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Our purpose is to evaluate bias and repeatability of the quantitative MRI sequences QRAPMASTER, based on
steady-state imaging, and variable Flip Angle MRF (MRF-VFA), based on the transient response.
Both techniques are assessed with a standardized phantom and five volunteers on 1.5 T and 3 T clinical
scanners. All scans were repeated eight times in consecutive weeks.
In the phantom, the mean bias±95% confidence interval for T1 values with QRAPMASTER was 10 ± 10% on
1.5 T and 4 ± 13% on 3.0 T. The mean bias for T1 values with MRF-vFA was 21 ± 17% on 1.5 T and 9 ± 9% on
3.0 T. For T2 values the mean bias with QRAPMASTER was 12 ± 3% on 1.5 T and 23 ± 1% on 3.0 T. For T2
values the mean bias with MRF-vFA was 17 ± 1% on 1.5 T and 19 ± 2% on 3.0 T. QRAPMASTER estimated lower
T1 and T2 values than MRF-vFA. Repeatability was good with low coefficients of variation (CoV). Mean CoV ±
95% confidence interval for T1 were 3.2 ± 0.4% on 1.5 T and 4.5 ± 0.8% on 3.0 T with QRAPMASTER and 2.7%
± 0.2% on 1.5 T and 2.5 ± 0.2% on 3.0 T with MRF-vFA. For T2 were 3.3 ± 1.9% on 1.5 T and 3.2 ± 0.6% on 3.0
T with QRAPMASTER and 2.0 ± 0.4% on 1.5 T and 5.7 ± 1.0% on 3.0 T with MRF-vFA.
The in-vivo T1 and T2 are in the range of values previously reported by other authors.
The in-vivo mean CoV ± 95% confidence interval in gray matter were for T1 1.7 ± 0.2% using QRAPMASTER
and 0.7 ± 0.5% using MRF-vFA and for T2 were 0.9 ± 0.4% using QRAPMASTER and 2.4 ± 0.5% using MRFvFA. In white matter were for T1 0.9 ± 0.3% using QRAPMASTER and 1.3 ± 1.1% using MRF-vFA and for T2
were 0.7 ± 0.4% using QRAPMASTER and 2.4 ± 0.4% using MRF-vFA. A GLM analysis showed that the vari
ations in T1 and T2 mainly depend on the field strength and the subject, but not on the follow-up repetition in
different days. This confirms the high repeatability of QRAPMASTER and MRF-vFA.
In summary, QRAPMASTER and MRF-vFA on both systems were highly repeatable with moderate accuracy,
providing results comparable to standard references. While repeatability was similar for both methods, QRAP
MASTER was more accurate. QRAPMASTER is a tested commercial product but MRF-vFA is 4.77 times faster,
which would ease the inclusion of quantitative relaxometry.

1. Introduction
Magnetic resonance imaging is widely used in clinical practice to
detect and evaluate diseases. The signal level of each voxel depends not
only on the nature of the tissue and the particular pulse sequence, but
also on factors such as the strength of the main static magnetic field (B0)
and its inhomogeneities, gradients and system imperfections such as B1
inaccuracies. All of these confounding factors could contribute to a po
tential high variability of the weighted images that traditionally are

acquired in follow-up and multi-site studies. In contrast to weighted
images, quantitative MR relaxometry tries to minimize such variability
by measuring actual relaxometry parameters. Several clinical studies
have shown the relationship between quantitative maps and diseases
such as multiple sclerosis, epilepsy, and dementia [1,2].
Despite of the advantages of quantitative MR relaxometry techniques
and their potential capability to detect diseases, they are not yet
routinely applied in clinical practice. There are two main reasons for
this: long scanning time and concerns about the accuracy and
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repeatability of the quantifications. In fact, the long scan time has a
negative impact on the clinical workflow. It hinders the incorporation of
quantitative MRI into the clinical routine as well as adequate validation
with fast conventional weighted imaging, such as SPGR, FIESTA, TSE/
FSE, etc. To reduce the scan time, new fast quantitative multi-parametric
imaging methods have been developed. Some of them based on steadystate pulse sequences, such as “Quantification of Relaxation Times and
Proton Density by Multi-Echo acquisition of a saturation-recovery using
Turbo spin-Echo Readout” (QRAPMASTER) [3] or PLANET [4]. Some
others have been recently developed based on the transient response
such as Magnetic Resonance Fingerprinting (MRF) [5], and MRF vari
able flip angle (MRF-vFA) [6]. Unlike other quantitative imaging
methods that are commonly accepted such as DESPOT1 and DESPOT2
[7], those techniques obtain several quantitative maps within a single
scan.
Despite the clear potential of these new techniques, to be used in
research or clinical practice they have to demonstrate good accuracy
and precision. The appropriate evaluation of the consistency of quanti
tative values is itself a challenge that requires evaluation of the bias and
the repeatability [8]. Consistently with the metrology methods
described in [8], clinically acceptable in-vivo bias and repeatability
have been measured using QRAPMASTER [9–15]. Also, the bias and
repeatability of the T1 and T2 quantification have been studied with
other methods relying on the steady-state [7,9,16] and MRF [17,18].
However, to our knowledge there are no studies extensively assessing
the accuracy and precision of MRF-vFA.
The faster acquisition enabled by MRF-vFA (at least 3-fold faster) can
make it a good choice with minimum impact on the clinical workflow.
However, MRF-vFA use can only be justified if its bias and repeatability
are similar to those achieved by more standard techniques, like QRAP
MASTER. In this work we compare bias and repeatability of MRF-vFA
and QRAPMASTER with a test-retest study using a standardized phan
tom and healthy volunteers. To study the applicability for clinical
workflow, both 1.5 T and 3.0 T clinical scanners are used.

