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Purpose: Quantitative multi-parameter mapping (MPM) has been shown
to provide good longitudinal and cross-sectional reproducibility for clinical
research. Unfortunately, acquisition times (TAs) are typically infeasible for
routine scanning at high resolutions.
Methods: A fast whole-brain MPM protocol based on interleaved multi-shot
3D-EPI with controlled aliasing (SC-EPI) at 3T and 7T is proposed and compared
with MPM using a standard spoiled gradient echo (FLASH) sequence. Four
parameters (R1, PD, R∗2, and MTsat) were measured in less than 3 min at 1 mm
isotropic resolution. Five subjects went through the same scanning sessions
twice at each scanner. The intra-subject coefficient of variation (scan–rescan)
(CoV) was estimated for each protocol and scanner to assess the longitudinal
reproducibility.
Results: At 3T, the CoV of SC-EPI ranged between 1.2%–4.8% for PD and R1,
2.8%–10.6% for R∗2 and MTsat, which was comparable with FLASH (0.6%–4.9%
for PD and R1, 2.6%–11.3% for R∗2 and MTsat). At 7T, where the SC-EPI TA was
reduced to ∼2 min, the CoV of SC-EPI (1.4%–10.6% for PD, R1, and R∗2) was
1.2–2.4 times larger than the CoV of FLASH (1.0%–15%) and MTsat showed
much higher variability across subjects. The SC-EPI-MPM protocol at 3T showed
high reproducibility and yielded stable quantitative maps at a clinically feasible
resolution and scan time, whereas at 7T, MT saturation homogeneity needs to
be improved.
Conclusion: SC-EPI-based MPM is feasible as an additional MRI modality
in clinical or population studies where the parameters offer great potential as
biomarkers.
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1 INTRODUCTION

Neurodegeneration has been investigated using conven-
tional MRI in different studies.1–3 Pathologies related to

distinct lesion patterns can be found on conventional
MRI. But plain MR images with a certain contrast alone
are not sensitive enough to detect the progress of anatom-
ical and functional changes, especially in the incipient
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stages. Advanced MRI techniques with feasible scan
time provide additional biomarkers for diagnosis at an
early disease stage with standardized scanning protocols,
post-processing methods, and evaluation methods.4

In recent years, quantitative MRI is drawing more
attention in the clinical field. Many applications and stud-
ies require quantitative estimates of physical properties in
physical units. Examples for common quantitative mea-
surements with physiological applications as biomarkers
are T1 and T∗2 relaxation times to measure tissue oxygena-
tion,5 apparent diffusion coefficient to detect ischemic
stroke,6 tissue iron fraction for diagnosis of iron overload.7

Conventional MRI protocols include T1-weighted
sequences for anatomical structural evaluation,
T2-weighted sequences, which are particularly sensitive
to tissue property changes8 and proton density-weighted
sequences. Multi-parameter mapping (MPM), which com-
bines T1-, PD-, MT-weighted images, is meant to provide
quantitative R1 = 1/T1 (longitudinal relaxation rate), PD
(proton density), MTsat (magnetization transfer satura-
tion) and R∗2 = 1∕T∗2 (effective transverse relaxation rate)
parameter maps.9 It has been proven to show high repro-
ducibility and repeatability across different sites, scanners
and time points.10

A typical MPM protocol is composed of three
multi-echo spoiled gradient echo scans acquired in approx-
imately 15–20 min at 3T. These will be referred to FLASH
scans in this work. Although the total acquisition time
(TA) of MPM alone is clinically feasible, adding MPM to a
conventional MRI protocol may not be feasible. One way
to reduce MPM scan time is to reduce spatial resolution.11

Alternatively, advanced parallel imaging techniques can
be explored. We propose a fast MPM protocol that com-
bines state-of-the-art 2D-CAIPIRINHA parallel imaging12

with interleaved multi-shot three-dimensional (3D) EPI.
In essence, such a segmented k-space blipped-CAIPI
(skipped-CAIPI) 3D-EPI sequence13 corresponds to a
FLASH sequence with an EPI factor freely adjustable via
the segmentation factor. An EPI factor >1 means that
more than one k-space line is acquired per shot to speed
up MR imaging. When using a relatively small EPI fac-
tor, the acquired lines per shot are significantly spaced
apart. K-space data acquisition is completed in successive,
interleaved shots with echo time shifting.14 This results
in a high effective phase encode bandwidth and minimal
geometric distortions along the phase encoding direction
as opposed to conventional EPI without segmentation.
Interleaved multi-shot 3D-EPI with and without CAIPIR-
INHA sampling has already been used to reduce scan time
for high-resolution, anatomical T∗2 -weighted imaging,15,16

T1-weighted imaging,13,17 and quantitative susceptibility
and T∗2 mapping.18 To the best of our knowledge, it has
not yet been used for rapid MPM.

Application of ultra-high field MRI provides increased
signal sensitivity and higher SNR. The 7T studies pro-
vide high-resolution images within shorter TA and good
temporal resolution. Ultra-high field MRI offers improved
capability to detect abnormalities in cortical and subcor-
tical structures.19 A first generation 7T MRI scanner has
been approved and distributed for clinical use. Therefore,
we have decided to include MPM at 7T in this work focus-
ing on clinical feasibility.

We propose fast MPM protocols using a multi-echo
implementation of skipped-CAIPI 3D-EPI (SC-EPI)18

at 3T and 7T. All weighted multi-echo images are
acquired in less than 3 min. The parameter values and
the scan–rescan reproducibility of each parameter were
compared between FLASH-MPM and SC-EPI-MPM at
1 mm isotropic resolution. Inter- and intra-subject vari-
ability were studied in different regions of interest (ROIs)
in Montreal Neurological Institute (MNI) space.

2 METHODS

2.1 Data acquisitions

Five healthy subjects were scanned on a Skyra 3T and
a MAGNETOM 7T Plus scanners (Siemens Healthineers,
Erlangen, Germany) after giving informed consent accord-
ing to the local institutional review board regulations. A
32-channel head receive coil was used at each scanner.
For RF transmission, the body coil was used at 3T. At
7T, a single-channel coil surrounding the receive coil was
used for circular polarized RF transmission. Scan–rescan
studies were performed in the way that each subject
exited and re-entered the scanner after a break of at least
10 min outside the scanner room. At 7T, two dielectric
bags were placed between coil and head, close to the ears,
which helps to reduce the transmit field inhomogeneity.20

To minimize Rician noise levels in low-signal areas of
the image magnitudes (e.g., ventricles in T1w images), a
vendor-provided, complex-valued coil combination based
on a single-channel phase reference measurement21 was
applied instead of the default sum-of-square coil combina-
tion mode in both SC-EPI and FLASH sequences.

