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Purpose: To compare the silent Rotating Ultra-Fast Imaging
Sequence (RUFIS) to a traditional Cartesian spoild gradient-
echo (SPGR) acquisition scheme forVariableFlipAngle (VFA)
T1 mapping.

Method: A two point VFAmeasurement was performed
using RUFIS and Cartesian SPGR in a quantitative phantom
and healthy volunteers. To correct for B1 errors, a novel
SilentMagnetisation Prepared B1 map Acquisition (SIMBA)
was developed, which combinedwith RUFIS VFA allows for
a completely silent T1 mapping protocol.

Results: The silent protocol was found to have compara-
ble repeatability but higher reproducibility in vivo compared
to the standard SPGR protocol, and showed no increase in
acoustic noise levels above background noise levels com-
pared to a 33 dBA increase for the SPGR acquisition.

Conclusion: VFA T1 mapping using RUFIS is a feasible
alternative to SPGR, achieving silent T1mapping with com-
parable acquisition time.
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2 LJUNGBERG ET AL.

1 | INTRODUCTION1

The variable flip angle method (VFA), also referred to as DESPOT1, is a method for T1 estimation, originally proposed2

by Christensen and later adapted for imaging by Fram [1, 2, 3, 4, 5]. To obtain a T1 estimate, two ormore fully spoiled3

gradient echo images are acquired with varying excitation flip angles and linearly fitted to the signal equation [6]. Due4

to the use of a gradient-echo sequence and the low number of acquisitions required, the VFAmethod is highly efficient5

compared to inversion-recovery basedmethods [7]. However, due to the large phase-encoding and spoiler gradients6

and short TR typically used in clinical protocols, the VFAmethod produces loud acoustic noise which is a drawback for7

patient comfort. In addition, at modern field strengths of 3T and above, B1 inhomogeneity becomes a significant issue8

that must be corrected for with a separate acquisition.9

In this work, we present a method for VFA T1 mapping using the 3D Rotating Ultra-Fast Imaging Sequence10

(RUFIS)[8], which presents several potential advantages over a traditional Cartesian acquisition. First, because of11

the centre-out radial k-space trajectory and gradual change of the gradient direction between subsequent excitations,12

the acquisition is almost completely silent [9]. Secondly, the RUFIS sequence achieves an effective echo time of zero13

(ZTE) by performingRFexcitationwith the readout gradients on anddirectly acquiring the free inductiondecay (FID)[10].14

This extends the limit of T1 quantification to tissues with very short T2 such as bone and lung tissue, which often are15

considered to beMR-invisible [11, 12].16

We present theoretical signal equations for RUFIS and analyse the constraints imposed on the acquisition by17

the ZTE readout. The theory and implementation of a novel silent B+1 mapping technique, using an extension to the18

double anglemethodwith a RUFIS readout, is also presented. The proposed silent T1 and B+1 mapping techniques are19

demonstrated in a quantitative phantomwith known relaxation characteristics and in vivo in four healthy volunteers,20

and compared to Cartesianmethods.21

2 | METHOD22

2.1 | Theory - Quantitative RUFIS23

An outline of the RUFIS pulse sequence diagram is shown in figure 1A. Each spoke is a single FID readout with a centre-24

out trajectory in k-space. Themagnitude of the applied gradients remains the same, while the relative strength along25

each axis changes the direction of the spoke in k-space. The k-space trajectory is designed such that the endpoints of26

the spokes trace a spiral on the surface of a sphere in k-space, resulting in a near silent acquisition [9]. Data acquisition27

starts as soon as the system has switched from transmit to receive mode, resulting in an effective echo time of zero28

(ZTE). To achieve this, only ultra-short hard RF pulses with low flip angles can be used for excitation with RUFIS. Further29

more, the TR in RUFIS is only limited by the readout duration since no time is required for slice/slab and phase encoding30

gradients.31

When a steady state has been reachedwithRUFIS, the acquired signalwill be equivalent to that of a spoiled gradient32

echo sequence, with the signal intensity depending on T1 and proton density ρ, as well as the repetition time (TR), and33

flip angle (α ) as34

Mz ,spg r = ρ ·
1 − e−T R/T1

1 − cos(α)e−T R/T1 . (1)

With RUFIS, only short TRs and low flip angles are used, and therefore a first order approximation of (1) can be35



LJUNGBERG ET AL. 3

made [13, 14] as36

Mz ,spg r =
ρ

1 +
T1
T R ·

α2

2

. (2)

This assumes that the signal is fully spoiled between repetitions. In RUFIS, this is achievedwith RF spoiling as well as37

gradient spoiling from the readout gradients.38

To perform a T1 measurement using the variable flip angle method (VFA), a minimum of two flip angles is required.39

Spatial variations in the B+1 field have to bemeasured independently since changes in T1 and α cannot be separated40

in the signal equation, as seen in (2). In RUFIS, there are two sources of B+1 variation; dielectric effects, and excitation41

profile effects. The former is here addressed through development of a novel B+1 mapping technique using RUFIS42

