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The reversible transverse relaxation rate, R2′, is sensitive to the deoxyhaemoglobin content of brain tissue, en-
abling information about the oxygen extraction fraction to be obtained. However, R2′ is also sensitive to macro-
scopic magnetic field gradients, particularly at air-tissue interfaces where a large susceptibility difference is
present. It is important that this latter effect is minimised in order to produce meaningful estimates of blood ox-
ygenation. Therefore, the aim of this studywas to implement a technique to prospectively correct for the effect of
susceptibility induced magnetic field gradients on R2′ weighted data. This was achieved by combining the
Gradient-Echo Slice Excitation Profile Imaging (GESEPI) techniquewith anAsymmetric Spin Echo (ASE) pulse se-
quence. Themain advantages of this approach are (i) shorter acquisition times, since a separately acquiredmag-
netic field map is not required and (ii) simpler analysis, since retrospective correction for the effects of magnetic
field gradients in postprocessing is not required. In these experiments we show that with this newly developed
technique it is possible to correct themajority of greymatter voxels for the expected distribution of through-slice
magnetic field gradients to produce maps of R2′ in a short scan duration.

© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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Introduction

Measurements of the reversible transverse relaxation rate, R2′, are
commonly used to extract information about the deoxyhaemoglobin
content of brain tissue (Fujita et al., 2003). This information has been
used to calibrate the BOLD response (Blockley et al., 2012, 2015) or,
when combined with information about the deoxygenated blood
volume (DBV), measure the resting oxygen extraction fraction (OEF)
(An and Lin, 2000; He and Yablonskiy, 2007). This is possible because
R2′ is sensitive to the magnetic field inhomogeneity that results from
the susceptibility difference between deoxygenated blood in the vessels
and the tissue that surrounds them. The same principle has also been
used to assess brain iron concentration using measurements of R2′
(Ordidge et al., 1994; Sedlacik et al., 2013). However, R2′ is also sensitive
tomacroscopicmagneticfield inhomogeneity on the scale of the head, par-
ticularly due to susceptibility differences at air–tissue interfaces such as the
nasal sinuses and ear canals. Left uncorrected the specificity of measure-
ments of R2′ to deoxyhaemoglobin is reduced andderived physiological es-
timates may become a function of the homogeneity of the magnetic field.

R2′ is most commonly measured using the Gradient Echo Sampling
of Spin Echo (GESSE) (Yablonskiy, 1998), Gradient Echo Sampling of
FID and Echo (GESFIDE) (Ma and Wehrli, 1996) or Asymmetric Spin
rtment of Clinical Neurosciences,
ord, OX3 9DU, UK.
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Echo (ASE) (Wismer et al., 1988) pulse sequences. The image contrast
in GESSE and GESFIDE is not only weighted by R2′, but also by R2 —
the irreversible transverse relaxation rate. These effects can be separat-
ed using characteristics of the R2′ weighted signal decay, such as
symmetry with respect to the spin echo (An and Lin, 2000) or quadratic
exponential decay of the signal around the spin echo (He and
Yablonskiy, 2007). In contrast the ASEmethod allows the R2′weighting
of images to be manipulated with constant R2 weighting (An and Lin,
2003). This enables R2′ to be fitted directly without assumptions of
symmetry or needing to acquire images close to the spin echo. However,
tomeasure the OEF the latter datamay still be required to estimate DBV
(An and Lin, 2000; He and Yablonskiy, 2007).

