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The Fast Spoiled Gradient Echo (FSPGR) sequence is often used inMRI to create T1-weighted images. The signal
intensity generated by this sequence depends on the applied flip angle. Knowing the correct flip angle is
essential for thedeterminationof T1-mapsbymeansof anFSPGRbasedVariable FlipAngle (VFA) approach.Also,
quantitativelydetermining the concentrationof contrast agent in case ofDynamicContrast EnhancedMRI (DCE-
MRI) requires knowledge of the applied flip angle. In both cases, the B1-field (in)homogeneity significantly
affects the results. In this paper, we present a new method to obtain both the T1-map and B1-inhomogeneity
map using scans that can each be acquired within a breath-hold. We combine two short sequences for T1
quantification: Variable Flip Angle and Look–Locker (LL). The T1-maps obtained from the LL data were used to
estimate the B1-inhomogeneity inherently present in the VFA data, which was then used to correct for the VFA
method’s inaccurateflip angles. Thisway, a reliable T1-map could be computed,whichwas validated using both
in vitro and in vivo scans. The in vitro results show that the procedure yields a substantially smaller mean
deviation in T1 from the T1 measurement’s gold standard (the Inversion Recovery method), while the in vivo
results showboth amore accurate estimation of T1 and a reduction of the influence of the B1-inhomogeneity on
the signal intensity.
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hie).
© 2015 Elsevier Inc. All rights reserved.
1. Introduction

The Fast Spoiled Gradient Echo sequence is a widely used MRI
technique, able to produce T1-weighted images within seconds. It
lies at the basis of the Variable Flip Angle (VFA) method, which is
used to estimate a tissue's T1-value. It is also employed in Dynamic
Contrast EnhancedMRI (DCE-MRI), a technique which visualizes the
response of tissues to the inflow of a contrast agent. As the inflow
and subsequent outflow of the contrast agent reflect the integrity of
the tissue’s vascularization, DCE-MRI is especially useful for
increasing the specificity in tissue characterization, staging of the
local extent of disease and biopsy planning, monitoring preoperative
chemotherapy and detecting recurrence [1–5]. The signal intensity
of an FSPGR sequence depends directly on the flip angle used. It is
essential to know the exact flip angle in order to make quantitative
measurements of the T1-value in an FSPGR based VFA method. For
the case of pharmacokinetic modeling with DCE-MRI, it is needed in
order to calculate the tissue contrast agent concentration reliably [6].
Because of its dependence on the flip angle, the FSPGR sequence is
inherently sensitive to B1-inhomogeneity effects. In this paper, a new
method is proposed for simultaneous T1-mapping and B1-field
correction by an advanced post-processing technique. The employed
MRI sequences are each acquired within a breath-hold.
1.1. Related work

A common method, and currently the gold standard, to estimate
the longitudinal relaxation time (T1) of a tissue of interest is the
Inversion Recovery method (IR) [7]. Despite the fact that it produces
T1-maps with high resolution and signal-to-noise ratio (SNR), this
method is impractical for some applications due to its long scan time.

A modification of IR is the Look–Locker (LL) method [8]. It uses an
inversion pulse similar to that of IR, followed by quickly repeated
small flip angle pulses. The signal is acquired after each pulse, thus
sampling the spins’ longitudinal magnetization as it relaxes back to
equilibrium. The longitudinal relaxation rate is slightly perturbed by
the pulse train, which is accounted for in the final T1 calculation. The
Look–Locker method has a much shorter acquisition time than IR
and is, just like IR, almost insensitive to space-variant B1-attenuation
effects (less than 5% deviation of T1 for realistic settings [9]). The
downside, however, is that if a short acquisition time per volume is
needed, both the SNR and the resolution can be quite low.
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Another method to estimate the T1-map is the Variable Flip Angle
(VFA) method [10]. VFA acquires images using a series of FSPGR
sequences with varying flip angles. The theoretical signal relation is
then fitted to the acquired signal, providing a T1-map. However,
the applied flip angle strongly depends on the exact strength of the
B1-field, making the technique very sensitive to any B1-field
inhomogeneity, which, if present, can result in a biased estimation
of T1. The inherently inhomogeneous nature of the B1-field
complicates automatic correction of the flip angle.