relaxation parameters are recovered by matching the signal evolution to
a dictionary that, for many combinations of T1 and T2, can be precomputed using the extended phase graph formalism (EPG) [6,22].
In contrast to conventional MRF, MRF-vFA uses a constant TR and
the flip angles are linearly increasing along the acquisition. Therefore, in
the case of the MRF-vFA for each slice, first an inversion pulse is played
out as in MRF. Then a series of excitation pulses is applied with constant
TR and TE. Additionally, the flip angle linearly increases from low flip
angles (5 degrees) to high flip angles (70 degrees). After each excitation
pulse, one arm from the spiral trajectory is acquired being rotated by a
golden angle after each excitation pulse. Small flip angles after the
inversion pulse allow capturing the recovery of the longitudinal
magnetization for T1 estimation and the increase in the flip angle pro
cure differentiation of the signal evolution for different T2 values.
Furthermore, in order to improve estimations with a low number of TRs,
MRF-vFA applies a compressed sensing reconstruction [6] to obtain
unaliased images before parameter inference. The main advantage of
using the MRF-vFA acquisition scheme [6] is that it allows at least 3
times reduction of the acquisition time compared to a zero-filled MRF
reconstruction with the original MRF scheme [6].
2.2. Acquisition
The acquisitions for the Institutional Review Board-approved study
were performed on two systems, a 1.5 T GE MR450 and a 3.0 T GE
MR750 (General Electric Medical Systems, Waukesha, WI). In both
systems, a 16 channel Head, Neck and Spine array coil was used.
For QRAPMASTER the acquisition parameters are given in Table 1.
The scan time to acquire 27 slices was 5 min and 34 s. MRF-vFA used 260
TRs with constant TR = 10 ms (Table 1). The flip angle was increased
continually from 5 to 70 degrees as described in [6]. The scan time for 27
slices was 1 min and 10 s.
Axial images from the NIST/ISMRM System Phantom [23] were
acquired. To minimize temperature induced variations the phantom was
kept in the scanner room of the 3.0 T system. The temperature inside the
3.0 T scanner room was measured to be between 22.6 ◦ C and 22.9 ◦ C.
The temperature inside the 1.5 T system room was measured to be be
tween 22.5 ◦ C and 23 ◦ C.
A sampled size of 5 was calculated using G*Power [24] with a
specificity of 95%, sensitivity of 90% and a correlation of 90% among
repeated measurements, obtaining an statistical power of 0.92. This
study design was approved by the Institutional Review Board. After
providing informed consent, five healthy volunteers (3 females and 2
males, between 18 and 25 years) participated in the repeatability study.
The READYBrain sequence [25] was used to align each quantitative MRI
acquisition to the AC-PC plane. READYBrain automatically detects the
AC-PC plane for each subject, facilitating the registration and the
segmentation.
To assess the repeatability of QRAPMASTER and MRF-vFA the five

2. Methods
In this work we evaluated the accuracy and repeatability of two
techniques using Bland-Altman plots [19], coefficients of variation
(CoV) [18] and a General Linear Model (GLM) analysis [20]. Both
techniques, QRAPMASTER and MRF-vFA, were provided by the systems
vendor, General Electric Medical Systems. QRAPMASTER as a final
product and MRF-vFA as research sequence.
2.1. Description of the techniques
QRAPMASTER uses a multi-echo acquisition of a saturation-recovery
sequence with Turbo Spin-Echo (TSE) Readout to obtain quantitative
maps of T1, T2, and Proton Density (PD) [3]. For each slice a saturation
pulse is applied and after some delay a series of excitation pulses of 90
degrees and refocusing pulses of 180 are played to obtain a multi spinecho acquisition. This multi spin-echo acquisition allows quantifying
the T2 values. By repeating the same sequence for the same slice with
different delays the T1 values can be calculated. Finally, with the in
formation of T1 and T2, the PD is calculated from the intensity at echo
time zero.
Once the quantitative maps have been obtained, T1 and T2 weighted
images are synthesized from these maps. This sequence was acquired
using Magnetic Resonance Image Compilation (MAGiC), which is a
customized version of the package SyMRI IMAGE [21].
In contrast to QRAPMASTER, conventional MRF and MRF-vFA use a
single rapid acquisition to retrieve a signal evolution that is sensitive to
T1 and T2 during the transient response [5], not relying on steady-state
models for parameter inference. Along the acquisition, the readout
trajectory and some acquisition parameters such as repetition time (TR),
echo time (TE) and pulse phase can be varied. Subsequently, the

Table 1
Acquisition parameters for QRAPMASTER and MRF-vFA for the phantom and
the in-vivo (phantom/in-vivo when the parameter differs).
Technique