A series of MPM experiments were performed at 3T
and 7T using SC-EPI and FLASH for comparison. In all
sequences, a single rectangular small-bandwidth excita-
tion pulse (2.4 ms at 3T; 1.0 ms at 7T) was used to simul-
taneously avoid chemical shift artifacts22 and minimize
MT bias.23 Slice orientation was sagittal with frequency
encoding along the head-feet direction.

FLASH readout: T1w, PDw, and MTw contrasts were
acquired using the vendor-provided multi-echo spoiled
gradient echo sequence that underwent only a few
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modifications: (i) a CAIPIRINHA undersampling option
was implemented and the related, vendor-provided image
reconstruction was used (“IcePAT”), even if no CAIPI shift
was selected; (ii) spoiler gradients were slightly increased
to correspond to 4π, 2π and zero voxel dephasing on fre-
quency, primary and secondary (slice) phase encode axis
in accordance with the EPI implementation; (iii) a rect-
angular small-bandwidth excitation pulse could be used
(see above); (iv) MT saturation parameters were made
adjustable.

3T: Gold standard protocols were set up according
to the recommendations by Callaghan et al. (vendor
sequence)24 following the setup tutorial.25 For the MTw
scan, a Gaussian-shaped RF pulse (2 kHz off-resonant,
500◦) and gradient spoilers were applied prior to each exci-
tation. Other parameters were: 1 mm isotropic nominal
resolution (91% primary and secondary phase encode res-
olution in accordance with24 throughout all MPM scans
in this work), 2× 1z0 parallel imaging undersampling, 6/8
partial Fourier imaging along the secondary phase encode
direction z, w.l.o.g. Instead of the six originally proposed
TEs, we used five equidistant TEs between 3.68 ms up to
13.53 ms to accommodate the prolonged small-bandwidth
excitation. However, the original TRs were maintained at
18 ms/18 ms/37 ms (PDw/T1w/MTw). The total acquisi-
tion time was TA = 15:32.

7T: The 3T protocol was modified in order to reduce
scan time as much as feasible given the expected gain
in SNR. With six equidistant TEs from 2.04 ms up to
12.23 ms, the TRs were reduced to 16 ms/16 ms/32 ms
(PDw/T1w/MTw). A 3× 2z1 CAIPIRINHA undersampling
pattern was selected. At 7T, specific absorption rate
(SAR) limits as well as the B1

+ inhomogeneities pose

challenges for the MT saturation. For each subject, a
suitable whole-brain reference voltage and the maximum
allowed MT flip angle (FA) to yield ∼100% SAR was set up
individually to reach a compromise between B1

+ homo-
geneity and SAR limitation. The reference voltage and
MT FA for the five subjects were: 244 V/250◦, 260 V/240◦,
260 V/240◦, 270 V/230◦, 270 V/230◦. The total acquisition
time was TA = 4:35.

SC-EPI readout: With our custom implementation,
the multi-echo T1w, PDw, and MTw images can be
acquired in one acquisition (multi-contrast), i.e., three
contrasts share a single initial FLASH autocalibration scan
for parallel imaging reconstruction.26 In order to reduce
EPI factors to begin with, 6/8 partial Fourier imaging was
performed along the primary instead of the secondary
phase encode direction. A multi-echo EPI readout typi-
cally results in a wider TE spread and a longer TR than
FLASH without introducing void times such that scan-
ning efficiency is comparably high.27 A pictorial compar-
ison of the multi-contrast multi-echo SC-EPI sequence
to the corresponding FLASH sequence is shown in
Figure 1.

3T: A 16⋅2× 2z1 skipped-CAIPI sampling without
z-blips13 was used (four-fold parallel imaging undersam-
pling). The segmentation factor of 16 resulted in an EPI
factor of 5. This corresponds to an eight-fold segmented
4× 1y2 shot-selective CAIPI sampling28 and is comparable
to recent works on rapid T1-weighted 3D-EPI at 3T.17 MT
saturation was identical to the 3T FLASH MTw. Four gradi-
ent echo images were acquired at equidistant TEs between
5.4 and 29.1 ms resulting in TRs of 39 ms/39 ms/54 ms
(PDw/T1w/MTw). Despite the prolonged TRs, the FAs
were not increased compared to the FLASH protocol.

F I G U R E 1 Schematic sequence diagrams of FLASH (A) and SC-EPI (B) at 3T, in the order MTw, PDw, T1w. All three contrasts of
SC-EPI share a single initial FLASH autocalibration scan for parallel imaging reconstruction26 and a single initial phase correction scan.13

Bold-face numbers at the bottom right of the shot-loops indicate the number of TRs per contrast. Non-bold numbers indicate the TR of each
contrast. For visual clarity, the time axes between sequences are not true to scale
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A single multi-contrast SC-EPI scan with one MTw, PDw,
T1w (in that order) took TA = 2:58.

7T: In accordance with the accelerated 7T FLASH pro-
tocol, a 13⋅3× 2z1 skipped-CAIPI sampling was selected,
resulting in an EPI factor of 4. Together with an increased
gradient strength at 7T, this allowed for four shorter
equidistant TEs between 3.7 and 23.7 ms and TRs of
36 ms/36 ms/50 ms (PDw/T1w/MTw). Again, the MT FA
was maximized individually to yield ∼100% SAR. Given
that the TRs of the SC-EPI protocols were longer than
the FLASH TRs, with identical reference voltages the MT
FA for the five subjects could be increased compared to
the FLASH MTw: 330◦, 310◦, 310◦, 300◦, 300◦. A single
multi-contrast SC-EPI scan with one MTw, PDw, T1w (in
that order) took TA = 2:15.

One subject was measured five times with the same
multi-contrast-SC-EPI sequence at 3T and two times at
7T to approximately match the TA of the corresponding
FLASH protocols (TA= 14:50 vs. 15:32 at 3T and TA= 4:30

vs. 4:35 at 7T). Accordingly, a time-matched MPM analysis
was performed on the average of the five and two SC-EPI
measurements, respectively. A summary of the most
important MPM sequence parameters is given in Table 1.