(described in the next section), and the latter through an analytical correction.43

Thenon-uniformexcitationprofile inRUFIS is causedby the readout gradient beingpresent duringRFexcitation[15].44

For a given spoke, the gradients alter the resonant frequency across the sample parallel to the spoke direction, resulting45

in an unwanted sinc-shaped spatial variation of the flip angle in the direction of the spoke. The excitation profile is46

determined by the product of the duration of the RF pulse (τr f ) and readout gradient magnitudeG (which is inversely47

proportional to the readout bandwidth) as48

B+1 (r̄ ) = sinc(τr f · ωG ) (3)

whereωG = γ · Ḡ · r̄ , γ is the gyromagnetic ratio, and Ḡ and r̄ are vectors describing the current gradient direction and49

the position in the sample, andmax |ωG | = r BW , i.e. the readout bandwidth.50

In order to achieve a flat excitation profile, hard RF pulses with the shortest possible duration should be used. This51

requires using themaximum possible RF amplitude and choosing the duration of the RF pulse to be that required to52

achieve the highest flip angle desired. This introduces a practical upper limit of the maximum flip angle that can be53

achieved. Therefore, optimization of a RUFIS VFA T1-mapping protocol has to consider a series of linked constraints.54

First, given a readout bandwidth themaximum excitation pulse width is limited tomaintain an acceptable excitation55

profile; here we chose a limit of τr f · r BW < 0.5which results in the excitation flip angle at the edge of the FoV falling56

to 63% of the prescribed flip angle. The chosen bandwidth will also determine the TR. The optimal flip angle sampling57

scheme in a VFA acquisition depends on the TR of the acquisition and the T1 for which it is optimised [16]. With T158

fixed, the optimal flip angles decrease with shorter TR. At the same time, a shorter TR, resulting from higher bandwidth,59

will also result in a shorter pulse width, and thus lower achievable flip angles. Tests on our scanner revealed that the60

pulse-width is themain limiting factor, and only at low bandwidths, here ±7.8 kHz can flip angles close to the optimal61

be achieved. However, the flip angle limitationsmight be different for differentMR systems as they depend on the RF62

amplifier, coils and SAR constraints.63

2.2 | Theory - B+1 mappingwith RUFIS64

The proposed B+1 mappingmethod uses a composite preparation pulsewith different flip angles prior to a RUFIS readout65

to saturate themagnetisation proportional to the total flip angle, see figure 1B.We hereafter refer to this technique66

as SIMBA (SilentMagnetisation preparedB+1 Acquisition). To enable magnetisation preparation, the RUFIS readout is67

divided into segments with N spokes per segment. A series of n RF pulses with the same phase, flip angle αSAT , and68

short inter-pulse spacing are applied as a preparation, acting as one composite pulse with effective flip angle n · αSAT .69

The transversemagnetisation after preparation is spoiled using a spoiling gradient, resulting in an initial longitudinal70
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F IGURE 1 (A) Schematic pulse sequence diagram of the RUFIS sequence. Excitation is performedwith an
ultra-short hard RF pulse with the gradients on, and the free induction decay (FID) is acquired. The gradient magnitude
stays the same and only the direction changes for each spoke. (B) Schematic of the SIMBA pulse sequence with the
magnetisation preparationmodule before the RUFIS readout segment. A series of hard pulses with flip angle αSAT is
applied and the transversemagnetisation after the train of pulses is crushedwith a gradient on the z axis. The delay τr
between preparations allows for T1 recovery.

magnetisation before readout given by M̃0 = ρ · cos(nαSAT ). To produce a B+1 mapping technique that is consistent71

with the RUFIS readout, ultra-short RF pulses are used in the preparation. Using similar pulses in the preparation as in72

the readout enables characterization of potential errors in the hard RF pulses, e.g. not reaching the peak amplitude73

instantaneously, as would be the case for a perfect rectangular pulse, which would result in a global, non-spatial, B+174

error.75

The observedmagnetisation in a RUFIS acquisition is proportional to the averagemagnetisation within a segment
M̄T (N )which can be expressed as

M̄T = sinα · M̄z (4)
M̄z = M̃0 · f +Mz ,spg r (1 − f ) (5)
f =

1 − ξN

N (1 − ξ)
, ξ = cosα · e−T R/T1 . (6)

where M̃0 is the prepared longitudinal magnetisation at the beginning of the segment, and α is the excitation flip angle76

in the RUFIS readout. The full derivation of this expression can be found in the appendix. Encoding the B+1 efficiency as a77

factor λ, makes the transversemagnetisation proportional to λ as78

M̄T =
[
ρ · cos(n · λ · αSAT ) · f +Mz ,spg r (1 − f )

]
· sinα (7)

assuming full T1 recovery between preparations. Figure 2A shows how the preparedmagnetisation changes with the79

total preparation flip angle (n · αSAT ) for λ = (0.8, 1.0, 1.2). The repeated excitation in the RUFIS readout results in a80

positive offset in the signal, explained by the second term in (7), as shown in figure 2B.While increasing the number of81

spokes per segment will reduce the acquisition time, it will also reduce the dynamic range of themeasurement.82
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F IGURE 2 (A) Simulation showing the effect of B+1 efficiency (λ) on the preparedmagnetisation. (B) Simulationshowing the effect of the RUFIS readout on the preparedmagnetisation assuming λ = 1,T1 = 1s , RUFIS α = 2◦ and
TR=1ms.