QRAPMASTER

MRF-vFA

Sequencetype

2D – Turbo Spin
Echo
Saturation pulse
Cartesian, full kspace
Axial/AC-PC
31
1.2 × 1.2 × 5.0

2D –SpoiledGradient Echo

12
90
4700/4400
5 min 34 s

260
5–70
10
1 min 10 s

Preparation
K-spacetrajectory
Orientation
FOV (cm)
Voxel size (mm × mm ×
mm)
Echo Train Length/# TRs
FlipAngle (degrees)
TR (ms)
Acquisition time (27 slices)

197

Inversion pulse
Spiral, under-sampled kspace
Axial/AC-PC
31
1.2 × 1.2 × 5.0
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volunteers and the phantom were scanned with the protocol mentioned
above in both systems on the same week-day for 8 consecutive weeks.

values.
In the case of QRAPMASTER, only synthetic T1-weighted, T2weighted and FLAIR images provided by MAGiC could be exported with
any repetition time (TR), echo time (TE) and inversion time (TI). Images
with different TR and TE where exported and used to obtain the PD, T1
and T2 maps.
The study of the PD, with T1 and T2, was performed only for in-vivo
experiments and it was excluded from the phantom analysis.

2.3. Reconstruction and parameter estimation
The data acquired with MRF-vFA were reconstructed using the nonuniform Fast Fourier algorithm [26] and temporal subspace recon
struction. The used solver is the alternating direction method of multi
pliers (ADMM) with 10 basis coefficients and regularized with local low
rank regularization on spatiotemporal patches of dimension [8 × 8 ×
10] [27].
For MRF-vFA, slice-profile imperfections were included in the dic
tionary generated with the extended phase graph formalism [22,28] We
calculated a specific slice profile for each field strength. Therefore,
separate dictionaries were created for the 1.5 T and 3.0 T systems. For
both dictionaries, the range of T1 values was from 100 ms to 3000 ms
with steps of 10 ms and the range of T2 values was from 10 ms to 1000
ms with steps of 5 ms. The selected T1 and T2 ranges were typical for
brain tissue [7,29,30].
After the images were reconstructed, the signal evolution for each
voxel was matched to the dictionary and the best match, i.e. the atom
with the highest correlation, provided the estimate for the PD, T1 and T2

2.4. Data preparation
Before the analysis, all the images were converted from DICOM
(Digital Imaging and Communication On Medicine [31]) to NIfTI using
the Statistic Parametric Mapping (SPM12) toolbox for MATLAB (Math
works, Natick MA) [32].
For the phantom, a 2D plane through the center of the T2 contrast
spheres was selected. We chose those spheres within the range sup
ported by QRAPMASTER (T1 ≥ 300 ms and T2 ≤ 250 ms). A region of
interest (ROI) was drawn for each one (Fig. 1) and the average inside the
ROIs was calculated. Perfect spatial alignment was assumed between
maps acquired with different techniques in the same scan session. The
T1-weighted image created with QRAPMASTER images from separate

Fig. 1. Synthetic T1-weighted image of plate 4 of the NIST phantom. The ROIs are outlined in green and the nominal values for these ROIs are shown in the table.
The standard deviation is reported in brackets. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
198

L. Nunez-Gonzalez et al.

Magnetic Resonance Imaging 83 (2021) 196–207

sessions were all rigidly co-registered [33] to the first scan session using
SPM12 [32] allowing us to use the same ROIs for all the images.
For the in-vivo data, the pipeline was slightly different. First, coregistration within the same scan-session was needed to correct
motion-induced misalignment of the images for both MRF-vFA and
QRAPMASTER. For each session, all images were rigidly co-registered to
a synthetic T1-weighted image created with QRAPMASTER. This T1weighted image was also used to segment gray matter and white mat
ter with SPM12 [32,34]. Once the segmentation was completed, the
results were applied to compute the mean values inside the gray and
white matter of the quantitative maps within the same subject and scansession. The mean values of all the subjects for gray matter and white
matter were calculated for each technique, system, and scan-session
(computed-tissue-values).
The last procedure applied to the in-vivo data was the creation of
global maps using all the brain acquisitions. A T1-weighted template
registered to the MNI (Montreal Neurological Institute) space [35],
which defines a standard brain by using a large series of MRI scans on
normal controls, was created using Diffeomorphic Anatomical Regis
tration through Exponentiated Lie algebra (DARTEL) algorithm [36]
with SPM12, including all the T1-weighted images created with
QRAPMASTER in both scanners. The template generated was used to
normalize the acquisitions to MNI space. It has been shown that dif
feomorphic registration processing could bias the results [37–39] ob
tained in longitudinal studies because of the asymmetries of the nonlinear interpolations applied. To reduce the impact of it, all the acqui
sitions were treated equally by creating a template with all the acqui
sitions (forward) and then aligning the acquisitions to this template
(backward) [38]. The normalized acquisitions were used both to study
the voxel-wise repeatability and as the input of for a GLM analysis as
shown in the Supplementary Fig. S1.
The relative proton density maps were self-normalized (nPD) to the
average inside the brain mask in each case as in [17], in order to avoid
variations due to coil sensitivity and scaling.