Finally, for anatomical reference, a rapid T1w
MPRAGE sequence was acquired at 1 mm isotropic res-
olution using CAIPIRINHA and elliptical sampling.29 At
7T, a high readout bandwidth multi-echo sequence ver-
sion was used, and the four echoes were combined to an
RMS image.30

2.2 Transmit correction due to B1
+

inhomogeneities

Before the MPM scans, a three-dimensional DREAM
sequence (3DREAM)31 was performed for simultane-
ous B1

+ and B0 mapping using 2× 2z1 CAIPIRINHA
undersampling. At 3T, sequence parameters were as

T A B L E 1 Multi-parameter mapping sequence parameters at 3T and 7T

3T 7T

PDw/T1w/MTw FLASH SC-EPI FLASH SC-EPI

TR [ms] 18/18/37 39/39/54 16/16/32 36/36/50

FA [◦] 4/25/6 4/25/6 4/25/6 4/25/6

TE [ms] 3.68, 6.15, 8.61,
11.07, 13.53

5.4, 13.3, 21.2,
29.1

2.04, 4.08, 6.12,
8.16, 10.20, 12.23

3.7, 8.7, 13.7,
18.7, 23.7

MT pulse FA [◦] 500 500 250, 240, 240, 230,
230a

330, 310, 310,
300, 300a

MT off res. freq. [kHz] 2.0 2.0 2.0 2.0

Readout bandwidth [Hz/pixel] 480 1014 590 1314

Readout amplitude [mT/m] 11.3 23.8 13.8 30.9

Echo spacing [ms] – 1.28 – 1.07

Eff. echo spacing [μs] – 40 – 27

Phase encode bandwidth [Hz/pixel] – 123.4 – 178.5

Matrix size 256× 224× 176 224× 224× 176 224× 224× 176 224× 224× 176

Elliptical scanning On Off Off Off

Partial Fourier 1× 6/8 6/8× 1 6/8× 1 6/8× 1

Parallel imaging 2× 1 2× 2 3× 2 3× 2

Slice CAIPI shift – 1 1 1

Segmentation factor – 16 – 13

EPI factor – 5 – 4

Autocalibration scan 24 (integrated) 36× 36 36× 36 36× 36

Shots 12 716 1296 4080 1053

Total TA [min:s]b 15:32 2:58 4:35 2:15
a Subject-specific, maximum feasible MT pulse FA resulting in 100% SAR prediction.
b Total TAs include the autocalibration scan but not the 3DREAM prescan.
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follows: sagittal orientation, 4 mm isotropic resolution,
FOV = 160× 200× 200, nominal stimulated echo (STE)
preparation FA 𝛼 = 60◦ , FID and STE imaging FA
𝛽 = 8◦ , readout bandwidth of 1000 Hz/pixel, effective
TESTE = 3.26 ms, TEFID = 2.26 ms, TA = 5 s. At 7T,
the sequence parameters were: 5 mm isotropic resolu-
tion, FOV = 220× 220× 200, 𝛼 = 50◦ and 𝛽 = 7◦ , read-
out bandwidth of 1580 Hz/pixel, effective TESTE = 2.09
ms, TEFID = 1.59 ms, TA = 6 s. The actual 3DREAM FA
is obtained as 𝛼3DREAM = arctan

√
2 |SSTE| ∕ |SFID|.32 Here,

SFID and SSTE denote the global filter-matched30 FID and
virtual STE*33 image magnitudes of the 3DREAM readout,
which are usually TE-matched. By slightly increasing the
STE preparation time, the off-resonance can be obtained
from the image phase and the corresponding TE differ-
ence as Δ𝜔 =

(
∠SFID − ∠SSTE) ∕ (TEFID − TESTE).The typ-

ical transmit correction factor for MPM is given by the ratio
of the 3DREAM FA and the nominal STE preparation FA:

f B1
T (x) = 𝛼3DREAM(x)∕𝛼. (1)

2.3 Transmit correction due to B0
inhomogeneities

Regions close to the sphenoid sinus and ethmoid sinus
consist of different tissues, air, and bone. The local mag-
netic susceptibility differences lead to strong inhomo-
geneities of the magnetic field and thus to off-resonant
spin frequencies, Δ𝜔, compared to the nominal Larmor
frequency. A narrow-banded RF excitation pulse, as used
in this work to suppress fat signal and to reduce unin-
tended MT saturation, causes a reduced effective FA in
these regions.23 The reduced off-resonance FA can be cal-
culated according to Freed et al.34 For a rectangular pulse
of duration τ, and a nominal FA 𝛼nom, the effective FA is
given analytically:

𝛼eff(x) = arccos

(

cos (𝛺eff(x) ⋅ 𝜏) +
(

Δ𝜔
𝛺eff(x)

)2

⋅ (1 − cos (𝛺eff(x) ⋅ 𝜏))

)

. (2)

Here,

𝛺eff(x) =
√

(Δ𝜔)2 +
(
𝛼nom

𝜏

⋅ f B1
T (x)

)2
(3)

denotes the off-resonant spin nutation frequency around
the tilted, effective transmit field vector during the pulse.
Note that the transmit correction factor, f B1

T , scales the
nominal, on-resonant spin nutation frequency, 𝛼nom∕𝜏,
around the nominal, transversal transmit field vector.

Consequently, for MPM using a narrow-banded rectan-
gular excitation pulse, we have to use a different transmit
correction factor:

fT(x) = 𝛼eff(x)∕𝛼nom. (4)

Note that in the on-resonant case (Δ𝜔 → 0),
Equation (2) becomes 𝛼eff(x) → 𝛼nom ⋅ f B1

T (x), and
Equation (4) converges to the typical transmit correction
factor for MPM according to Equation (1). However, in
the off-resonant case (Δ𝜔 ≠ 0), fT depends on the nomi-
nal MPM FA taken as a reference (e.g., 4◦, 25◦ or 6◦). For
typical off-resonances in the brain at 3T and 7T, the corre-
sponding fT maps differ by<0.02% from each other. This is
small compared to up to 5% difference between fT and f B1

T .
Since the established MPM transmit correction assumes
only a single correction map, we calculated fT based on an
intermediate nominal FA of 𝛼nom = 10◦ .

2.4 RF receive field correction

A spatially dependent receive field sensitivity correction
factor is required for PD calculation35: Aapp = A ⋅ fT = PD ⋅
fR ⋅ fT.