2.3 | MRAcquisition83

MRexperiments were performed on a GEMR750 3T scanner (GEHealthcare, Chicago, IL) using the body coil for RF84

transmission and a 12-channel head RF receive coil. VFA T1-mapping data were acquiredwith a 3DRUFIS sequence and85

a Cartesian SPGR sequence for comparison. The acquisitions werematched in field of view (FOV) (192x192x192mm3),86

voxel size (1.5x1.5x1.5mm3) and acquisition time. Because of the difference in TR between RUFIS and SPGR, a different87

set of flip angles (α ) were acquired, tomatch the optimal set [16]. RUFIS data were acquired with α=2◦ &12◦, TR=4.488

ms, TE=0ms, readout bandwidth=±7.8 kHz, 24576 readout spokes in total, RF spoiling phase increment=117.0◦ . The RF89

pulse width was fixed to 64 µs . The current implementation of the RUFIS sequence is restricted to a segmented readout90

to allow for magnetisation preparation such as T1 and T2 preparation, resulting in a delay of about 20 ms between91

segments to allow the gradients to be ramped down and up quietly. However, with a high number spokes per segment,92

here 512, the duration of the segment is approximately 2.25 s and the delay between segments is only 20ms, therefore93

the delay does not alter the steady state substantially. Cartesian images were collected with α=3.5◦& 20◦, TR=10.6ms,94

TE=3.4ms, parallel imaging factor=1.5 (ASSET), RF spoiling increment=115.4◦. Total acquisition time of the RUFIS and95

SPGR protocols wasmatched to ≈2mins per flip angle, 4 mins total, in both cases.96

Two sets of B+1 mapswere acquired; Bloch-Siegert [17] for correcting the SPGR data, and SIMBA for RUFIS data.97

Bloch-Siegert data were acquired using a 2Dmulti-slice sequence with an 8ms Fermi pulse applied 4 kHz off resonance,98

readout parmeters: FA=15◦, TE/TR=13.1/18 ms, in-plane resolution=4x4 mm2, FOV=256x256mm2, 40 slices with99

4 mm slice thickness, duration=1:40 min. SIMBA data were acquired using the 3D RUFIS sequence with readout100

bandwidth=±9.25 kHz, α=1◦, 6x6x6mm3 resolution, 192x192x192mm3 FOV, 256 spokes per segment, preparation101

αSAT =5◦, number of pulses in preparation train=[54,36,18,0], 3 s recovery time. Acquisition parameters were adjusted102

to achieve a total acquisition time of 1 minute. Each scanning session also included a sagittal T1-weighted IR-SPGR103

(BRAVO) for tissue segmentationwith TE/TR/TI=3/7/400ms, FOV=270x270x240mm3, slice thickness=1.2mm, in-104

plane resolution=1.05x1.05mm2, FA=11◦, BW=31.25 kHz, and ASSET=1.75.105

Four healthy volunteers were scanned twice with the same protocol, with an average time between scan sessions of106

50 days (range: 48-52 days). In each session, the anatomical BRAVO image was acquired once and the VFA T1-mapping107
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protocols using RUFIS and SPGR, with B+1 correction, were acquired twice (without repositioning). All scans were108

collected under ethical approval by the Camberwell St Giles NHS (National Health Service) HRA (Health Research109

Authority) Research Ethics Committee and participants gave written informed consent.110

The protocol details abovewere also used to scan a quantitative phantom consisting of 12 vials with a range of T1111

values (T1=200-1500ms, EUROSPIN test object 5 (TO5)[18]). Vialsweremounted in an in-housemade styrofoammount.112

Due to the small size of the vials (≈2 cm in diameter), an additional SIMBA scan with higher resolution (4x4x4mm3) was113

acquired for the phantom experiment. Increasing the resolution also increased the TR to 1.6mswhich was accounted114

for by reducing the number of spokes per segment to 176, tomaintain the same T1 recovery during the readout.115

Acoustic noise measurements were performed using a Casella (IDEAL Industries, Ill) CEL-63X soundmeter with an116

external microphone placed in the centre of the bore, mounted to a cylindrical water phantomwith padding between117

the phantom and microphone to avoid vibrations. Measurements were taken throughout each of the scans with a118

sampling rate of 1 sample every 2 s. Within a 40 s segment for each sequence, the average A-weighted equivalent sound119

level (LAEQ [dBA]) and C-weighted peak sound level (LCPEAK [dBC]) were calculated.120