Amethod to compute aB1-inhomogeneitymap independently of T1
is to use VFA with flip angles around 180° [11]. Since a signal
null should occur at 180°, any deviation from 180° can be attributed to
B1-inhomogeneity effects. This method is not easily applicable in
clinical practice, due to the high energy deposition associated with
high flip angle FSPGR sequences (the energy deposition increases
quadratically with the flip angle). Alternatively, the B1-inhomogeneity
can be calculated with the Double Angle method [12]. This method
uses two FSPGR sequences, the second using double the flip
angle of the first, and employs trigonometric relations to estimate
the B1-inhomogeneity. The latter method requires a long scan time,
which can be undesirable in clinical practice, especially when the scan
must be acquired during a breath-hold. Furthermore, specialized
methods such as the Actual Flip Angle Imaging (AFI) method [13] and
theDREAMmethod [14] exist. Theymakeuse of specially tailoredpulse
sequences, designed such that a B1-inhomogeneity map can be
calculated from the acquired signal. The AFI method again requires a
long scan time, and thus cannot be done within a breath-hold. The
DREAMapproach ismuch faster, andproduces good B1-inhomogeneity
maps, but this has only been tested on a 3 T scanner. Generally, such
specialized methods are less often available on clinical scanners
without a research mode or sequence-developing capabilities.

1.2. Objective

This article aims to study the feasibility of a fast method to
simultaneously obtain an accurate pre-contrast T1-map as well as a
B1-inhomogeneity map. This is done by combining two short scans:
(1) a coarse Look–Locker based T1-scan, and (2) a VFA based T1
quantification. In fact, a low resolution T1-map, acquired with the LL
method, serves to correct the flip angle inaccuracies in a high
resolution VFA T1-map. As a result, the T1-map and the corrected flip
angle can be used together, for example in computing accurate
contrast agent concentration profiles from DCE-MRI data, for
quantitative pharmacokinetic analysis.

2. Methods

Thepresented technique to compute theT1- andB1-inhomogeneity
maps involves two MRI scans: one series of FSPGR sequences for the
VFA method, and one LL sequence. All scans were made with a 1.5 T
MRI scanner (Siemens Avanto).

2.1. Experimental material

The method was first applied in vitro to a home-built phantom
consisting of ten vials, each having a diameter of 3 cm. All but one
vial contained an aqueous solution with varying concentrations of
Gd DTPA (Magnevist, Bayer Schering Pharma, Berlin, Germany) as
well as a gelling agent (agar) to suppress free water movement. The
remaining vial contained air. All vials were mounted in a plastic box
filled with water doped with copper sulphate to reduce its T1- and
T2-times. For reference, the ten vials are labeled 1 to 10 column-wise,
starting at the top-left corner (see Fig. 1a). Second, the samemethod
was employed in vivo, on a healthy human male volunteer. The
pelvic region was selected as the region of interest. In this region, the
body movement due to breathing is minimal, while several different
types of tissue (muscle, fat, bone) are present. The absence of
movement allowed to obtain a reference T1-map by means of the
Inversion Recovery method (see below), which is not easily
achievable in moving body parts (e.g., in the upper parts of the
abdomen). Third and last, the method was employed on a second
healthy human male volunteer, with the central abdominal region
selected as the region of interest. Since this region is affected by
breathing motion, each scan was made during a period of breath-
hold. As a pre-processing step, all breath-hold volumes were
registered to each other using an in-house registration algorithm
based on the autocorrelation of local structures [15].

2.2. Look–Locker T1-map

The first step in the proposed method was to obtain a low-
resolution T1-map. The subjects were scanned with a 2D Look–Locker
sequence: an inversion pulse followed by eight small flip angle pulses
of α = 8° each, spaced by intervals of τ = 98 ms (phantom and first
volunteer), or τ= 80 ms (second volunteer), and a repetition time of
3000 ms. The phantom andfirst volunteerwere scannedwith amatrix
size of 128 × 104 pixels, seven slices (FOV: 400 × 325 × 30 mm3,
slice thickness = 2.5 mm), for a scan duration of 20 s per slice. The
second volunteer was scanned with a matrix size of 128 × 128 pixels,
six slices (FOV: 450 × 450 × 24 mm3, slice thickness = 4 mm), for a
scan duration of 18 s per slice.