Aapp denotes the amplitude estimates obtained with the
nominal FA. fR is the receive correction factor.

At 3T, the receive field sensitivity map was acquired
from the pair of head coil and body coil images (“HC-BC
method”) following the 3T recommendations24,25 and sim-
ilar to a recent multicenter study at 3T.10 Note that this
implies the assumption that the receive field sensitivity of
the body coil is flat over the FOV, which does not strictly
apply.36 The imaging parameters were: 4 mm isotropic res-
olution, FOV = 176× 224× 256.

At 7T, the receive field sensitivity of the body coil is
even more inhomogeneous. Thus, receive field correction
was applied using Unified Segmentation.37 This approach
can be considered at 3T as well.36 A detailed discussion of
receive field correction methods can be found in the hMRI
toolbox tutorial paper.38

2.5 Estimation and analysis
of parameter maps

R1, PD, MTsat, and R∗2 maps were estimated from
the multi-echo data using the hMRI toolbox v0.2.238

implemented in SPM12 (https://www.fil.ion.ucl.ac.uk/
spm/software/spm12/). The hMRI toolbox uses all sig-
nals extrapolated to TE = 0 for parameter estimation.9,38

R1 maps were corrected for residual bias caused by
imperfect spoiling.39,40 R∗2 was estimated from all echoes

https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
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and contrasts simultaneously by ordinary least square
fit.41 The hMRI toolbox calibrates WM PD values to
69%.38,42 PD values of other tissues are scaled accord-
ingly. For receive and transmit field correction, the maps
fR and fT were passed to the toolbox. All quantitative
maps were normalized into MNI space using DARTEL
tools43 in SPM12.

For each parameter, subject-wise coefficient of varia-
tion (CoV) maps of all parameters were calculated sepa-
rately for SC-EPI and FLASH. From these, the RMS CoV
was calculated in various ROIs per subject. RMS-CoV val-
ues that exceed the first and third quartile by more than 1.5
times the interquartile range are considered outliers. The
ROIs of caudate, hippocampus, pallidum, putamen, thala-
mus, and cerebral white matter (WM) were taken from the
Harvard-Oxford Atlas with a threshold of 99%. The body
of corpus callosum and middle cerebellar peduncle were
taken from the Juelich ICBM-DTI-81 White-Matter atlas
eroded three times for a unified mask across subjects. The
whole-brain gray matter (GM) and WM masks were the
averaged masks for GM and WM (tissue probability maps

with a threshold of 60%) from scan–rescan MTw images
per subject per scanners (3T and 7T).

3 RESULTS

3.1 Image quality of SC-EPI

Example axial, sagittal, and coronal slices of the first TE
of MTw-, PDw-, T1w-images acquired with SC-EPI and
FLASH for a single representative subject are shown in
Figure 2 at 3T and 7T. The amount of distortion in the
SC-EPI images is visualized by overlaid contour lines of
the WM/GM boundary taken from the tissue probability
maps of M(EM)PRAGE generated from the hMRI tool-
box.38 Figure 3 shows corresponding axial and sagittal
MTw slices more severely affected by susceptibility-related
artifacts.

By visual inspection, no differences are observed
between SC-EPI and FLASH in terms of geometric dis-
tortions and signal dropouts. The latter are due to the

F I G U R E 2 Axial, sagittal, and
coronal slices of MT-, PD-, T1-weighted
images using the SC-EPI and FLASH
sequence for a single, representative
volunteer at 3T (top panel) and 7T
(bottom panel). The contour lines of
WM masks (red), taken from the
segmentation of M(EM)PRAGE images
at 3T and 7T, respectively, were overlaid
on MTw images. The total TA of each
sequence is also listed
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F I G U R E 3 Axial and sagittal slices of
the first TE (from top to bottom: 5.4, 3.68, 3.7,
2.04 ms) of MTw images showing the regions
most severely affected by
susceptibility-induced artifacts.
MPRAGE-based contour lines of WM are
overlaid on the zoomed sagittal view of the
frontal lobe. Minimal geometric distortions
occur along the anteroposterior phase encode
direction for SC-EPI and along the head-feet
readout direction for FLASH, respectively.
Signal dropouts above the sinus are
comparable despite the different readout, TEs,
and field strengths

narrow-banded water excitation pulse (Supporting Infor-
mation Figure S1, which is available online). The contrast
for each weighting differs between SC-EPI and FLASH due
to the different TRs used and TEs displayed. The soft tissue
contrast (MT-weighted) is sufficient for tissue segmenta-
tion using SC-EPI, despite a reduced SNR due to the short
TA compared to FLASH.

3.2 Quantitative parameter maps

Quantitative high-quality R1, PD, MTsat, and R∗2 maps gen-
erated from the SC-EPI and FLASH images are shown in
Figure 4 for a single subject in original space. The maps
labeled as ‘EPI-TM’ result from SC-EPI data acquired and
averaged five times at 3T and twice at 7T for approxi-
mate time-matching with FLASH. All maps show good
WM/GM contrast and different anatomical structures, for
example caudate nucleus, putamen, thalamus, as well
as GM structures in the cerebral cortex. In contrast to

the weighted images, the parameter maps show better
whole-brain homogeneity, also at 7T. Only the MTsat maps
at 7T show lower values and worse soft tissue contrast,
especially in the temporal lobe and cerebellum, regardless
of the sequence used. Supporting Information Figure S2
shows the same 3T and 7T maps in a central sagittal slice.

3.3 Multi-subject parameter
comparison

Absolute differences of the parameters between the
SC-EPI and FLASH protocols were assessed by comparing
the mean parameter values in the whole-brain WM and
GM ROIs, as plotted in Figure 5 and listed in Table 2. R1
estimates of SC-EPI were 2.7%–5.8% higher than R1 esti-
mates of FLASH at 3T, and 10.7%–11.1% higher at 7T, the
same applies to MTsat values. PD values were around 69%
for WM (the MPM calibration value for WM42), while PD
of SC-EPI was higher than of FLASH in GM. In GM, R∗2
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F I G U R E 4 Parameter maps of
SC-EPI and FLASH for a single subject
scanned at 3T and 7T, including repeated
SC-EPI for time-matching with the FLASH
(EPI-TM). The MTsat map of FLASH at 7T
was multiplied by a factor of 1.4 for a
better comparison to the MTsat map of
SC-EPI, which was acquired with a higher
MT pulse FA. The f T (transmit field
correction) maps are shown along with
difference to the conventional correction
map without B0 correction, as well as the
corresponding off-resonance map, Δ𝜔

F I G U R E 5 Mean values of
parameter maps across scans and subjects
for R1, PD, MTsat, and R∗2 (box plot). ROIs:
whole-brain GM and whole-brain WM.
The outliers are marked as ‘+’ in the
corresponding color. MTsat values at 7T
are expected to vary across subjects and
sequences due to different MTsat FAs
applied

values of SC-EPI were ∼3.6% higher than those of FLASH
at 3T, and 9.7% higher at 7T. In WM, R∗2 values of SC-EPI
were ∼9.8% smaller than R∗2 values of FLASH at both field
strengths. Phantom R1 and R∗2 data at 3T are shown in
Supporting Information Figure S3.