2.4 | Image Reconstruction and Processing121

Data acquired with RUFIS were reconstructed offline in MATLAB (MathWorks, Natick, MA, USA). Radial k-space122

data were gridded using the Kaiser-Bessel method. Coil sensitivity maps were estimated using ESPIRiT, implemented123

in the Berkeley Advanced Reconstruction Toolbox (BART) [19, 20, 21]. Images were reconstructed using a SENSE124

reconstruction with 3D Total Variation regularization with λ = 0.001 implemented in the pics command in BART. For125

SIMBA data, coil sensitivity maps were estimated from the centre of k-space using themethod described byMcKenzie126

et al., also implemented in BART [22].127

To calculate the SIMBA B+1 map, real valued data is needed. Due to the effective TE=0 with RUFIS, no phase128

evolution is expected from the readout itself. The phase of the first image, with no preparation, was therefore subtracted129

from subsequent images, allowing positive signals to be distinguished from negative signals. The B+1 map was then130

calculated through a non-linear fit of the real data to the following equation131

M = A · cos(λ · n · αSAT ) + C . (8)

To correct for the excitation profile in the RUFIS acquisition, an iterative simulation was performedwhere the excitation132

profile for individual spokes was calculated analytically using equation (3). The 3D excitation profile was calculated for133

1024 spokes and then averaged. The simulated excitation profile was thenmultiplied by the SIMBAB+1 map to obtain a134

total B+1 correction.135

Data acquired with RUFIS and SPGRweremotion corrected usingmcFLIRT[23]. B+1 maps from SIMBA and Bloch-136

Siegert were registered and transformed to the space of the associated VFA acquisition using an affine transforma-137

tion [24]. The transformed B+1mapswere smoothed using a Gaussian kernel with 8mmFWHM to reduce propagation138

of noise into the T1 maps. Quantitative T1 and proton density maps were calculated using a linear fit, implemented in139

theQUantitative Imaging Tools (QUIT) [25]. The first RUFIS and SPGR acquisition within each scanning session were140

registered to the BRAVO scan using a combined affine and non-linear registration[26, 24]. A non-linear transformation141

was chosen as we observed minor differences in gradient distortions between the acquisitions, due to the different142

reconstruction pipelines used. The second VFA acquisition of each scanning session was registered to the first VFA143

acquisition using an affine transformation. This transformation was then combinedwith the non-linear transformation144

to the BRAVO image.145
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To obtain unbiased regions of interest (ROI) for analysis of the T1-maps, the BRAVO data for each subject and146

each visit were segmented using Freesurfer [27]. The following ROIs from the FreeSurfer analysis were used in the147

analysis: Pallidum (ID: 13+52), Thalamus (ID: 10+49), Caudate (ID: 11+50), Putamen (ID: 12+51), Corpus Callosum (CC)148

posterior (ID: 255), CC anterior (ID: 251), cerebral whitematter (WM) (ID: 2+41), cerebral cortex (ID: 3+42). FreeSurfer149

ROIs were warped to the native space of the VFA data using the previously calculated transformations in a single step150

withMultiLabel interpolation [24]. Average T1 values were calculatedwithin each ROI, bilateral ROIs were averaged.151

The image analysis pipelines were developed using the nipype framework [28].152

2.5 | Statistical Analysis153

Repeated scans within the same session were treated asmeasurements performed under identical conditions, defined154

as repeatability conditions [29], and analysed using themethods described by Bland and Altman[30]. Within each visit,155

each sequence, and each ROI, themean (d̄ ) and standard deviation (sd ) of the difference between repeated scans across156

the subjects were calculated. The coefficient of repeatability (CoR) was calculated asCoRw = 2sd , with subscriptw157

indicating within visit. The CoR is an aggregatemeasure of the absolute variability in the data, i.e. it does not scale with158

the true T1 within the ROI. Another value often reported in the literature is the coefficient of variation (CoV), this is159

calculated per subject asCoVw = 100 · std(y1, y2)/mean(y1, y2)where y1 and y2 are the test-retest T1 values within the160

same session. The CoV is a percentage estimate, which is scaled by the true T1 inside the ROI. Since the CoV is defined161

in terms of a standard deviation, its statistical validity is limited when only a small number of measures are used to162

calculate it, and its value could be questioned in a study such as the current one with only twomeasurement points,163

results fromCoV analysis are therefore only provided in the supporting information for comparison to the literature.164

LowCoR and CoV indicates high repeatability.165

Repeated scans at the two different time points (i.e. visits), were treated asmeasurements taken under reproducibil-166

ity conditions[29], with day-to-day biological variation and conditions in the scan room being factors not held constant.167

All other parameters werematched between the two scans. Thewithin subject test-retest mean and difference in T1168

were utilized for the reproducibility analysis. The average difference between the test-retest values at each time point169