The signal strength of a LL scan follows the theoretical relation:

S ¼ A 1−B � exp −τ=T�
1

� �� ��� �� ð1Þ

with

1
T�
1
¼ 1

T1
− ln cos αð Þð Þ

τ
ð2Þ

This relation was fitted to the measured signal, using a maximum
likelihood estimation algorithm, based on a Rician noise model. This
results in estimates for A, B, and in particular, T1. This algorithm is
part of an in-house software package [16] implemented in Matlab
(MathWorks, Massachusetts, USA).

2.3. Variable Flip Angle T1-map

Next, the subjectswere scannedwith aVariable FlipAngle protocol.
This protocol consisted of five FSPGR sequences using flip angles α of
1°, 3°, 5°, 7° and 9° respectively, with TR=4.74 ms and TE=2.38 ms.
The phantom and first volunteer were scanned with a matrix size of
256 × 184 × 36 voxels (FOV: 400 × 288 × 90 mm3, scan duration:
7 s per volume), the second volunteer was scanned with a matrix size
of 256 × 256 × 36 voxels (FOV: 450 × 450 × 144 mm3, scan dura-
tion: 7 s per volume). The repetition timewas chosen to keep the total
scanduration short,while the range offlip angleswas chosen to ensure
that the tissue’s expected Ernst anglewould likely fall inside this range.
The theoretical relation for the signal strength S in FSPGR imaging,
including a B1-inhomogeneity factor ζ, is given by [10]:

S ¼
N sin ζαð Þ 1− exp − TR

T1

� �� �

1− cos ζαð Þ exp − TR

T1

� � ð3Þ

The VFA T1-map was obtained by fitting Eq. (3) to the five FSPGR
images while assuming absence of inhomogeneities (ζ = 1).



Fig. 1. Top row: positioning and labeling of the ROIs in the 10 vials. Middle row:
positioning and labeling of the ROIs in the first human volunteer. Bottom row:
positioning of ROIs in the second human volunteer, for IR (left) and VFA/LL (right).
Red contains fat tissue, green contains muscle tissue.

Fig. 2. T1-maps of the phantom obtained with: (a) Inversion Recovery; (b) Look–Locker;
FOV: 400 × 288 mm2.
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2.4. B1-inhomogeneity map and VFA T1-map

Observe that the flip angle α is assumed to be linearly dependent
on the B1 variation [9]. In order to determine ζ, Eq. (3) was fitted to
the acquired VFA images (voxel by voxel), using the T1-map
obtained with the LL method for T1, and ζ and N as free parameters.
In other words, the amount of B1-variation was estimated by
checking howmuch the flip angles needed to be adjusted in order for
the VFA method to produce the same T1 as the LL method.

The initial ζ-map thus obtained is noisy due to the involvement
of the LL T1-map. The real ζ-map is, based on principles of physics,
expected to be smoothly varying. Hence, we fitted a low-order
polynomial to the data: a second order polynomial to the vials, a
fourth order polynomial in the first volunteer study, and a sixth
order polynomial in the second volunteer study, to match the
expected amount of structure in the region of interest within the
FOV in each case. Essentially this extracts the global trend. This
trend derived from the initial ζ-map is not affected by the local
signal fluctuations, since the latter cancel out while fitting a global
function. The fitting was performed by means of weighted least
squares regression, reinforcing the robustness by excluding outliers
based on the confidence in the corresponding ζ factor. Essentially,
the weights determined which points were taken into account in
the fitting.

In the in vitro case, the area outside the vials was manually
segmented and its confidenceweightwas set to 0. In thisway, artifacts
(points residing in the air andwater outside the vials) were discarded.
In the in vivo cases, the background was segmented by thresholding
the amplitude factors of the LL scan (A inEq. (1)) and theVFAscan (N in
Eq. (3)), and the weight set to 0. Subsequently, the confidence was
determined based on statistical grounds and prior knowledge.
Particularly, if ζ fell outside the range of a factor of two geometric
standard deviations from its geometric mean, or if the corresponding
T1 fell outside a physically expected range of 10 to 2000 ms, theweight
was set to 0; otherwise it was set to 1. A geometric metric (instead of a
‘regular’ arithmetic one) was used, since the B1-inhomogeneity is
assumed to have a multiplicative effect [9]. The former condition
served to exclude statistically unreliable points due to extreme noise
on the LL data; the latter condition aimed to discard physically
infeasible measurements. The resulting ζ-map after fitting served as
the final B1-inhomogeneity map.