3.4 Multi-subject reproducibility
analysis

Figure 6 shows the CoV maps for all parameters for
the representative subject at 3T and 7T. The SC-EPI and

FLASH box plots in Figure 7 include CoVs in each ROI
of five subjects using SC-EPI, FLASH and time-matched
EPI-TM acquisition protocols. Generally, the inter-scan
SC-EPI RMS-CoV are in the same order of magnitude as
the FLASH, excluding some outliers.

At 3T, the RMS-CoV for WM and GM was about
1%–3% for SC-EPI-PD (Figure 7, blue) and FLASH-PD
(Figure 7, orange); about 2%–6% for SC-EPI-R1 and 1%–4%
for FLASH-R1, as well as 5%–8% for SC-EPI-MTsat and
2%–5% for FLASH-MTsat. The RMS-CoVs for R∗2 were
very similar and below 12% for both sequences exclud-
ing outliers. The highest CoVs were found for the R∗2
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T A B L E 2 Group mean and SD of R1, PD, MTsat, and R∗2 parameter values in whole-brain GM and WM ROIs

3T 7T

GM WM GM WM

SC-EPI FLASH SC-EPI FLASH SC-EPI FLASH SC-EPI FLASH

R1 [s−1] 0.72 ± 0.02 0.69 ± 0.01 1.13 ± 0.05 1.11 ± 0.04 0.52 ± 0.02 0.48 ± 0.02 0.73 ± 0.01 0.68 ± 0.01

PD [%] 78.5 ± 0.5 77.5 ± 0.4 68.9 ± 0.2 69.3 ± 0.2 81.0 ± 1.0 78.5 ± 0.6 69.1 ± 0.1 69.2 ± 0.1

MTsat [%]a 1.82 ± 0.04 1.69 ± 0.04 3.6 ± 0.1 3.4 ± 0.1 0.7 ± 0.1 0.5 ± 0.1 1.7 ± 0.2 1.1 ± 0.1

R∗2 [s−1] 17.9 ± 0.6 17.2 ± 0.5 20.1 ± 0.8 22.3 ± 0.7 37.3 ± 1.7 33.6 ± 1.4 36.8 ± 2.3 40.9 ± 2.0
a MTsat values at 7T are expected to vary across subjects and sequences due to different MTsat FAs applied.

F I G U R E 6 CoV of parameter maps
shown for the representative subject in
MNI space. The CoV was calculated
across scan–rescan measurements

measures for FLASH in hippocampus (Figure 7, outlier).
The time-matched EPI-TM (Figure 7, green) can achieve
smaller RMS-CoV for all parameters except MTsat in CC.
At 7T, RMS-CoV of PD was about twice as large com-
pared to 3T. The CoV median of R1 remained between
2% and 5% except for SC-EPI in pallidum. Such as at 3T,
the CoVs for R∗2 were similar and below 15% for both
sequences excluding outliers. MTsat showed higher CoVs
across all ROIs for both sequences than at 3T, but SC-EPI
in particular resulted in high CoV data points exceeding
a tolerable range 0%–10%. Table 3 summarizes the mean
and SD of the scan–rescan RMS-CoV of five subjects in
whole-brain GM and WM regions, excluding outliers. WM
and GM MTsat values at 7T as well as GM MTsat values
at 3T had extremely large CoV values, which are con-
sidered unreliable. For completeness, the WM and GM
RMS-CoV values for all parameters and all five subjects
are listed in Supporting Information Table S1 with outliers
marked.

4 DISCUSSION

We presented a fast MPM protocol using skipped-CAIPI
3D-EPI at 3T and 7T and compared it with conven-
tional FLASH-MPM. The SC-EPI protocol was designed
to acquire all three contrasts at multiple TEs at 1 mm
isotropic resolution in under 3 min, with good soft tis-
sue contrasts. To answer whether the protocols could be
translated into clinical research or cohort studies, we have
conducted a scan–rescan reproducibility analysis. First,
the absolute parameter values are discussed.

4.1 Comparison of parameter maps

The multi-subject parameter comparison showed larger
R1 estimates of SC-EPI compared to FLASH. They may
partly result from the small FA approximation and long
TR approximation inherent to the MPM formalism.35
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F I G U R E 7 Distribution of R1, PD,
MTsat, and R∗2 RMS-CoV in ROIs across
subjects at 3T and 7T (box plot). EPI-TM
reflects the scan–rescan RMS-CoV of the
single-subject SC-EPI scan time-matched to
the FLASH scan. CN, caudate; Hi,
hippocampus; Pa, pallidum; Pu, putamen;
Ta, thalamus; WM: cerebral white matter;
CC, body of corpus callosum; Cp, cerebellar
peduncle. Outliers are marked as ‘+’ in
corresponding color.

T A B L E 3 Group mean and SD of the scan–rescan RMS-CoV in whole-brain GM and WM ROIs

3T 7T

GM WM GM WM

SC-EPI FLASH SC-EPI FLASH SC-EPI FLASH SC-EPI FLASH

R1 [%] 3.4± 0.8 3.7± 0.4 2.8 ± 0.6 2.2 ± 0.6 6.5± 1.0 5.8± 0.3 4.0± 1.0 2.6± 0.4

PD [%] 2.1± 0.1 1.5± 0.2 1.6 ± 0.0 1.0 ± 0.1 3.8± 0.4 3.7± 1.5 2.3± 0.5 1.5± 0.2

MTsat [%] (8.8± 0.6)⋅101 (2.0± 1.1)⋅101 5.8 ± 0.8 3.6 ± 1.3 (1.1± 0.6)⋅104 (1.6± 1.0)⋅103 (2.6± 3.6)⋅102 (2.2± 2.0)⋅101

R∗2 [%] (1.1± 0.1)⋅101 (8.8± 2.1)⋅101 4.2 ± 0.5 7.7 ± 2.9 6.2± 1.5 (1.0± 0.4)⋅101 3.7± 1.0 5.3± 2.1

Note: Outliers as identified in Supporting Information Table S1 have been excluded.