All of these methods are sensitive to the effects of susceptibility
inducedmagnetic field gradients (MFGs) due tomacroscopic field inho-
mogeneity i.e. enhanced signal attenuation leading to elevated esti-
mates of R2′. Typically this effect is corrected retrospectively using a
magnetic field map (Yablonskiy, 1998). However, the accuracy of this
approach is dependent on the quality of the magnetic field map, often
necessitating the separate acquisition of a high resolution field map
(He and Yablonskiy, 2007). Alternatively, there are two approaches for
reducing signal loss due to through-slice MFGs during data acquisition;
either reducing the slice thickness or through the application of a com-
pensatory gradient. The former approach exploits the fact that the signal
attenuation due to a through-slice MFG is non-linearly dependent on
slice thickness (Yablonskiy, 1998). Therefore, averaging multiple thin
slices with equivalent coverage to a single thick slice will reduce signal
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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attenuation. We previously used this technique, known as SubSlice AV-
Eraging (SSAVE) (Wadghiri et al., 2001), to demonstrate the potential of
R2′ calibrated BOLD (Blockley et al., 2015). Alternatively compensatory
gradients may be used, as previously demonstrated in an R2′ mapping
study of iron deposition in the brain (Ordidge et al., 1994). This tech-
nique, most commonly known as z-shimming, works by collecting a
series of images with different modifications to the amplitude of the
rephasing gradient that follows slice selection (Frahm et al., 1988).
The modified rephasing gradient amplitude enables local magnetic
field gradients to be compensated, but will also produce signal attenua-
tion in regions of the brain where MFGs are minimal. Therefore the re-
sultant dataset must be combined in such a way as to preserve the
optimal signal at each voxel location (Constable, 1995; Ordidge et al.,
1994). Alternatively the modification of the rephasing gradient can be
considered as phase encoding in the third dimension. In this interpreta-
tion z-shimming is equivalent to high resolution 3D imagingwhereby a
Fourier transform is used to integrate over the z-shim levels. This idea
was exploited in the Gradient Echo Slice Excitation Profile Imaging
(GESEPI) technique, which is essentially a 3D sequence oversampled
in the slice direction (Yang et al., 1998). Encoding multiple thin slices
in this way reduces the signal to noise ratio (SNR) of the resultant
images and therefore several slices are typically averaged together to
improve SNR.

The aim of this studywas to implement a technique to combine pro-
spective correction of susceptibility induced MFGs with direct acquisi-
tion of R2′ weighted images. This was achieved by combining the
GESEPI technique with an ASE pulse sequence, which we term GESEPI
ASE (GASE) (see Fig. 1). The main advantages of this approach are
(i) shorter acquisition times, since a separately acquired magnetic
field map is not required and (ii) simpler analysis, since retrospective
correction for the effects of magnetic field gradients in postprocessing
is not required. In these experiments we show that the GASE pulse
sequence is able to reduce the effect of susceptibility induced MFGs on
maps of R2′ in a short scan duration.

Methods

The implementation of GASE was performed in three steps. Firstly,
the sequence was tested in a standard phantom with MFGs imposed
by perturbing the linear shim gradients of the scanner. Secondly, the
Fig. 1. Pulse sequence diagram of the GESEPI ASE (GASE) technique. ASE: The 180°
refocussing pulse is shifted by a time τ/2 resulting in the formation of a spin echo at
time τ before the centre of the readout. A range of τ values are acquired to introduce
different degrees of R2′ weighting. However, since TE is constant the degree of R2

weighting is constant. GESEPI: In-plane phase encoding is supplemented by phase
encoding in the z (slice) direction. The maximum z phase encoding value determines
the maximum through slice magnetic field gradient (MFG) that can be compensated.
maximum MFG that can be compensated by GESEPI is determined by
the maximum phase encoding gradient moment in the z-direction
and the spin echo displacement time, τ. In practice, a range of τ values
are employed tomodulate the R2′weighting of images in an ASE exper-
iment. Therefore, the sequence must be optimised for the worst case
scenario i.e. the maximum MFG in the region of interest and the maxi-
mum τ value. The maximum τ in these experiments was 30 ms, but
the maximum z-gradient was unknown. To examine the magnitude of
these MFGs high resolution magnetic field mapping was performed in
a small cohort of subjects. Finally, informed by this analysis several
GASE variants were tested on a separate cohort of subjects and com-
pared with the standard ASE sequence.

Imaging

All imagingwas performed on a Siemens Verio 3T scanner (Siemens
Healthcare, Erlangen, Germany) using the body transmit coil and a 32
channel receive coil. Healthy volunteer subjects were scanned under a
technical development protocol agreed with local ethics and institu-
tional committees. Slices were acquired parallel to the AC–PC line and
therefore locations in the following text are described with reference
to the slice position, i.e. superior–inferior (SI) is used synonymously
with the z-axis (through-slice), anterior–posterior (AP) with the y-
axis and left–right (LR) with the x-axis.

For the field mapping experiments, high resolution images were ac-
quired using a 2D FLASH method with FOV 240 mm, 192 × 192 matrix,
slice thickness 2mm, slice gap 0.5mmand 75 slices. The repetition time
(TR)was set to 1000ms and two echoes were acquiredwith echo times
(TE) of 5.19ms and 7.65ms giving a TE difference of 2.46ms. Two signal
averages were acquired.