segmentation as the ROIs to evaluate. For each subject, the CoVs of gray
and white matter were obtained from the average values over the
segmented tissues. These CoVs were averaged over all the subjects
(averaged-tissue-CoVs). Separately, voxel-wise CoV maps were obtained
in MNI space for each subject. These individual CoV maps were averaged
over the volunteers into mean-CoV maps to study the dependence of the
variability with the anatomy.
Besides the CoVs, a GLM analysis [20] was used to assess the
repeatability of the quantitative maps nPD, T1 and T2 as in [17] using
the implementation provided by SPM12 [32]. In our case, we modeled
as binary covariates (bj) the subjects (1–5), the field strength (1.5 T and
3.0 T), and the week of acquisition (1–8). Supplementary Fig. S1 shows
the design matrix that is used separately for each method and for each
voxel of the nPD, T1 and T2 maps, normalized to MNI space.
The estimated bj maps from the GLM quantify the influence of the
corresponding covariate on the nPD, T1 and T2 maps. To analyze how
the covariates influence the variability among the quantitative maps, we
calculated the average of the bj maps over tissue maps (normalize to the
MNI space), while to take into account possible regional effects of
variability; we extracted the bj maps for a representative slice.
3. Results
3.1. Phantom
Fig. 1 shows the selected slice of the phantom as well as the ROI’s and
their nominal T1 and T2 values with the standard deviation in brackets.
Fig. 2 shows that the estimated T1 and T2 values for both techniques
were within the limits of agreement respect to the reference values ac
cording to the Bland-Altman analysis. Table 2 shows the mean bias from
the Bland-Altman analysis and the 95% limits of agreement. The bias
was positive in all cases, including the null value only for T2 estimations
on the 1.5 T system and T1 estimations on the 3.0 T system using
QRAPMASTER, and T2 estimations on the 1.5 T system using MRF-vFA.
This means that the techniques are overestimating the values, as it can
be seen in Fig. 2. Also, it can be appreciated that the mean bias with
MRF-vFA was double than with QRAPMASTER for T1 values. However,
for T2 values, the mean bias was high and similar for QRAPMASTER and
MRF-vFA. In general, the spread for different days was similar across the
values, except in the case of T2 values estimated on the 1.5 T system,
where lower T2 values had less dispersion. However, they had a higher
bias than longer T2 values, which means a constant bias in milliseconds
penalizing more the relative bias for smaller T2 values.
Table 2 and Fig. 3 show the results of the total least squares regres
sion between the average ROI mean T1 and T2 values obtained by MRFvFA and QRAPMASTER. The methods are strongly correlated (R-values
> 0.99). The slopes for the T1 and T2 estimated values on the for both
1.5 T system and on the 3.0 T system were larger than one. This means
that for MRF-vFA the spread in T1 and T2 values over the ROIs is larger
than for QRAPMASTER. Consequently, the intercept is negative, except
for the estimate T1 values on the 3.0 T system where an intercept of zero
is included within the 95% CI.
Fig. 4 shows the Bland-Altman plots between MRF-vFA and QRAP
MASTER. In general, the estimated values with MRF-vFA are within the
limits of agreement comparing to QRAPMASTER. Only few sessions
were outliers in which the estimated values of T1 were outside the limits
of agreement on the 1.5 T system and on the 3.0 T system. In the case of
the T2 values, only on the 1.5 T system some values estimated with MRFvFA fell outside the limits of agreement.
Fig. 5 assesses the repeatability by showing the CoV of the ROI
means. In all the cases, the CoV was less than 8%. Note that the CoV is
smaller than the bias, especially for T2 values on the 3.0 T system, which
present high bias but had low CoVs. Also, both techniques showed
higher CoVs on the 3.0 T system than on the 1.5 T system. However, the
performance of QRAPMASTER and MRF-vFA was different depending
on the relaxation parameter (T1 or T2) and the system.

2.5. Data analysis
2.5.1. Phantom
Accuracy of phantom acquisitions was assessed by comparing the
ROI means to the nominal values as reported in the specifications
manual [23]. The variation of the measurements reported by the
manufacturer is negligible since they are in the order of 1 ms or less
except for the T1 value of the second ROI on 3.0 T (standard deviation is
3.2 ms). The agreement between the ROI mean of each session and the
nominal values was assessed through Bland-Altman plots [19].
To assess systematic differences in the estimated values using MRFvFA and QRAPMASTER, we performed linear regression between their
estimated ROI mean T1 and T2 values of the phantom. The linear
regression was performed with Total Least Squares [40]. It provided the
proportionality (slope) between the estimated values of MRF-vFA and
QRAPMASTER as well as the offset (intercept). Additionally Pearson’s
coefficient of correlation (R-value) between the ROI mean T1 and T2
values of MRF-vFA and QRAPMASTER was calculated.
The repeatability was quantified with the coefficient of variation
(CoV = σμ) [18] where σ is the standard deviation and μ is the mean of the

averaged values within the ROIs over the 8 scan sessions and its 95%
confidence interval of the CoV was calculated [41].
2.5.2. In-vivo
The accuracy was evaluated by comparison to the values reported by
previous studies [7,13,21,29,42,43]. The relative bias for each tech
nique, was calculated using the median of the reported values using the
inversion-recovery (T1) and CPGM (T2) standard relaxometry methods.
For each volunteer the in-vivo repeatability was assessed similarly as
for the phantom, using the per session gray and white matter
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Fig. 2. Bland-Altman plots showing the % difference
between the estimated T1 (A, B, E, F) and T2 (C, D, G,
H) values obtained on the 1.5 T system (A, B, C, D) and
the 3.0 T (E, F, G, H) and the reference values from the
NIST phantom by QRAPMASTER (A, C, E, G) and by
MRF-vFA (B, D, F, H). The results are represented using
different colors for each session. The black solid line
marks the mean of the difference and the black dotted
lines mark the mean ± 1.96* standard deviation of the
difference.