In fact, the latest version of hMRI toolbox v0.2.5 has an
option to disable small FA approximation. However, it
was not yet considered in this study. By signal simula-
tions, it can be shown that prolonged TRs lead to higher
R1 MPM estimates closer to the ground truth, as demon-
strated in Supporting Information Figure S4. Compared to
FLASH, SC-EPI facilitates longer TRs in short TA with-
out loss of scanning efficiency.27 Thus, the R1 estimates

based on SC-EPI can be considered less biased by these
MPM approximations. However, with the FAs and FLASH
timing parameters used in this work, the MPM under-
estimation of R1 should only amount to approximately
2%–3%. Although particularly narrow-banded excitation
pulses have been used in this work, the side-bands were
not zero; therefore, different TRs could still introduce dif-
ferent MT-biases of the R1 estimation, whereby longer TRs
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would be favorable (see below). In addition, a systematic
difference in the estimation of R∗2 may contribute to the
observed R1 differences.

The observed R∗2 differences could be associated
with different TE ranges in SC-EPI and FLASH. With
multi-echo data analysis, signal extrapolated to TE = 0 is
used for parameter estimation in the subsequent process
of the hMRI toolbox.9,38 This is done on the basis of R∗2,
which is estimated from the logarithm of the signal intensi-
ties at all TEs from all contrasts using a mono-exponential
model (ESTATICS).9,41 A mono-exponential R∗2 calculation
based on data, that in fact involves multiple T∗2 compart-
ments,44,45 results in a linear combination of short and
long T∗2 components.46 The short T∗2 components may be
attributed to bound water and the long component to free
water.45,47 The TE range of SC-EPI is better suited for esti-
mation of long T∗2 components, whereas the TE range of
FLASH is better suited for estimation of short T∗2 compo-
nents. The mono-exponential T∗2 GM and WM estimates
in this work ranged between about 20 and 60 ms, which
may better be reflected by the TE range of SC-EPI. Hence,
R∗2 and amplitude extrapolation at TE = 0 based on the
FLASH data may be considered biased by comparably
short T∗2 compartments and less sensitive to the prevalent,
long T∗2 compartment. Furthermore, ESTATICS assumes
that R∗2 remains constant across different contrasts. How-
ever, this assumption may be violated to varying degrees,
depending on TR, as different compartments have differ-
ent contributions to the signal in different contrasts, e.g.,
T1 or MT weighting.41

Proton density values were calibrated to 69% in WM.38

Consequently, no difference between SC-EPI and FLASH
is observed in WM, apart from a minor variance that can
be explained by differences in the WM masks used for the
hMRI calibration and our evaluation. The difference of R1
estimation in GM was translated to PD, resulting in 1.3%
and 2.5% PD difference in GM at 3T and 7T, respectively.
The HC-BC receive field correction at 3T is expected to
introduce residual body coil sensitivity inhomogeneities
to PD maps.10,36 Supporting Information Figure S5 shows
only small differences between the PD maps corrected
using the HC-BC method and Unified Segmentation on
representative 3T data.

MTsat is a semi-quantitative parameter. At 3T, with
the same MT pulse, MTsat increases slightly with longer
TR of SC-EPI.48 However, at 7T, due to SAR limitations,
SC-EPI, and FLASH had different MT FAs across sub-
jects, and longer TR of SC-EPI allowed for a larger MT
FA than FLASH, which also lead to considerably larger
MTsat. Overall, MTw acquisitions at 7T suffered signif-
icantly from B1

+ inhomogeneity and SAR limitations,
regardless of the sequence used. In particular, in the
temporal lobes and the cerebellum, the actual MT pulse

FAs were so small, that MTsat in these regions were not
interpretable.

4.2 Transmit correction due to B0
inhomogeneities

The long water excitation pulse that we applied in
this study required a novel, adapted transmit correction
approach. By using such a long rectangular pulse com-
pared to typical short rectangular pulses (∼0.1 ms), a sig-
nificant T1 bias by MT saturation can be avoided.23,49 Even
though the rectangular pulse has an uneven frequency
response, it provides the benefit of an analytical expres-
sion for the effective FA as a function of off-resonance. We
used this to derive an analytical B0 correction of the trans-
mit correction factor. Homogeneity of quantitative PD, R1,
and MTsat depend on this correction factor. In this study,
additional B0 field maps were used to compensate for the
reduced off-resonance FA when using long RF pulse.34 The
influence of the B0 correction is mainly located in pre-
frontal brain regions. In these areas, the deviation from the
conventional correction factor without B0 consideration
was about 5%.

Although narrow-banded RF pulses (2.4 ms [3T]/
1.0 ms [7T]) may not be necessary for fat suppression with
FLASH, RF pulses longer than 0.1 ms should be strongly
considered given the MT bias on apparent R1 and MTsat
estimates. In this case, the proposed B0 correction of the
transmit field correction factor should be considered also
for FLASH. Alternatively, the T1 bias can be tackled by
numerically optimized pulses that have a flat frequency
response.23 In addition, the bandwidth could be tailored
to suppress fat, however, at the cost of even longer pulses
than the rectangular pulses that we used.

4.3 Analysis of inter-scan CoV

The main purpose of this work was to investigate repro-
ducibility. Our proposed SC-EPI-MPM acquisition proto-
col achieved good reproducibility compared with FLASH.
At 3T, single measurement SC-EPI takes about one-fifth
of the TA of FLASH. With roughly half of the SNR, the
RMS-CoV of SC-EPI was 1.2–1.7 times larger than that
of FLASH for all parameters. R∗2 of SC-EPI even achieved
reduced CoV in both GM and WM (Figure 7). The cali-
bration of PD estimates of WM to 69% might lead to an
underestimation of CoV in WM and mitigate that in GM.
The observed CoV in deep brain GM regions, WM struc-
tures and whole-brain GM and WM was up to two times
lower than the intra-site RMS-CoV in a recent multicen-
ter dual-vendor study, which ranged from 2% to 10% for
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R1, 5% to 15% for MTsat, and 10% to 30% for R∗2 (out-
liers excluded).10 The group-average intra-subject CoV of
SC-EPI was also in the same order of magnitude as the
average intra-subject CoV of a FLASH-MPM protocol opti-
mized for the clinical routine acquired at 1.6 mm isotropic
resolution within 7 min.11 By averaging two SC-EPI scans,
or by reducing parallel imaging by a factor of two, a simi-
lar TA could be approached at 1 mm isotropic resolution,
while improving reproducibility. Thus, we conclude that
the presented SC-EPI-MPM protocol at 3T has the poten-
tial to be implemented in a multicenter study and clinical
research.