ASE andGASE datawere acquiredwith a common set of parameters;
a field of view (FOV) of 240 mm, slice/slab thickness 5 mm, slice/slab
gap 2.5 mm, 20 slices/slabs, TR 3000 ms and TE 44 ms. Slices/slabs
were acquired in an interleaved order and phase encoded in the AP di-
rection. Raw data were Hanning filtered prior to reconstruction. Six dif-
ferent R2′ weightings were acquired with τ values of 15, 18, 21, 24, 27
and 30 ms. To be clear, in the standard ASE sequence multiple 5 mm
thick 2D slices were acquired, whereas in the GASE variants multiple
5 mm thick 3D encoded slabs were acquired. The degree of this z-
encoding is described below for each variant.

In addition, T1 weighted structural scans were acquired for co-
registration and segmentation purposes using a 3D Magnetisation
Prepared Rapid Acquisition Gradient Echo (MPRAGE) sequence
(Mugler and Brookeman, 1990). The following sequence parameters
were used; 192 × 192 × 174 matrix, resolution 1 × 1 × 1 mm3, TR
2040 ms, TE 4.7 ms, inversion time (TI) 900 ms and flip angle 8°.

GESEPI MFG compensation

The maximum MFG compensation provided by the GESEPI tech-
nique is determined by the maximum phase encoding gradient mo-
ment. In the presence of an opposing susceptibility induced MFG this
enables the centre of the echo to be captured within the sampling
window. The magnitude of this gradient moment is determined by
the voxel dimension, Δz. Therefore, a local susceptibility induced MFG,
GMFG, will only be compensated for a given τ value when,

GMFG τð Þ≤ π
γΔzτ

ð1Þ

where γ is the proton gyromagnetic ratio (267.5 × 106 rad s−1 T−1)
(Reichenbach et al., 1997). Beyond this critical value of GMFG the centre
of the echowill begin to exit the samplingwindowand the signalwill be
rapidly attenuated. In contrast, for two dimensional slice selective
images, signal attenuation is always present when GMFG ≠ 0. Under the
assumption of a rectangular slice profile and a linear through-slice
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gradient the relative signal attenuation, |F(τ)|, can be described by a
sinc function (Yablonskiy, 1998).

F τð Þj j ¼ sin γGMFGΔzτ=2ð Þ
γGMFGΔzτ=2

�
�
�
�

�
�
�
�

ð2Þ

Four variants of the ASE sequence were used, henceforth referred to
as ASE, GASE 4, GASE 8 and GASE 128. The ASE variant consisted of a
standard 2D EPI acquisition without correction for MFGs in the z-
direction. Therefore, following (2), non-zero values of GMFG will lead
to signal attenuation. Images at each τ value were averaged over 8 rep-
etitions. The GASE 4 variant included GESEPI correction by phase
encoding each 5 mm slice into 4 partitions in the z-direction, each
1.25 mm thick. From (1) the critical value of GMFG in the z-direction at
the maximum τ value is GMFG(τ = 30 ms) = 313 μT m−1. GASE 4 was
acquired with 100% partition oversampling to prevent aliasing in the
z-direction and resulting in the acquisition of 8 partitions per τ value.
The scan duration of the ASE and GASE 4 variants was 2 min 24 s. The
GASE 8 variant doubled the number of partitions to 8, eachwith a thick-
ness of 0.63 mm, to give a critical value of GMFG(τ = 30 ms) =
621 μT m−1 in the z-direction. To investigate the potential for compen-
sating in-plane MFGs a further variant was tested, GASE 128. Whilst
Eq. (1) was derived for phase encoding in the z direction, this equation
holds more generally for in-plane phase encoding (y) and frequency
encoding (x) (Reichenbach et al., 1997).

In‐plane phase encoding : GMFG τð Þ≤ π
γΔyτ

: ð3Þ

Frequency encoding : GMFG τð Þ≤ π
γΔxτ

: ð4Þ

Therefore, increasing the in-plane resolution for the same field of
view will increase the maximum MFG that can be compensated (i.e.
by enabling the shifted centre of k-space to be capturedwithin the sam-
pling window). Since an echoplanar acquisition is used in these experi-
ments this approach may be limited where MFGs are particularly large
in one of these dimensions leading to shearing of the k-space trajectory
(Weiskopf et al., 2007). GASE 128 was based on GASE 4, but with a
segmented 128 × 128 matrix (2 shots, EPI factor 64). This increase in
resolution represents a doubling of the in-plane compensation for
MFGs; in-plane GMFG(τ = 30 ms) = 104 μT m−1 for 64 × 64 matrix
versus in-plane GMFG(τ = 30 ms) = 208 μT m−1 for 128 × 128 matrix.
In addition the following parameters were altered: TE 50 ms and band-
width 1954 Hz/px. Both GASE 8 and GASE 128 retain 100% partition
oversampling and since both also require twice as many TR periods,
the scan duration of these variants was 4 min 48 s.