On the 3.0 T system QRAPMASTER was more variable for T1 while
MRF-vFA was more variable for T2 (the CoVs were 1%–4% higher for
the same ROIs).
On 1.5 T, QRAPMASTER showed CoVs 1% higher for longer T1s (T1
> 1000 ms) and CoVs 2–3 times higher in the case of long T2 values (T2
> 100 ms). In contrast to the results on 3.0 T, the CoVs for the estimated
T1 and T2 values using MRF-vFA were similar.
On both systems, the variability of QRAPMASTER was more
dependent on the T1s and T2s in the phantom than MRF-vFA, since the
CoV was higher for longer T1 and T2 values (T1 > 1000 ms and T2 >
100 ms, ROI 1 and 2).

3.2. In-vivo
The quantitative T1 and T2 maps provided by both techniques
showed a good contrast (Fig. 6). However, QRAPMASTER showed T1
maps with higher contrast between gray and white matter than MRFvFA, while MRF-vFA showed T2 maps with higher contrast than
QRAPMASTER. This can be observed in multiple slices of the Supple
mentary Figs. S4–S15. Also these differences in the contrast are present
in the synthetic images created from the PD, T1 and T2 maps, as in the
example showed in Supplementary Figs. S16 and S17.
Table 3 shows the average value and the standard deviation of the
computed-tissue-values of the gray and white matter over the 8 sessions.
In all the cases, the estimated T1 and T2 values were in the range of the
values reported in previous studies. The average T1 value in gray matter
200
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Table 2
In the first two columns, the mean biases and the 95% limits of agreement (LOA) from the Bland-Altman analysis are reported for QRAPMASTER and MRF-vFA.
Field strength

1.5 T

Relaxation parameter

T1
T2

3.0 T

T1
T2

Mean bias (%)

Mean bias (%)

Slope

Intercept (ms)

QRAPMASTER (95% CI)

MRF-vFA (95% CI)

TLS (95% CI)

TLS (95% CI)

[95% LOA] (95% CI)

[95% LOA] (95% CI)

10.3 (±9.65)
[− 5.1, 25.7] (±3.9)
12.4 (±3.09)
[− 17.2, 41.9] (±7.5)
3.9 (±13.33)
[− 5.5, 13.6] (±2.4)
22.7 (±1.15)
[1.5, 43.9] (±5.4)

20.8 (±17.22)
[11.1, 30.5] (±2.5)
16.8 (±1.11)
[− 5.3, 38.9] (±5.6)
9.5 (±9.26)
[3.5, 15.6] (±1.5)
19.2 (±2.04)
[2.5, 35.9] [±4.2]

1.157
(1.151, 1.164)
1.164
(1.154, 1.173)
1.051
(1.040, 1.062)
1.108
(1.090, 1.126)

− 36.298
(− 41.749, − 30.846)
− 9.529
(− 10.554, − 8.504)
1.091
(− 8.452, 10.634)
− 8.417
(− 9.989, − 6.846)

R-value

0.999
0.999
0.999
0.993

Between brackets the 95% confidence interval of the bias and the LOA. In the following columns, the results of the linear regression between the estimated values with
MRF-vFA and the values estimated with QRAPMASTER. The values of the slopes, intercept and correlation (R-value) resulted from the linear regression between both
techniques are shown. The 95% confidence interval for the slope and the intercept is presented in brackets.

Fig. 3. The estimated T1(A, B) and T2 (C, D) values obtained from the NIST phantom by MRF-vFA against the values obtained by QRAPMASTER on the 1.5 T system
(A, C) and the 3.0 T system (B, D). Vertical and horizontal lines mark the standard deviation for MRF-vFA and QRAPMASTER, respectively. A solid black line marks
the fitted line. The dashed black lines mark the 95% confidence interval boundaries. The blue line is the identity line. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Bland-Altman plots showing the difference between the estimated values from the NIST phantom obtained by MRF-vFA and the values obtained by
QRAPMASTER for T1(A, B) and T2 (C, D) over the 8 days on the 1.5 T system (A, C) and the 3.0 T system (B, D). The results are represented using different colors for
each session. The black solid line marks the mean of the difference and the black dotted lines mark the mean ± 1.96* standard deviation of the difference.