Finally, Eq. (3) was fitted to the measured VFA data using the
fitted B1-inhomogeneity map as fixed ζ, with T1 and N as
free parameters. Essentially, the fitted ζ-map compensated for the
B1-effects normally present when using the VFA method. Herewith,
the corrected VFA T1-map was obtained.

Note that the larger pixel sizes in the LL data make those pixels
contain multiple tissues. These so-called partial volume effects occur
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(c) uncorrected Variable Flip Angle; (d) corrected Variable Flip Angle. Units are [ms]
.

image of Fig.�2


0.5
0.6
0.7
0.8
0.9
1
1.1
1.2
1.3
1.4
1.5

Fig. 4. (a) B1-inhomogeneity map of the phantom. FOV: 400 × 288 mm2. (b) Binary
weight map used for fitting (black = 0, white = 1). (c) Fitted B1-inhomogeneity
map. Images (b) and (c) are zoomed in to the rectangular area displayed in (a); FOV
200 × 144 mm2.
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Fig. 3. Comparison of T1 estimation methods in vitro. The data points denote themean
T1 inside circular ROIs (6 pixel radius, 1 slice thick) in the centers of each vial. The erro
bars denote one standard deviation. The data points (from left to right) correspond to
vials: 9, 8, 3, 2, 1, 7, 4, 10 and 6. For clarity, the data points from the LL method have
been shifted slightly to the left, as to prevent occlusion by other data points.

Table 1
Comparison of the four used methods for T1 quantification in vitro showing the mean
difference (MD) from the reference method (IR), as well as each method’s root mean
variance (RMV), both averaged over the vials.

Method MD (ms) RMV (ms)

IR 0.000 7.005
LL 46.98 183.0
VFA (uncorrected) −155.5 23.53
VFA (corrected) 32.61 37.54
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predominantly at boundaries between tissues, and produce errone-
ous values for ζ: too high for one tissue, and too low for the other.
Such voxels are discarded as outliers. Generally, the number of
voxels near boundaries is small compared to the total number of
included voxels. Hence, the effect they have on the final outcome
after regression with a low-order polynomial is negligible.

2.5. Inversion Recovery, reference T1-mapping

For the phantom and first volunteer, a reference T1-map was
acquired using an Inversion Recovery scan. The region of interest
was scanned six times, each with a repetition time of 7000 ms,
inversion times of 50, 150, 300, 600, 1500 and 2000 ms respectively,
and a matrix size of 256 × 184 × 18 voxels (FOV: 400 ×
288 × 85 mm3, slice thickness: 2.5 mm). The duration of each scan
was 275 s, bringing the total IR scan time to 27.5 min. A mono-
exponential recovery curve was fitted to the measured intensities,
providing a T1-map to be used as gold standard. The theoretical
relationship between the IR signal and T1 is similar to Eq. (1), but
with a fixed B = 2 and with T1⁎ = T1. For the second volunteer,
breathing motion made the use of a lengthy Inversion Recovery scan
infeasible in the upper abdominal region. Instead, a scan of the lower
abdomen was performed to get the IR reference T1-map, using
the same inversion times. In this case, the repetition timewas6700 ms,
and the matrix size was set to 256 × 256 × 18 voxels (FOV:
450 × 450 × 136 mm3, slice thickness: 4 mm).

2.6. Statistical analysis

A circular ROI, 20 mm in diameter, was manually positioned
inside each of the vials in the reference IR scan (see Fig. 1a). Likewise,
:

ten circular regions, 20 mm in diameter, were drawn at represen-
tative, homogeneous positions in the IR scan of the first volunteer
(see Fig. 1b). The data from these in vitro and in vivo experiments
were separately analyzed. The average T1-values from the uncor-
rected VFA, the corrected VFA and the LL scans in each region were
compared to the average T1-values estimated from the IR scan by
means of a two-tailed, paired t-test. Subsequently, the pooled
variance of the ROIs was calculated. The pooled variances from the
uncorrected VFA, the corrected VFA and the LL scans were compared
to the pooled variance from the IR scan by means of an F-test. For the
second volunteer study, regions of fat and muscle tissue were
manually segmented in the VFA T1-map of the upper abdomen, and
the IR T1-map of the lower abdomen. The regions were chosen to lie
in the overlapping area. The mean T1-values of these regions were
then compared to each other with a z-test. In all cases, a p-value
b0.05 was considered to indicate a significant difference.