Phantom experiments

The effectiveness of the GESEPI correction was first tested using an
agar gel phantom based on the design proposed by the Functional
Bioinformatics Research Network (FBIRN) consortium (Friedman and
Glover, 2006). Due to the homogenous construction of the phantom,
aside from the presence of small bubbles, signal decay is dominated
by T2 processes. Therefore, under the assumption that the phantom is
well shimmed, shifting the refocusing pulse in the ASE pulse sequence
should have only a minimal effect on the measured signal amplitude.
The phantom was placed in the centre of the receive coil, which was
then placed at the isocentre of the magnet. Shimming was performed
using the manufacturer's standard image based shimming procedure.
A single axial slice through the centre of the phantom was prescribed
and images were acquired using the standard ASE acquisition and the
GASE 4 protocol. The shim values were then manually changed to im-
pose a gradient across the imaging slice of approximately 100 μT m−1.
The ASE and GASE 4 protocols were then re-run.
The following pre-processing steps were performed. ASE data were
averaged over the 8 repeats at each τ value. For GASE 4 the oversampled
partitionswere discarded and the central 4 partitions averaged at each τ
value. Linear regression of the log magnitude signal versus τ was used
(Eq. (5)), assuming constant R2 signal weighting, to estimate constant
and R2′ terms.

S ¼ S0e−TER2e−τR0
2 ð5Þ

MFG mapping

High resolution field mapping was performed to assess the magni-
tude of the susceptibility induced MFGs in the average subject. Four
healthy volunteers were recruited (age range 23–29 years old, 2 fe-
males) and underwent the field mapping protocol detailed above. FSL
tools were used to prepare and regularise the fieldmaps using a Gauss-
ian smoothing kernel with σ = 1 mm (Jenkinson et al., 2012). Further
processing was performed in MATLAB (The Mathworks, Natick, MA)
to calculate the gradient of the magnetic field maps numerically using
a central differences approach (gradient function in MATLAB) in units
of μT m−1. Gradients were calculated for each of the three orthogonal
axes of the prescribed imaging volume, i.e. z-axis approximately in
the foot–head direction, y-axis in the anterior–posterior direction and
x-axis in the left–right direction. Slices were placed parallel to the AC–
PC line for consistency across subjects. Group maps were created by
non-linear registration of the brain extracted (Smith, 2002) magnitude
FLASH images to MNI152 space (Mazziotta et al., 2001) via a structural
scan (Jenkinson et al., 2002, 2012).

A voxel level analysis of the magnitude and distribution of suscepti-
bility induced MFGs was performed. Regions of interest (ROIs) were
generated from theMNI structural atlas (Collins et al., 1995) and trans-
formed into thenative space of each subject'sfieldmap. These structural
ROIsweremaskedwith a greymattermask created from automatic seg-
mentation of the structural scan using FAST (FMRIB's Automated Seg-
mentation Tool) (Zhang et al., 2001). ROIs were formed for the frontal,
insula, occipital, parietal and temporal cortices plus the cerebellum. Fur-
thermore a cortical region of interest was generated by combining all of
the regions excluding the cerebellum. Due to the skewed distribution of
the measured MFGs the following percentiles were calculated: 0.5%,
2.5%, 25%, 50% (median), 75%, 97.5%, 99.5%.

GASE experiments

ASE and GASE data were acquired in six healthy subjects (age range
23–41, 2 females). All three variants of the GASE sequence were
acquired, plus an uncorrected ASE data set. Slices were prescribed to
cover the whole brain and the same prescription was used for all four
scans.

Similar pre-processing steps to the phantom experiments were
followed. ASE data were averaged over the 8 repeats at each τ value
and GASE data was averaged over the acquired number of partitions
(4 or 8). The in-plane resolution of the GASE 128 data was collapsed
to the same matrix size and resolution as the other data sets by averag-
ing adjacent pairs of voxels. Maps of R2′ were created by linear regres-
sion of the log magnitude signal versus τ (Eq. (5)).