was lower for MRF-vFA than for QRAPMASTER, while in the case of
white matter, QRAPMASTER produced lower T1 values than with MRFvFA. In the case of T2, QRAPMASTER estimated larger values for gray
and white matter than MRF-vFA. Regarding nPD, we saw that the ratio
between gray and white matter is higher for QRAPMASTER than for
MRF-vFA. While QRAPMASTER estimated around 30% higher nPD for
gray matter than for white matter, for MRF-vFA the difference in esti
mated nPD for gray and white matter was smaller than 2%.
Table 4 reports the median values found in literature and the bias of
the averaged values for QRAPMASTER and MRF-vFA to these values. In
contrast to the phantom results, the bias was higher on the 3.0 T system.
Despite QRAPMASTER had lower bias than MRF-vFA in the phantom
experiment, in gray matter the bias of QRAPMASTER was larger than
that of MRF-vFA, except when estimating T1 values on the 3.0 T system.
Futhermore, the bias estimating T1 in white matter was higher using
QRAPMASTER than MRF-vFA. Also, the T1 was underestimated in
contrast to the positive bias found on the phantom, except for the gray
matter using QRAPMASTER on the 1.5 T system.
Fig. 7 shows the averaged-tissue-CoVs (in percentage) on the 1.5 T
and the 3.0 T system. All the CoVs were below 4%. On the 1.5 T system

(Fig. 7-A), the CoV with QRAPMASTER were lower than with MRF-vFA,
except for T1 estimated values in gray matter. On the 3.0 T system
(Fig. 7-B), the CoVs for MRF-vFA were lower than for QRAPMASTER for
T1 values, while for T2 values, QRAPMASTER had lower CoVs than
MRF-vFA. Using QRAPMASTER, the CoVs were higher for T1 estimated
values than for T2 estimated values, on both systems. In contrast, using
MRF-vFA the CoVs were higher for T2 estimated values than for T1
estimated values.
We observed similar range dependence for the QRAPMASTER in the
CoVs for the in-vivo data (Fig. 7) than in the phantom. The estimated T1
values for gray matter were above 1000 ms (Table 3) and the CoVs for
gray matter are higher than for white matter on both systems.
Fig. 8 shows the mean-CoV maps (in percentage). The mean-CoVs
were similar on both systems, but they differed between the tech
niques as well as among relaxation parameters. QRAPMASTER showed a
lower mean CoV for the nPD and T2 values than MRF-vFA, while the
estimation of T1 values with QRAPMASTER had higher mean-CoVs than
with MRF-vFA. We observed higher mean-CoV for the CSF and the skull
area than in gray and white matter. In the rest of the brain, the meanCoV was low and similar between different areas.
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Fig. 5. The coefficient of variation of T1
(top) and T2 (bottom) on a 1.5 T system
(left) and on a 3.0 T system (right) from the
NIST phantom using QRAPMASTER (blue)
and MRF-vFA (yellow). Vertical lines show
the 95% confidence intervals in blue
(QRAPMASTER) and red (MRF-vFA). The
ROIs are shown in Fig. 1. Horizontal axis
labels show ROI numbers and corresponding
T1 values (A, B) and T2 values (B, D) are in
brackets. (For interpretation of the refer
ences to colour in this figure legend, the
reader is referred to the web version of this
article.)

Fig. 6. Quantitative PD (left), T1 (middle), and T2 (right) maps from a single subject obtained by QRAPMASTER (top) and MRF-vFA (bottom) on a 1.5 T system (odd
rows) and on a 3.0 T system (even rows).
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Table 3
Estimated relaxation parameters from in-vivo data.
Tissue

Relaxation parameter

Gray Matter

T1 (ms)
T2 (ms)
nPD (au)
T1 (ms)
T2 (ms)
nPD (au)

White Matter

1.5 T

3.0 T

QRAPMASTER

MRF-vFA

QRAPMASTER

MRF-vFA

1057 (± 28)
96 (± 2)
1.07 (± 0.011)
501 (± 15)
83 (± 2)
0.83 (± 0.016)

964 (± 17)
80 (± 2)
0.99 (± 0.012)
699 (± 25)
61 (± 2)
0.97 (± 0.016)

1279 (± 31)
89 (± 2)
1.08 (± 0.014)
621 (± 27)
77 (± 2)
0.81 (± 0.013)

1156 (± 18)
88 (± 3)
0.97 (± 0.014)
798 (± 25)
59 (± 2)
0.97 (± 0.016)

Averaged computed-tissue-values over 8 sessions and its standard deviation in brackets.
Table 4
Median of the T1 and T2 values (range) for gray matter found in literature for inversion recovery and CPGM sequences.

Gray matter

T1
T2
White matter T1
T2

(ms)
(ms)
(ms)
(ms)

Median [30]
[range]

Bias (%) QRAPMASTER Bias (%) MRF-vFA
(95% CI)
(95% CI)

Median [29] [range] Bias (%) QRAPMASTER (95% CI) Bias (%) MRF-vFA (95% CI)

1008 [940,1162]
78 [71,92]
687 [657,735]
75 [69, 78]

4.9 (2.9, 6.7)
23.1 (21.3, 24.8)
− 27.1 (− 28.9, − 25.6)
10.7 (8.8, 12.5)

1460 [1165, 1615]
83 [80, 86]
867 [728, 954]
75 [72, 78]

− 4.4 (− 5.5, − 3.2)
2.6 (0.0, 5.1)
− 2.6 (− 1.9, 5.4)
− 18.7 (− 21.3, 16.1)

− 12.4 (−
7.2 (5.6,
− 28.4 (−
2.7 (0.8,

13.9, − 10.9)
8.9)
30.5, − 26.21)
4.5)

− 20.8 (− 21.7, − 19.9)
5.7 (3.5, 8,5)
− 8.0 (− 9.9, − 5.9)
− 21.3 (− 23.2, − 19.5)

For QRAPMASTER and MRF-vFA the average bias over all the subjects in percentage to the median literature value and the 95% confidence interval of the calculated
bias are reported.