3. Results

3.1. In vitro T1-maps

The T1-maps made using IR, LL, uncorrected and corrected VFA
are shown in Fig. 2a–d respectively. Notice the lower resolution
(larger pixel sizes) and increased noise (e.g., vials 3, 6, 10) of the
LL T1-map (Fig. 2b). Additionally, observe that the uncorrected VFA
T1-map shows an underestimation of the T1-values compared to the
IR T1-map (e.g., compare vial 6 in Fig. 2a and c).

A comparison of the T1 values in the ROIs estimated by the four
methods is shown in Fig. 3, using the T1 values found with Inversion
Recovery as reference standard. Estimating the T1-value of vial 5
(containing air) failed with each method. Therefore, a meaningful
comparison could not be made, and vial 5 was excluded from
further analysis.

Themean difference from IR and the rootmean (pooled) variance
of each method, both averaged over the vials, are shown in Table 1.
The average T1-values from the proposed method did not differ
significantly from the IR values (p= 0.099). The estimated T1-values
of the uncorrected VFA scan differed significantly from IR (p =
0.003). Comparing the four methods’ variances, averaged over the
nine included vials, all differed significantly from each other
(p b 0.05), with the exception of the variances of the uncorrected
and corrected VFA (p = 0.18).

3.2. In vitro B1-inhomogeneity maps

The initial ζmap obtained by fitting Eq. (3) in each pixel is shown
in Fig. 4a. The mean value for ζ inside the regions of interest was
79.3%, with a standard deviation of 10.7%. The binary weights that
were used in the fitting of the low-order polynomial are shown in
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Fig. 5. T1-maps of a human male pelvis obtained with: (a) Inversion Recovery; (b) Look–Locker; (c) uncorrected Variable Flip Angle; (d) corrected Variable Flip Angle. FOV
450 × 450 mm2.
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Fig. 4b. Observe that several points considered unreliable occur
within the vials. These points are discarded due to noise on the LL
data. After fitting the low order polynomial to the B1-inhomogeneity
map (Fig. 4c), themean value for ζ inside the vials is almost the same
as before (77.4%), but the standard deviation has decreased to 0.7%.

3.3. In vivo T1-maps

The T1-maps made using IR, LL, uncorrected and corrected VFA of
the first volunteer study are shown in Fig. 5. Notice that the
uncorrected VFA T1-map shows a spatially varying value for T1, i.e.
the values increase from the image border inwards (indicated by the
arrows), which is not seen on the IR T1-map. This reflects the location
dependency of the ζ-factor. Also, there is a global underestimation of
the T1-value obtained with the uncorrected VFA method, as the
colours are generally darker (lower T1-values).

A comparison of the T1-values in the ROIs estimated by the four
methods is shown in Fig. 6, again using the T1 values from IR as the
reference standard. The mean difference from IR and the root mean
(pooled) variance of each method, both averaged over the vials, are
collated in Table 2. The average T1-values from the proposedmethod
did not differ significantly from the IR values (p N 0.084). The
estimated T1-values of the uncorrected VFA as well as the LL scan did
differ significantly from IR (p = 0.0016, p = 0.0017 respectively).
The four methods’ variances, averaged over the 10 ROIs, all differed
significantly from each other (p b 0.05), with the exception of the
variances of the uncorrected and corrected VFA (p = 0.37), and the
variances of the uncorrected VFA and IR (p = 0.12).
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ig. 6. Comparison of T1 estimation methods in vivo. The data points denote the mean
1 inside circular ROIs (6 pixel radius, 1 slice thick). Error bars have been omitted for
larity; an indication of the variance per method is shown in table 2.

Table 2
Comparison of the four used methods for T1 quantification in vivo, showing the mean
difference (MD) from the reference method (IR), as well as each method’s root mean
variance (RMV), both averaged over the ROIs.