(D ) and the standard deviation (sD ) across subjects were calculated. The corrected standard deviation of themean of170

the differences was calculated as sc =
√
s2
D
+ 1
4 s

2
d ,1

+ 1
4 s

2
d ,2
[30], where sd ,1 and sd ,2 are the standard deviation of the171

test-retest differences at the two time points. The coefficient of reproducibility was calculated as CoRb = 2sc , and the172

coefficient of variability as CoVb = 100 · std(y1, y2)/mean(y1, y2)where y1 and y2 are the average T1 values for visit 1173

and 2 for each subject. Subscript b here indicates between visits.174

Comparison of T1 between the two sequences was performed using both in vivo and phantom data. With the in175

vivo data, whole brain histogramswere calculated, and Bland-Altman plots of the isolated ROIs from all subjects were176

produced. Using the phantom data, Bland-Altman analysis was used to compare T1 values within the individual vials.177

3 | RESULTS178

3.1 | B+1 -mappingwith SIMBA179

The calculated B+1 map from SIMBA is shown in figure 3 alongwith the Bloch-Siegert B+1 map for comparison. The B+1180

maps have been transformed to VFA space and smoothed as previously described. The B+1 field estimated by SIMBA181

was lower than Bloch-Siegert, a pattern that was also observed in the other subjects and in the repeated scans. Without182

any correction the RUFIS R1 maps showed strong inhomogeneity around the edges of the brain, see 3 C. Applying B+1183
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correction to the RUFIS data with SIMBA and Bloch-Siegert showed similar improvements to the homogeneity in the R1 .184

However a shift in T1 towards shorter values was observedwhen Bloch-Siegert was used for correcting RUFIS data,185

compared to using SIMBA, as shown in figure 3D.186

(B) Bloch-Siegert B
1
 map+(A) SIMBA B

1
 map+

B
1

(C) RUFIS R
1
 maps

Uncorrected Bloch-Siegert
R

1
 [1/s]

SIMBA
%

(D) Rel. T
1
 Error

T
1
(BS)-T

1
(SIMBA)

T
1
(SIMBA)

100 ×

F IGURE 3 Comparison of B+1 maps acquired with SIMBA (A) and Bloch-Siegert shift (B). SIMBA produces slightlylower B+1 values, as seen by the contour lines. R1 (1/T1) maps calculated fromRUFIS VFA data without B+1 correctionshow strong inhomogeneity (C). Applying SIMBA or Bloch-Siegert B+1 correction shows clear improvement. (D)Comparing T1 maps fromRUFIS with Bloch-Siegert and SIMBAB+1 -correction shows a consistent shift towards lowerT1 values, with no obvious spatial variation, when Bloch-Siegert is used. (The R1 map is shown instead of T1 as it better
highlights the effects of the B+1 correction.)

3.2 | T1-mapping187

An overview of the T1 and PDmaps from the first visit fromRUFIS, with SIMBAB+1 correction, and SPGR, with Bloch-188

Sieger B+1 correction, is presented in figure 4. Qualitatively, the T1 maps from RUFIS looked very similar to SPGR in189

the brain and the histograms, shown in 5, also overlap to a great extent. One noticable difference between the two190

acquisitions is outside the brain. The ZTE readout in RUFIS captures the short T2 signal from the skull which can be seen191

clearly in the proton density and T1 maps. The location of theWMpeak in the T1 histograms is similar between RUFIS192

and SPGR, with an average difference for theWMpeak of∆WMpeak = 70 ± 40ms. However, a greater variability was193

observed for GM,∆GMpeak = −180 ± 70ms. This is also reflected in the Bland-Altman plot comparing T1 values from194

RUFIS and SPGRwithin isolated ROIs presented in figure 6A, which shows larger difference for GM structures. Average195

T1 values between the two repeated scans in the first visit, within isolated ROIs, are shown in table 1.196

Similar results were observed in the phantom experiments. The RUFIS and SPGR T1 values were found to be197

highly correlated (Pearson’s ρ = 0.93), but Bland-Altman analysis (figure 6B) showed a trend for larger differences in T1198

between the two sequences for longer T1, with an average difference in T1 across all vials of d̄ = −0.4 s, and standard199

deviation of themean of sd = 0.4 s.200

The average within session repeatability for all ROIs for the two visits were comparable between the two sequence;201
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arrows, and a higher proton density was observed in the same area.
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F IGURE 5 T1-histograms of whole brain white matter and cortical graymatter from all four subjects from the first
visit, averaged over the two scans.

RUFISCoRw ,1/CoRw ,2 = 0.06/0.02, SPGRCoRw ,1/CoRw ,2 = 0.05/0.08. Better between sessions average reproducibil-202

ity between all ROIs was found for RUFIS (CoRb = 0.07) compared to SPGR (CoRb = 0.2). Table 1 summarises the203

repeatability and reproducibility estimates from each individual ROI. The CoV values can be found in table S1 in the204

supporting information.205

3.3 | Acoustic NoiseMeasurements206

Table 2 shows average LAeq and LCpeak values from the acquisitions used in the protocol along with the ambient noise207

level in the scan room. RUFIS showed nomeasurable increase in sound pressure levels, but the sequence is in practice208

still just audible as it produces a higher pitched sound than the background noise (e.g. compressor pump) in the scan209

room. Thesemeasurement are comparable to those reported by Alibek et al., whomeasured a non-significant increase210

of 0.07 dB between RUFIS and ambient noise levels [31]. Costagli et al. measured an increase of 2.5dBA for RUFIS211

compared to ambient noise levels, however, the ambient noise level in their scan roomwas 52.7 dBAwhich is much212
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F IGURE 6 Bland Altman analysis comparing RUFIS and SPGR in vivo (A), and in the EUROSPIN quantitative
phantom (B). Both in vivo and phantom experiment showed lower T1 estimates fromRUFIS for longer T1. Data is from
first scan at first visit for both in vivo and phantom data.