In Supplementary Figs. S18 and S19 the CoVs maps for all the vol
unteers are shown using QRAPMASTER and MRF-vFA respectively.
They present low intra-subject variability in gray and white matter.
The results of the GLM analysis are shown in Supplementary Figs. S2
and S3. Supplementary Fig. S2 shows the absolute value of the mean and
the standard deviation of the estimated bj parameters over the gray
matter, white matter and CSF for QRAPMASTER and MRF-vFA,
respectively. In both cases, there was a deviation from the mean for
T1 values in gray and white matter (>10%) related to the field strength.
T2 values were also influenced by the field strength but less (5%–10%).
The nPD didn’t reflect the influence of the field strength. For the T1 and
T2 estimated values, there was some variability between subjects (5%),
especially for CSF. The different day of acquisition introduced very low
variation (<3%) for MRF-vFA and QRAPMASTER. Only ‘Day1’ and
‘Day4’ had higher bias for QRAPMASTER in CSF.
Supplementary Fig. S3 shows the bj maps associated with the
covariance of the 1.5 T system and 3.0 T system. The GLM was designed
with the parameters for the field strength being complementary (Sup
plementary Fig. S1). We observed longer T1 values on the 3.0 T system
than in the 1.5 T system. In the case of T2 values, MRF-vFA showed
longer T2 estimated values on the 1.5 T system than on the 3.0 T system,
while QRAPMASTER showed the longest T2 estimated values for the 3.0
T system. The maps are quite uniform along all the brain using QRAP
MASTER. Using MRF-vFA, we observed that only T1 map is uniform in
all the brain. The nPD is more affected by the field strength from the left
superior area to the center than in the rest of the brain. In the case of T2,
the field strength seems to affect more the outer part of the brain than
the inner part.

total correlation analysis of the phantom, which assessed systematic
differences between the methods, showed that the estimated T1 and T2
of the different ROIs differed more for MRF-vFA than QRAPMASTER.
However, this should not limit the use of MRF-vFA since the BlandAltman analysis showed good agreement between the estimated
values of MRF-vFA and QRAPMASTER. Furthermore, bias could be
corrected either by adding a specific offset to the estimated quantitative
values or by including related phenomena in the dictionary. For
example, B1 could be included in the dictionary to reduce the T1 bias
caused by B1 inhomogeneities [45]. In our work, we did not explore
such possibilities to correct bias.
The repeatability in phantom is good for both methods. This allows
reliable longitudinal measurements or population group comparisons
since to detect changes along the time and/or differences between
groups only low variability is needed, regardless of the bias.
The performance of the different techniques on the phantom
demonstrated that QRAPMASTER is substantially more accurate since it
had less bias. Regarding repeatability, there were some differences in
the CoVs obtained with QRAPMASTER and with MRF-vFA depending on
field strength and relaxation parameters. Similar to previous MRF
(framework on which MRF-vFA is based) studies, MRF-vFA showed
more variability for T2 values than for T1 values (in contrast to
QRAPMASTER), likely because of its sensitivity to B0 inhomogeneities
and intra-voxel incoherence [18,46]. However, on average, we did not
observe significant differences in repeatability between QRAPMASTER
and MRF-VFA.
In the in-vivo data, no ground truth values are available. Although
the phantom does notreflect all in-vivo phenomena, the performance in
the phantom can give confidence in the in-vivo accuracy. This was the
case for both techniques since the values for T1 and T2 values werein
good concordance with other quantitative techniques [7,29,42].
Although there was some bias to the median literature values, a wide
spread in quantitative values, especially in T1, has been reported [45].
When looking in detail, the bias in the in-vivo data wassimilar to the bias
in the phantom for the tubes with T1 and T2 values in the range of brain
tissue. Quantitative T1 and T2 maps from both techniques hadgood
contrast, allowing us to distinguish brain anatomy. The T2 estimated
values for the brain with MRF-vFA compared to QRAPMASTER followed
the trend expected from the phantom analysis, with a larger ratio be
tween gray and white matter for MRF-vFA than QRAPMASTER.
Consequently, MRF-vFAhadhigher contrast in the quantitative T2 maps.