The reproducibility of MPM at 7T was reported in a pre-
vious study at 0.5 mm isotropic resolution without MTw
acquisition obtained within 20 min.50 The scan–rescan
CoV ranged from 4.2% to ∼8% for PD, from 6.5% to 16%
for R1, from 10% to 20% for R∗2 (outliers excluded). A
scan–rescan CoV improvement of more than 10% was
reported when engaging prospective motion correction
and dynamic B0 correction. In our study, the FLASH
protocol was modified based on the vendor FLASH
sequence toward sequence parameters similar to the
SC-EPI sequence at 7T. The RMS-CoV of the 1 mm 7T
FLASH protocol acquired in 4.5 min achieved good val-
ues across ROIs comparable to,50 although the overall level
was increased compared to that of the 3T FLASH. SC-EPI
at 7T, acquired in 2 min, showed a similar pattern of CoVs
across ROIs as at 3T, indicating a good reproducibility
at high field strength, except for MTsat. The RMS-CoV
of SC-EPI was ∼1.2 times larger than that of FLASH for
R1, while it was ∼0.8 times smaller than FLASH for R∗2.
Together with the reduced RMS-CoV of R∗2 at 3T, this is
a strong indication that the extended range of TEs (and
longer TRs) is beneficial in terms of R∗2 reproducibility.

As indicated before, MT pulse homogeneity at 7T
remains a problem in our study, even with the help of
dielectric bags. Different reference voltage and MT FA fur-
ther lead to variability of CoV in MTsat. Overall, this makes
a serious interpretation of RMS-CoV values for MTsat at
7T impossible.

Furthermore, the RF receive field correction for PD
map estimation at 7T was degraded by the limitations of
numerical post-processing methods and unreliable MTsat
estimation. Numerical estimation of the receive field bias
requires the WM and GM probability maps, which are
derived from the segmentation of the calculated MTsat
map within the hMRI toolbox.37 Therefore, the poor and
nonuniform soft tissue contrasts in MTsat maps and dif-
ferent MT saturation effect in different subjects may have
resulted in increased intra-scan CoV of PD and variability
across subjects at 7T for both FLASH and SC-EPI.

The inter-scan variability of R1 of all ROIs, on the other
hand, was very comparable, except for some data points in

pallidum (Figure 7). The slightly elevated CoV of SC-EPI
for R1 mainly came from reduced SNR. The time-match
SC-EPI single-subject data at 7T indicated higher repro-
ducibility, aligning with FLASH in both deep brain GM
regions, cerebral WM structures as well as whole-brain
GM and WM (Table 3). At 3T, even lower RMS-CoV values
than with FLASH seem possible, if more time is invested in
data acquisition by reducing parallel imaging or averaging.

Unlike previous studies,9–11 both R∗2 and MTsat showed
better reproducibility in our study. At 3T, RMS-CoV for
R∗2 was smaller than what was reported before10 across
most of the ROIs excluding some data points (of the same
subject) in the corpus callosum. Even in the hippocam-
pus, where both single-measurement SC-EPI and FLASH
shared the highest RMS-CoV for R∗2, they are still lower
than the intra-site CoV (24%–32%, outliers excluded) in a
previous study.10 The time-matched SC-EPI reached the
smallest RMS-CoV for R∗2 in most of the ROIs, e.g., 5.3%
in the hippocampus. Similar tendency was found in 7T
data sets with slightly increased overall CoV and variability
across subjects.

MTsat is sensitive to changes in MT pulse, field inho-
mogeneities or R1 values. In particular, it depends on the
power and offset frequency of the MT pulse.48 FLASH
showed relatively small RMS-CoV of MTsat at both 3T and
7T. SC-EPI had a decent performance at 3T, which is com-
parable to the previous study,10 but showed much higher
variability at 7T. The RMS-CoV of MTsat in whole-brain
WM and GM also indicated strong inhomogeneities,
among which only RMS-CoV values in WM at 3T were
found to be meaningful. Further studies on the reduction
of MT pulse inhomogeneity at ultra-high fields need to be
conducted, for example using Direct Saturation Control
(DSatC),51 which showed significant improvements at 7T.

4.4 Limitations and future prospects

To keep differences to the gold standard protocol small,
we did not optimize FAs for prolonged TRs, which could
be investigated in the future. Interestingly, preliminary
Monte-Carlo simulations for a range of typical T1 values
in the brain (Supporting Information Figure S4) suggest
that increasing FAs at longer TRs would barely alter pre-
cision (and therefore reproducibility), whereas longer TRs
(20–60 ms) at fixed FAs of 4◦ and 25◦, would increase pre-
cision and reduce bias at the same time compared to the
gold standard. Motion correction was not considered in
this study. Prospective motion correction has recently been
used for higher resolution MPM with great success.50,53

Furthermore, a weighted-averaging method has recently
been proposed to improve the stability of parameter maps
in regions, where artifacts induced by subject motion are
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assumed to show as increased R∗2 fit errors.54 This requires
at least two scans, which leads to even longer FLASH mea-
surements. Multiple fast SC-EPI scans in reasonable scan
time could benefit particularly well from this approach
compared to the plain raw data averaging performed in
this work for the time-matched comparison. This may
also help to mitigate the effect of physiological noise on
MPM. In fact, Figure 4 shows some apparent left–right
R1 asymmetry using SC-EPI and EPI-TM at 7T, which
may be attributed to respiration-induced local signal vari-
ation that can be observed in the corresponding raw data.
In this example, plain averaging with the second scan
(EPI-TM) did not entirely counterbalance the artifact of
the first scan. The weighted-averaging approach may min-
imize this bias better. Gradient echo sequences at late TEs
and ultra-high fields are particularly affected by physio-
logically induced field perturbations, and accounting for
field perturbations during image reconstruction improves
image quality and derived maps.50,55,56 Similar approaches
could be applied to SC-EPI as well. At ultra-high fields,
physiological noise becomes dominant over thermal noise
at comparably large voxel sizes of 1 mm3 such that smaller
voxel sizes for SC-EPI may be preferable.57,58 In a cur-
rent 7T project, we optimize joint SC-EPI-based MPM and
quantitative susceptibility mapping at 0.6 mm isotropic
resolution using parallel transmission,59 aiming to iden-
tify new imaging biomarkers that can detect early disease
manifestations.