lower than what we measured [9]. The increased acoustic noise during the SIMBA acquisition is due to the spoiling213

gradients after the preparationmodule.214

4 | DISCUSSION215

4.1 | Silent T1-mapping216

The acoustic noise produced by theMRI scanner during data acquisition is commonly reported by patients as one of217

the main unpleasant features of the scanning experience [32, 33]. In this work we have shown that the silent RUFIS218

sequence can be used for T1-mapping together with a novel, silent, B+1 mappingmethod, SIMBA.We compared RUFIS to219

Cartesian SPGR and found that the two sequences produced comparable T1 maps. The agreement between the two220

sequences was best in white matter, while in graymatter a longer T1 was observedwith SPGR. These results were also221

reflected in our phantom experiment. We found comparable in vivo repeatability between the two sequences, but222

reproducibility was better for RUFIS.223

With no previous studies using RUFIS for VFA T1 mapping, we can only compare our results to literature using non-224

ZTE acquisitions. Quantitatively, our T1-values compares well with previous literature such as Stanisz et al. reporting225

T1=1084 ± 45/1820 ± 114 inWM/GM[34]. In terms of reproducibility, our results also align with previous studies. Deoni226

et al. reported whole brain, voxel wise, intra-site CoV from SPGR VFA T1-mapping of 6.4 [35]. Similar results were227

presented byWeiskopf et al. using VFA, reporting R1 intra-site CoV of 3.9 and 4.7 in the corpus callosum and caudate228

nucleus repspectively[36]. However, the small sample size (N=4) and only two visits limit the conclusions that can be229

drawn from the current study.230

There are several differences in the data acquisition between the two sequences that could contribute to the231

observed difference in T1. The signal equation used assumes full spoiling of the transversemagnetisation. For SPGR,232

spoiling was achieved by RF and separate gradient spoiling after the readout. In RUFIS, spoiling wasmainly achieved233

using RF spoiling, together with some gradient spoiling from the readout gradients. Previous work by Deichmann et al.234

showed that corrections for insufficient spoiling can be applied to improve T1 reproducibility across different scan235

protocols [37], and it is therefore possible that some of the variability in T1 between RUFIS can be attributed to the236

different spoiling behaviour. However, the algorithm used by Deichmann et al. assumed gradient spoiling along one axis237

after the readout, which does not apply for RUFIS. Furthermore, previous studies of spoiling behaviour in radial gradient238
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TABLE 1 T1 values in isolated ROIs averaged between the two scans in the first visit together with within session
repeatability estimates (CoRw ) from the first visit and between sessions reproducibility measurements (CoRb ). Lower
values ofCoR are better

RUFIS SPGR

ROI T1[s] CoRw ,1 CoRb T1[s] CoRw ,1 CoRb

CerebralWM 1.13±0.09 0.07 0.07 1.08±0.04 0.01 0.08
Thalamus 1.23±0.09 0.05 0.05 1.38±0.08 0.09 0.2
Caudate 1.5±0.1 0.06 0.09 1.63±0.08 0.05 0.2
Putamen 1.4±0.1 0.05 0.05 1.55±0.08 0.04 0.2
Pallidum 1.15±0.07 0.04 0.04 1.16±0.04 0.02 0.1
CC Posterior 0.99±0.03 0.05 0.05 1.01±0.03 0.04 0.1
CCAnterior 1.07±0.06 0.06 0.04 1.01±0.03 0.08 0.1
Cerebral Cortex 1.7±0.2 0.1 0.1 1.92±0.08 0.04 0.2
Mean - 0.06 0.07 - 0.05 0.2

TABLE 2 Summary of acoustic noisemeasurements from each sequence. Values are reported asmean±σ noise
levels over a 40 s period. The large standard deviation in the noise levels for SIMBA is due to the periodic spoiling
gradients. (LAEQ - A-weighted equivalent continuous sound level, LCPEAK - C-weighted peak sound level)

Sequence LAEQ [dBA] LCPEAK [dBC]

Ambient 70.0 ± 0.2 89.7 ± 0.7
RUFIS 70.0 ± 0.2 89.6 ± 0.7
SIMBA 75.2 ± 4.0 102.5 ± 9.5
SPGR 103.3 ± 0.04 116.2 ± 0.1
Bloch-Siegert 98.8 ± 0.04 111.0 ± 0.1

echo sequences suggests that randomRF spoiling increment and gradient moments can produce ideal spoiling [38, 39].239

Corrections for insufficient spoiling in RUFISwill requiremodelling of spoiling along all three axes, whichwill be the240

focus of future work.241

Another difference between the two sequences is the RF pulses for excitation: RUFIS used hard pulses, while242

