is expressed in parts per 

billion (ppb). Each data point represents one region of interest measurement in one subject. 

Bias (solid line) is below 3.6 ppb in absolute terms with similar limits of agreements (dashed 

lines).
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Figure 5. 
Regression analysis of test-retest performance of quantitative susceptibility mapping 

measured at 3T and 7T and using 5 and 10 echoes (5E and 10E). Susceptibility is expressed 

in parts per billion (ppb). Each data point represents one region of interest measurement in 

one subject. Correlation is excellent with slopes between 0.94 and 1.01 and R2 above 0.85.
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Figure 6. 
Region of interest (ROI) susceptibility values measured at both 3T and 7T and both 5 and 10 

echoes (5E and 10E) averaged across the 10 subjects. Susceptibility is expressed in parts per 

billion (ppb). The selected ROIs are Caudate Nucleus (CN), Putamen (PU), Globus Pallidus 

(GP), Substantia Nigra (SN), Red Nucleus (RN), Splenium of Corpus Callosum (SCC) and 

Dentate Nucleus (DN).
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Figure 7. 
Bland-Altman analysis of reproducibility of quantitative susceptibility mapping between 

different field strengths (3T and 7T) and echo numbers (5E and 10E). Susceptibility is 

expressed in parts per billion (ppb). Each data point represents one region of interest 

measurement in one subject. The solid horizontal line indicates the bias while the dashed 

lines indicate the limits of agreement.

Spincemaille et al. Page 31

J Neuroimaging. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Spincemaille et al. Page 32

J Neuroimaging. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Spincemaille et al. Page 33

J Neuroimaging. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Spincemaille et al. Page 34

J Neuroimaging. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
Regression analysis of reproducibility of quantitative susceptibility mapping between 

different field strengths (3T and 7T) and echo numbers (5E and 10E). Susceptibility is 

expressed in parts per billion (ppb). Each data point represents one region of interest 

measurement in one subject.

Spincemaille et al. Page 35

J Neuroimaging. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Spincemaille et al. Page 36

Table 1.

Imaging parameters for the in vivo acquisitions, using two field strengths (3T and 7T) and 5 echoes and 10 

echoes.

field strength / number of 

echoes
1

3T 5E 3T 10E 7T 5E 7T 10E

acquired voxel size [mm] 0.69 × 0.69 × 2.00 0.69 × 0.69 × 2.00 0.69 × 0.69 × 2.00 0.69 × 0.69 × 2.00

reconstructed voxel size
2
 [mm]

0.43 × 0.43 × 1.00 0.43 × 0.43 × 1.00 0.43 × 0.43 × 1.00 0.43 × 0.43 × 1.00

field of view [mm] 220 × 176 220 × 176 220 × 176 220 × 176

number of echoes 5 10 5 10

acquisition matrix 320 × 320 × 86 320 × 320 × 86 320 × 320 × 74 320 × 320 × 74

repetition time [ms] 24.48 45.08 24.55 45.03

echo time [ms] 3.85 / 7.97 / 12.09 / 
16.21 / 20.33

3.85 / 7.97 / 12.09 / 
16.21 / 20.33 / 24.45 / 
28.57 / 32.69 / 36.81 / 
40.93

3.81 / 7.91 / 12.00 / 
16.10 / 20.20

3.81 / 7.91 / 12.00 / 
16.10 / 20.20 / 24.29 / 
28.39 / 32.48 / 36.58 / 
40.68

acceleration factor (phase) 2 2 2 2

partial k-space
3
 [%]

75.15 75.15 69.96 69.96

flow compensation
4 Readout Readout Readout Readout

flip angle 15° 15° 15° 15°

pixel bandwidth [Hz/pixel] 244.14 244.14 244.14 244.14

scan time 3m35s 6m36s 2m51s 5m15s

reconstruction
5 Mag/Real/Imag Mag/Real/Imag Mag/Real/Imag Mag/Real/Imag

reconstructed matrix 512 × 512 × 172 512 × 512 × 172 512 × 512 × 148 512 × 512 × 148

receiver coil
6 32 channel head 32 channel head 32 channel head 32 channel head

1
5E = 5 echoes, 10E = 10 echoes.

2
reconstructed voxel size is after Fourier zero-filling by the scanner.

3
using elliptical k-space sampling.

4
flow compensation is performed for all echoes.

5
Mag=Magnitude, Imag=Imaginary.

6
at 3T, RF transmit was performed using the body coil while, at 7T, both RF transmit and reception was performed using a 2-channel transmit/32-

channel receive coil.
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