5 CONCLUSIONS

We presented a novel, whole-head MPM acquisition at
1 mm isotropic resolution in less than 3 min using a
fast multi-contrast, multi-echo skipped-CAIPI 3D-EPI
sequence at 3T and 7T. Owing to high segmentation factors
and optimized parallel imaging, the SC-EPI-MPM protocol
at 3T (∼3 min) provides precise quantitative maps of PD,
R1, R∗2, and MTsat, even in deep brain regions, with high
reproducibility and without severe artifacts or distortions,
when compared with literature values obtained in much
longer scan time or using larger voxel sizes. At 7T, within
2 min decent parameter maps can be obtained; however,
reproducibility is degraded, not least due to ultra-high
field-specific challenges yet to be solved. Considering the
short TA, high resolution and good reproducibility, we
conclude that a SC-EPI-based MPM protocol can be trans-
lated into clinical research or longitudinal studies.
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TABLE S1 The scan–rescan RMS-CoV of all four parame-
ters in whole-brain GM and WM ROIs for all five subjects.
Outliers (enclosed in brackets), which exceed the first and
third quartile by more than 1.5 times the interquartile
range, are excluded from the mean and standard deviation
reported in Table 3. Extremely large MTsat RMS-CoV val-
ues in WM and GM at 7 T and in GM at 3 T are considered
unreliable.
FIGURE S1: Axial and sagittal slices of the FLASH MTw
images acquired with 0.4 ms short RF pulse (top) and
2.45 ms long RF pulse for water excitation (bottom). The
default non-selective RF pulse duration is 0.4 ms. The
shortest (left) and the longest (right) TE images are shown.

In this TE range, signal dropouts above the sinus are domi-
nated by the narrow-banded RF pulse. Up to a certain level,
signal bias quantification can be counterbalanced by the
proposed B0 correction. However, quantification results
will be inappropriate for too low SNR.
FIGURE S2: Parameter maps of SC-EPI, FLASH and
EPI-TM for a single subject scanned at 3 and 7 T (same
data as shown in Figure 4) viewed in sagittal orientation.
The MTsat map of FLASH at 7 T was multiplied by a
factor of 1.4. The f T (transmit field correction) maps are
shown along with difference to the conventional correc-
tion map without B0 correction, as well as the correspond-
ing off-resonance map, Δ𝜔. It shows that susceptibility
artifacts are mainly located around the sinus. In particu-
lar, the R∗2 maps using SC-EPI and EPI-TM show clearer
susceptibility-related bias in these regions, which may be
attributed to images with much longer TEs involved in the
fit (the raw weighted SC-EPI images at the shortest TE
do not show more susceptibility-induced artifacts than the
corresponding FLASH images, cf. Figure 3).
FIGURE S3: Phantom R1 and R∗2 results at 3 T. A homoge-
neous, single compartment phantom (top left) filled with
75.35% distilled water, 23% polyvinylpyrrolidone K30, 1%
agarose, and 0.65% NaCl was used. Measured by inver-
sion recovery and spin-echo spectroscopic sequences, bulk
ground truth relaxation times were estimated as T1 =
1.475 ± 0.015 s (R1 = 0.678 ± 0.007 s−1, the black dashed
line), T2 = 66.6 ± 0.18 ms. Accordingly, T∗2 < 66.6 ms, and
therefore R∗2 > 15.01 s−1 is expected. The bar plot (right)
shows the R1 and R∗2 estimates acquired with the MPM pro-
tocols of SC-EPI (blue), FLASH (orange) and FLASH with
TR and TEs matched to SC-EPI (FLASH-long TR, green).
Three circular ROIs, each containing 8697 voxels, were
chosen. The red line indicates the position and diameter of
each ROI (bottom left). The results are consistent with the
in-vivo results: R1 estimates of SC-EPI were ∼3.4% higher
than R1 estimates of FLASH. The R1 estimates acquired
with SC-EPI are closer to the ground truth R1 value of the
phantom. R∗2 estimates of SC-EPI were ∼8.0% higher than
R∗2 estimates of FLASH, which is consistent with the GM
results obtained at 3 T. The FLASH-long TR results seem
to better agree with SC-EPI results obtained with the same
TRs and TEs, suggesting a sequence parameter bias.
FIGURE S4: Results of MPM Monte-Carlo simulations
to estimate T1. Noise-free signals were generated for each
combination of TR and T1w flip angle 𝛼T1 in the displayed
range according to the ideal, perfectly-spoiled steady-state
equation with unity equilibrium magnetization and a
ground truth T1 = 1, 2, and 4 ms. The flip angle of PDw
signal was fixed at a gold standard 4◦ (left) and 6 (right).
20 000 instances of Gaussian noise with a standard devia-
tion of

√
2/1000 were added to both T1w and PDw (corre-

sponds to an SNR of 20–65 in the PDw image, depending
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on flip angles, TR and ground truth T1). From the cor-
responding signal magnitudes T1 was estimated using
Equation 9a in.35 The standard deviation refers to the pre-
cision of the T1 estimations. The percentage error refers
to the bias of the T1 estimation to the ground truth T1.
The 0.0-contour line in the percentage error plot indicates
the most accurate T1 estimation. Increasing flip angles at
longer TRs than the gold standard TR would alter pre-
cision, and therefore reproducibility, only little (e.g., at
TR = 40 ms, move upward from FA = 25◦). However,
longer TRs (30–60 ms) at fixed gold standard flip angles of
4◦ and 25◦, would increase precision and reduce bias at the
same time for a range of typical T1 values in the brain (e.g.,
at FA = 25◦, move to the right from TR = 20 ms).

FIGURE S5: PD maps in percentage units of SC-EPI,
EPI-TM and FLASH for a single subject at 3 T. The RF
receive field correction is done once by head coil-body
coil (HC-BC) method and Unified Segmentation (US).
The ratio of HC-BC over US indicates slight differences
between two methods in the order of ±5%.
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