SPGR used shaped pulses used for slab-selective excitation. Differences in pulse shape, and flip angles, between RUFIS243

and SPGR could contribute tomagnetisation transfer effects, which have been shown to affect T1 measurements [40].244

The excitation profile in RUFIS was corrected for using a first order correction. However, as the readout direction245

changes for each spoke, the effective flip angle at any point in space, except isocentre, will change over time. A first246

order correction will make the effective flip angle equal to the average flip angle over time, and thus spin history effects247

are neglected. The lower average B+1 efficiency and stronger effect of the excitation profile around the edges of the brain248

could contribute to the difference in T1 in cortical GM between the two sequence. However, we also see a difference in249

T1 in deep GM structures, suggesting a non-spatial phenomenon.250

Methods for reducing the acoustic noise inMRI scanning, can broadly be categorised as; hardwaremodifications251

[41, 42] or pulse sequence modifications, mainly through soft gradient pulses [43, 44, 45, 46]. In contrast, the silent252



12 LJUNGBERG ET AL.

properties of RUFIS arise naturally from the gradient ordering of the sequence, and so performance is not compromised.253

Previous studies have used RUFIS for silent imaging including T2-prepared fMRI [47], and structural imaging at 3T [31]254

and 7T [9]. Another silent ZTE sequence is Looping Star which uses gradient echoes for T∗2 weighted imaging [48].255

Our acoustic noisemeasurement showed nomeasurable increase in the sound pressure levels during RUFIS scanning256

compared to background noise levels, similar to Alibek et al. [31]. However, the quoted decibel values will differ257

depending on the scan room environment and are not necessarily what the subject would experience inside the scanner.258

The acoustic noise will also change depending on scan parameters such as the TR and number of spokes. Nevertheless,259

we do not envisage any greater acoustic disturbance thanmeasured herein.260

We chose to use a relatively low readout bandwidth (7.8 kHz) for the RUFIS acquisition in this study as our261

sequence optimisation showed that this would enable themost optimal VFAflip angle sampling scheme. However, lower262

bandwidth will widen the point spread function and increase chemical shift artefacts [49]. In a 3D radial acquisition,263

chemical shift artefacts manifest in three dimensions as a spherical artefact. The chemical shift does not appear to264

be amajor issue in our study at 3T, but translating this technique to higher field strengthwill require higher readout265

bandwidth.266

4.2 | Silent B+1mapping267

T1mapping usingVFA is inherently sensitive to errors in theB+1 mapestimation. As shownby equation (2), and previously268

by other authors, the apparent T1 scales with the square of the flip angle bias field [13, 14]. In this study, we chose to269

compare two complete protocols for T1 mapping including B+1 mapping. We chose to use the Bloch-Siegert method for270

B+1 correction of the Cartesian SPGR data, as it is a standard sequence on the GE platform. This is not a silent sequence,271

however, and therefore we developed a newmethod for silent B+1 mapping (SIMBA), specifically designed for correction272

of RUFIS data. A train of hard RF pulses was used for magnetisation saturation tomatch the RUFIS acquisition as closely273

as possible. SIMBA could also be usedwith a single saturation pulse with different flip angles tomatch the excitation274

pulse in other sequences as well.275

Comparison of the two B+1 mapping techniques revealed overall lower B+1 with SIMBA than Bloch-Siegert. Process-276

ing RUFIS VFA data with both B+1 techniques, figure 3, showed that the difference between the two techniques results277

in a global uniform scaling of the T1 values towards lower T1 with Bloch-Siegert. Our comparison of T1 values between278

SPGR and RUFIS showed longer T1 in GM with Bloch-Siegert corrected SPGR data compared to SIMBA corrected279

RUFIS. Using Bloch-Siegert with RUFIS would therefore increase the difference between the sequences. It is therefore280

unlikely that the observed differences in T1 between the two sequences is caused by the B+1 map.281

4.3 | Zero TE effects282

One aspect of the RUFIS sequence that has not been studied in this work is the zero echo time (ZTE) readout, which283

results in sensitivity to short T2 components, otherwise invisible toMR acquisitions [11, 12]. The ZTE effects can be284

observed in theT1 andPDmapsobtainedwithRUFIS,where amuchhigher protondensity andbetter T1 fitwas observed285

in the cortical bonewhich has a very short T1 and T2, see white arrows in figure 4. Recent works have suggested that286

the ultra short T2 component from themyelin lipids are visible using ZTE and ultra short TE (UTE) acquisitions [50, 51].287

However, the low bandwidth used in this workmeans that the signal from the solid myelin components will decay within288

the first few samples, and would, if anything, only contribute to an increased point spread function. Therefore, it is289

unlikely that the ZTE properties of RUFIS contribute to the observed differences in T1 between RUFIS and SPGR.290
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5 | CONCLUSIONS291