4. Discussion
This work aimed to assess the accuracy and the repeatability of two
novel techniques for fast quantitative imaging: QRAPMASTER and MRFvFA. In this study, we used previously established methods [3,6].
Both techniques showed accuracy and repeatability similar to results
previously obtained with DESPOT1 and DESPOT2 [7]. However,
QRAPMASTER and MRF-vFA are faster (3 and 14 times respectively)
[3,6].
Regarding accuracy, the Bland-Altman analysis on the phantom
showed that all the estimated values were in good agreement. For
QRAPMASTER the accuracy was assessed previously [9,21,44]. The
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B1 into the dictionary, as in [28] could potentially reduce this bias at the
cost of increased dictionary size and compute times.
The repeatability obtained in the brain was high (CoVs < 4%) and
within the same range as the CoVs reported in previous studies of
quantitative imaging in-vivo [17,43], with 9 and 10 subjects respec
tively. The low variability was present also voxel-wise and only CSF and
skull area had high CoVs. Low variability in gray and white matter is
very relevant since several studies focus on the relationship between
disease and changes in gray and white matter relaxation parameters, as
age-related changes in tissue [1,51].
In addition to the CoVs, the GLM analysis showed that the variability
in the estimated values wasmainly due to the field strength, as we ex
pected. Voxel-wise the field strength affected less homogeneously the
estimations of MRF-vFA than the estimations of QRAPMASTER. MRFvFA is based on gradient echoes instead of spin-echo as QRAP
MASTER, therefore MRF-vFA is more sensitive to inhomogeneities in the
magnetic field. Furthermore, MRF-vFA uses the transient response of the
signal, instead of the steady-state as QRAPMASTER. This has the
advantage of higher signal-to-noise but the disadvantage of being less
stable and more sensitive to system imperfections [52,53].
Our experience from this work suggests that accuracy is more chal
lenging on the 1.5 T system, while repeatability is more challenging on
the 3.0 T system. The reason could be that while accuracy benefits from
higher SNR, higher field strength presents more inhomogeneities
[43,54]. It should be taken into account that, on the 1.5 T system, the
acquisition with MRF-vFA is more affected by noise, probably because of
the highly undersampled data. The post-processing efficiency of these
techniques was not evaluated in this study. QRAPMASTER was much
faster (reconstruction online in about 1 min for each acquisition) while
MRF-vFA was reconstructed off-line and it took several hours per
acquisition. The MRF-vFA reconstruction could be highly sped up by the
use of GPUs instead of CPUs. Still, for many applications long postprocessing times could be tolerated since the assessment of the images
is done by a radiologist several hours or even days after the acquisition is
performed.
One of the limitations of this study is that all the volunteers were
healthy and in the same age range and may not be representative of aged
or diseased tissue. Therefore, larger studies and studies for diseased
groups should be carried out before reaching conclusions about the
performance of QRAPMASTER and MRF-vFA in clinical environments.
Another limitation of this study is the use of systems of a single
vendor which does not allow conclusions about reproducibility across
vendors. The reproducibility and accuracy of the measurements can vary
from one vendor to another due to different implementations
[16,23,55].

Fig. 7. Graph showing the averaged-tissue-CoVs (in percentage) of the relax
ation parameters in gray matter (T1_GM, T2_GM, PD_GM) and white matter
(T1_WM, T2_WM, PD_WM) obtained by QRAPMASTER (blue) and MRF-vFA
(yellow) on a 1.5 T system (A) and on a 3.0 T system (B) averaged over all
subjects. Vertical lines show the 95% confidence intervals in blue (QRAP
MASTER) and red (MRF-vFA). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

However, the estimated T1 values with MRF-vFA for gray matter
weresmaller than the estimated for QRAPMASTER. From the linear
regression, we would expect higher values than QRAPMASTER for gray
matter. A plausible explanation could be the magnetization transfer ef
fect [47,48]. In a normal MRI experiment (on-resonance excitation of
the free pool), the restricted pool is only partially excited and the pro
tons are ‘invisible’ to MRF due to the very short T2 (<0.1 ms). The
longitudinal relaxation (T1) is a consequence of the combination of the
equilibrium between the two pools. However, if the restricted pool is
saturated by off-resonance pulses, there is less longitudinal magnetiza
tion available, and in consequence, this could cause an apparent T1 that
is shorter than the T1 of the free water pool [49], especially when
multiple inversion-recovery pulses are played out in multi-slice se
quences [50]. In the case of MRF-vFA, each slice is acquired using an
initial inversion recovery pulse which could induce a magnetization
transfer effect in adjacent slices.
Another issue related to the variable flip-angle quantification
methods are the deviations from the nominal B1 field [16,45]. In
QRAPMASTER B1 inhomogeneities are estimated and incorporated into
the model to estimate T1, T2, and PD [3]. In MRF-vFA no B1 correction
was applied and this could cause bias in the parameters. Including the

5. Conclusions
Our work assessed the performance of two fast quantitative MR
relaxometry acquisition techniques, QRAPMASTER and MRF-vFA, by
evaluating accuracy and repeatability on two representative clinical
systems at 1.5 T and 3.0 T. Our systematic study on a standardized
phantom and on healthy brains showedthat both techniques provide
results comparable to previous studies. QRAPMASTER is already a
tested commercial product but MRF-vFA is 4.77 times faster. MRF-vFA is
accurate for the brain values range and repeatable enough to distinguish
between tissues and appreciate changes on it. Therefore, it can be
considered as a reliable alternative when acquisition duration is an
important issue. Due to the good performance and short scan duration,
MRF-vFA could enable the use of quantitative multi-parametric relax
ometry mapping.
Future works should focus on the acquisition of patient data in order
to evaluate the possible clinical impact of these techniques.
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Fig. 8. Maps of the coefficient of variation of nPD, T1, and T2 with QRAPMASTER and MRF-vFA on a 1.5 T system and on a 3.0 T system, averaged over all subjects.
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