Method MD (ms) RMV (ms)

IR 0.000 57.09
LL 150.8 438.7
VFA (uncorrected) −199.0 95.08
VFA (corrected) −37.33 127.6
F
T
c

:

For the second volunteer study, the reference T1-map of the lower
abdomen is shown in Fig. 7a. The T1-maps of the upper abdomen,
obtained with the other three methods, are shown in Fig. 7b–d. The
location of the IR T1-map was chosen to be different from the other
three methods, because the presence of breathing motion makes a
lengthy IR scan infeasible in the upper abdomen. The mean T1,
standard deviation, and median T1 of both muscle tissue and fat
tissue are shown in Table 3.

For muscle tissue, the values of T1 estimated by the proposed
method did not differ significantly from IR (p = 0.77), while the
uncorrected VFA did differ significantly from IR (p = 0.026). For fat
tissue, none of the values of T1 differ significantly from each other. A
minor decrease of T1 can be observed between IR and corrected VFA
methods, however, this decrease is not significant (p = 0.26).

3.4. In vivo B1-inhomogeneity maps

The initial ζ-map computed in the first volunteer study is shown
in Fig. 8a. The corresponding binary weights for the polynomial
regression are shown in Fig. 8b. Most of the discarded points (black
in Fig. 8b) were rejected based on the geometric distance criterion
(see above), i.e., considered to emanate from noise on the LL data.
The black spot at the bottom left emanates from sheer signal loss.
The B1-inhomogeneity map obtained using weighted polynomial
regression is shown in Fig. 8c. In the fitted B1-inhomogeneity map,
the inhomogeneous nature of the B1 field becomes clear: the value
for ζ in the center has a value of 105%, while it decreases to 70% near
the top and bottom following a bell-shaped profile.

For the second volunteer study, the initial ζ-map, the binary
weights, and thefitted ζ-mapare shown in Fig. 9. As before, the location
dependency of the B1-field is visible. However, in this case, an increase
infield strength is observed,with thevalue for ζ reaching 130%near the
center. This is also reflected in the uncorrected VFA T1-map (Fig. 7c):
the T1-values in muscle tissue are higher than expected.

4. Discussion

4.1. In vitro experiments

Comparing the four methods’ estimated T1-values inside the
vials, one observes that the corrected VFA method yields a smaller
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Fig. 7. T1-maps of a humanmale lower andupper abdomen, obtainedwith: (a) Inversion
recovery (lower abdomen); (b) Look–Locker (upper abdomen); (c) uncorrected
Variable Flip Angle (upper abdomen); (d) corrected Variable Flip Angle (uppe
abdomen). Note that the T1-map in (a) is shifted downwards to match the anatomy o
the other three T1-maps. FOV: 450 × 450 mm2.

Table 3
Comparison of T1 values estimated by IR, LL, uncorrected and corrected VFA, fo
muscle and fat tissue.

Muscle tissue T1 (ms) Fat tissue T1 (ms)

Method Mean St. Dev. Median Mean St. Dev. Median

IR 695.2 100.5 687.2 269.4 26.8 268.9
LL 1357 2155 666.5 265.7 171.9 247.6
VFA (uncorrected) 1100 151 1102 210.0 65.3 209.5
VFA (corrected) 735.8 96.6 732.7 199.8 55.6 197.0
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Fig. 8. (a) B1-inhomogeneity map of a humanmale pelvis. (b) Binary weightmap used
for fitting (black = 0, white = 1). (c) Fitted B1-inhomogeneity map. FOV
450 × 450 mm2.
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systematic error than both the LL and the uncorrected VFA, while
maintaining an acceptable variance level. The difference between the
T1-values of the corrected VFA technique and IR was not significant
(p = 0.099), whereas the pooled variance of the corrected VFA
technique was significantly lower than the pooled variance of the LL
approach (p = 0.0001). As such, the B1-inhomogeneity map
corrected for the attenuation in the applied flip angles.

The averages of the estimated values for T1 inside the vials
obtained with the Look–Locker method and those obtained from the
gold standard (IR) were not significantly different (p = 0.22). The
significantly higher variance of the estimated LL T1-values
(p b 0.0001) was expected, because of its lower SNR. This is a result
of the short acquisition time per volume, which is required to keep
the total scanning time within one breath-hold.

The B1-inhomogeneity map shows a smooth field near the vials,
while it diverges towards the edges. The consequence of this effect
can also be seen near the edges in the corrected T1-map. This
divergence is a direct result of the weights used for the polynomial
fit: there are no reliable data points in the surrounding water that
can guide the polynomial, so the values for ζ are solely based on
extrapolation. Clearly, this behavior does not affect the correction
inside the ROIs.