T1 mappingwith the VFAmethod using spoiled gradient echo imaging (SPGR) is a highly efficientmethod for T1 mapping292

but requires an additional B+1 map for correction of the B+1 field. RUFIS is a zero TE, silent imaging sequence with a293

spoiled free induction decay (FID) readout which effectively can be used for quantitative imaging using the same signal294

equations as SPGR. In this work we have shown that RUFIS can be used for silent VFA T1 mapping with results that are295

very similar to a conventional Cartesian SPGR acquisition. A novel silent B+1 mapping technique based on RUFIS was296

also presentedwhich can provide the necessary B+1 correction for VFA T1 mapping using RUFIS.297

We demonstrated a fully silent VFA T1 and B+1 mapping protocol with higher reproducibility and comparable298

repeatability compared to the equivalent standard Cartesian SPGR sequence. Adoption of this protocol could lead to299

increased patient comfort in quantitative imaging studies.300
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APPEND IX310

5.1 | Derivation of the quantitative RUFIS signal equation311

Webegin from the results derived by Hsu and Lowe[52]. Let the longitudinal magnetisation of spoke n in segmentm be312

Mz (n,m). With N spokes per segment we get313

Mz (n,m) = Mz (0,m) · cosn (α)E n1 + ρ(1 − E1) ·
1 − cosn (α)E n1
1 − cos(α)E1 (9)

where E1 = e−T R/T1 , α is the excitation flip angle, and ρ is the proton density. If n → ∞ then cosn (α) → 0, and (9)314

approaches the well known gradient echo steady state signal equation315

lim
n→∞

Mz (n,m) = ρ ·
1 − E1

1 − cos(α)E1 = Mz ,spg r (10)

To simplify (9), we set ξ = cos(α)E1 and substitute inMz ,spg r to obtain316

Mz (n,m) = Mz (0,m) · ξ
n +Mz ,spg r · (1 − ξ

n ). (11)

With a segment ofN spokes, the acquiredmagnetisation is proportional the average available longitudinalmagnetisation317

of all spokes. This can be formulated as318

M̄z (m) =
1

N

N−1∑
i=0

Mz (i ,m) =
1

N

N−1∑
i=0

(
Mz (0,m) · ξ

i +Mz ,spg r · (1 − ξ
i )

)
= Mz (0,m) · f +Mz ,spg r (1 − f ) (12)

where319

f =
1

N

N−1∑
i=0

ξi =
1

N

1 − ξN

1 − ξ
=
1

N

1 − (cosα · e−T R/T1 )N
1 − cosα · e−T R/T1 . (13)

Index runs from 0 toN − 1 as the acquiredmagnetisation is proportional to available magnetisation before each spoke.320

When data is collected in a steady state, the inter-segment delay (τ) will cause intermittent T1 recovery. The321

effect of this will depend on the number of spokes per segment as well as τ . The effect of this delay can be calculated322

analytically. Themagnetisation at the beginning of segmentm + 1 is proportional to themagnetisation at the end of the323

previous segment as well as the T1 recovery between segments as324

Mz (0,m + 1) = Mz (N ,m) · e
−τ/T1 + ρ(1 − e−τ/T1 ). (14)

Combining (14) with (11) yields325

Mz (0,m + 1) =
[
Mz (0,m) · ξ

N +Mz ,spg r · (1 − ξ
N )

]
e−τ/T1 + ρ(1 − e−τ/T1 ). (15)

If themagnetisation at the beginning of each segment has reached a steady state (M̃0) we can substituteMz (0,m + 1)
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andMz (0,m)with M̃0 in (15) and solving for M̃0 to get

M̃0 = Mz ,spg r ·
e−τ/T1 (1 − ξN )

1 − ξN e−τ/T1
+ ρ

1 − e−τ/T1

1 − ξN e−τ/T1
. (16)

SUPPORT ING INFORMAT ION326

Table S1Within the first visit and between sessions coefficient of variation (CoVw / CoVb ) for RUFIS and SPGR T1327

measurements. Lower values indicate higher repeatability and reproducibility. Values reported asmean±σ .328
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TABLE S1 Within the first visit and between sessions coefficient of variation (CoVw /CoVb ) for RUFIS and SPGR T1
measurements. Lower values indicate higher repeatability and reproducibility. Values reported asmean±σ .

RUFIS SPGR

ROI CoVw ,1 CoVb CoVw ,1 CoVb

CerebralWM 1.8±0.9 3 ±2 0.7±0.4 2 ±1
Thalamus 1.2±0.7 1.6±0.6 2 ±1 5 ±4
Caudate 1.2±0.7 1.9±0.4 1.0±0.4 5 ±3
Putamen 1.0±0.6 1.1±0.5 0.9±0.7 5 ±4
Pallidum 1.1±0.7 1.0±0.2 1.3±0.7 4 ±3
CC Posterior 1.5±0.9 1.2±0.4 2 ±1 4 ±2
CCAnterior 1.7±0.7 0.5±0.4 2 ±1 3 ±3
Cerebral Cortex 2 ±1 3 ±2 0.9±0.5 3 ±2
Mean 1.5±0.4 1.6±0.8 1.4±0. 4 ±1
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