4.2. In vivo experiments

An insignificant difference between corrected VFA and IR
measurements of T1 was observed in the first in vivo experiment
r

:

(p = 0.084), and likewise in the second in vivo experiment for fat
tissue (p = 0.26) and for muscle tissue (p = 0.77). As such, both the
systematic error and the bell-shaped profile were removed in the
corrected VFA T1-maps. What is more, for the first volunteer study,
the pooled variance of the corrected VFA T1-map was significantly
lower than the pooled variance of the LL T1-map (p = 0.0006).

Furthermore, the results of both in vivo studies show an increase
of T1 from LL compared to IR, which is caused by outliers in T1
emanating from the noise on the raw LL data. However, the median
T1 from LL appears to remain unchanged. The LL T1-map is used in
the calculation of the B1-inhomogeneity map, and since outliers in T1
are likely to cause outliers in ζ, these points will be rejected. This
makes that the corrected VFA map accurately corresponds to the IR
T1-map, despite the significant difference between the T1 values of LL
and IR.

In both in vivo studies, a bell-shaped profile from top to bottom
(indicated by the arrows in Fig. 5c) can be observedwhen comparing
the uncorrected VFA T1-maps with IR. This bell-shaped profile was
not visible in the in vitro results, which may be due to the compactly
clustered arrangement of the vials in the center of the field of view,
or due to the reduced generation of standing electromagnetic waves
inside the phantom as a result of the rf-pulses [17]. Observe that the
bell-shaped profiles were removed in the corrected VFA T1-maps.
4.3. Limitations

A limitation of our work is that the scanning parameters used in
the LL and VFA scans were optimized for the range of T1 values that is
expected to occur in our application: from approximately 100 to
1000 ms (at 1.5 T). For the LL scans, the timing of the small flip angle
pulses was chosen such that the theoretical zero-crossing of the
signal would occur during acquisition, whereas for the VFA scans, the
range of flip angles was chosen such that the expected Ernst angle
would fall within this range. If a local T1-value falls outside this
range, which is the case for free water, fitting the data fails, resulting
in an erroneous T1 estimate. This effect can be seen in the water
surrounding the vials in the phantom scan, but is not an issue for
our application.

Second, ourmethodworks under the assumption that the B1-field
is smoothly varying. If this is not the case, for example when the
magnetic susceptibility changes rapidly, the smoothing inherent to a
low order polynomial fit will result in a B1-inhomogeneity map that
does not account for this behavior. This means that in these regions,
the T1-value will be incorrect. This effect can be mitigated by tuning
the order of the polynomial fit: higher orders will allow more rapid
changes, but may also cause tissue dependent behavior, fitting to
noise artifacts, and erroneous interpolation or extrapolation. Practi-
cally, we have found that a 4th or 6th order polynomial matchedwell
in several subjects.
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Fig. 9. (a) B1-inhomogeneity map of a human male upper abdomen. (b) Binary weight map used for fitting (black = 0, white = 1). (c) Fitted B1-inhomogeneity map. FOV
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Last, we did not explicitly assess the accuracy of the B1-
inhomogeneity map (ζ). However, the value of ζ determines the
value of T1 produced by the corrected VFA method in a one-to-one
relation. This one-to-one property results from the fact that the value
of ζ uniquely defines the apparent Ernst angle. In turn, the apparent
Ernst angle is uniquely associated with the value of T1. Therefore, the
fact that the differences between the T1-values obtained by IR (gold
standard) and the corrected VFA are insignificant indicates that the
correct value of ζ has been obtained.

5. Conclusion

We proposed a fast method for estimation and correction of the
B1-inhomogeneity in FSPGR sequences that requires only two
relatively short MRI scans. The data from the two scans (LL and
VFA) are combined to produce a T1-map of comparable quality as a
T1-map obtained using the conventional VFA method, while
correcting for possible attenuation of the B1-field. In addition, the
B1-attenuation itself is estimated, which can be used to correct the
flip angle of other scans based on the FSPGR sequence (e.g., a DCE-
MRI scan). Essentially, the proposed method combines the best of
two worlds: the high resolution of the VFA method, and the B1
stability of the LL technique.
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