A voxel level analysis of the measured R2′ values was performed for
the sameROIs as defined in the fieldmapping experiments above. Initial
histogramanalysis (not shown) revealed long tales to thedistribution of
R2′ values. The asymmetry in the distribution is attributed to the fact
that MFGs are expected to be relatively small in the majority of the
brain following shimming. However, a small but significant number of
voxels will see much larger MFGs and hence generate much larger R2′
values. Therefore, in order to provide representative group statistics
the median and interquartile range of each of the ROIs were calculated
to assess regional and sequence variant differences.
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Results

The effectiveness of the GESEPI correction was demonstrated in a
phantom study (Fig. 2). Images were acquired with the ASE and GASE
4 protocols following the standard shimming procedure (Fig. 2a, c)
and with an imposed gradient in the through-slice direction (Fig. 2b,
d). For the standard shim both ASE and GASE 4 show similar low levels
of signal decay as a function of τ andminimal R2′ values. However, with
a gradient imposed a large amount of signal decay is observed in theASE
sequence leading to high R2′ values, whilst the GASE 4 data is largely
unaffected and comparable to the standard shim images.

Field mapping reveals a large degree of regional variation with the
largest MFGs found in inferior areas of the brain (Fig. 3). The regional
variations for all three axes are displayed in Table 1. The brain regions
most affected by MFGs in the z-direction are the frontal and temporal
lobes, with the insula least affected.

Fig. 4 shows R2′ maps for all four pulse sequence variants. Large
values of R2′ are particularly visible in the ASE data in the frontal and
temporal regions (Fig. 4a). Table 2 shows the median and interquartile
range (IQR) for each of the seven ROIs and four sequence variants. For
regions shown to have a greater fraction of large MFGs (frontal and
temporal) the increasing levels of compensation provided by the GASE
sequence reduces both the median and IQR. In regions that are only
mildly affected by MFGs (insula) the median and IQR are largely
unchanged by increasing levels of compensation. When comparing
GASE variants it can be seen that there is only a minor reduction in
median and IQR between GASE 4 and GASE 8. Further reductions can
be seen when comparison is made with GASE 128, particularly in the
temporal lobe where in-plane gradients were observed to be greatest
(Table 1).

A non-parametric one-way analysis of variance test (Kruskal–Wal-
lis) revealed that the distributions of R2′ values as measured by all
four sequence variants in the cortex ROI are not all identical
(p b 0.0001). Furthermore, a multiple comparison test of each of the
possible sequence pairs shows that ASE R2′ values have a significantly
different distribution than the GASE 4, GASE 8 and GASE 128 sequence
variants (p b 0.0001). Similarly, GASE 128 is significantly different to
GASE 4 and GASE 8 (p b 0.0001). However, no significant difference
was detected between GASE 4 and GASE 8 (p = 0.86).
Fig. 2. In order to compare the effectiveness of GESEPI ASE (GASE) with standard ASE, data wer
and that contributions to R2′ were minimal, little signal decay should be observed over the ra
gradient in the z-direction markedly increases signal decay for (b) ASE, but not (d) GASE 4.
Fig. 5 highlights the regions of the brain that are most improved by
the GASE sequence variants. Comparing ASE with GASE 4 reveals
improvements around the nasal sinuses and ear canals (Fig. 5a). Further
improvements aremadewhen comparing GASE 4with GASE 8 (Fig. 5b)
or GASE 128 (Fig. 5c), although they are small and largely confined to
the inferior portions of the brain.

For details on how to access the raw data that underpins these
results please see Appendix A.

Discussion

Techniques that rely on a measurement of R2′ to infer information
about deoxyhaemoglobin content are highly dependent on the accurate
removal of the effects of macroscopic magnetic field inhomogeneity.
Therefore, it is critical to the adoption of thesemethods that techniques
be developed to acquire R2′ weighted data in a simple and robust way.
The technique demonstrated in this study combines the benefits of
two approaches: (i) through-slice MFGs are prospectively corrected re-
moving the need for post hoc removal of the effect ofMFGs or the acqui-
sition ofmagnetic fieldmaps (i.e. GESEPI (Yang et al., 1998)) and (ii) the
R2′ weighted signal is acquired directly with constant R2 weighting re-
moving the need to simultaneously fit R2 (i.e. ASE (An and Lin, 2003)).
Together these features remove confounding effects from the acquired
signal, reducing the need for postprocessing and requiring only a
monoexponential fit to produce measurements of R2′. This could
remove one of the barriers to the more widespread adoption of tech-
niques that rely on a measurement of R2′, enabling a broader spectrum
of users to take advantage of these methods.

MFG compensation optimisation

Field mapping enabled the range of susceptibility induced MFGs to
be quantified. The frontal and temporal lobes were found to have the
largest through-slice MFGs, consistent with their location close to the
nasal sinuses and ear canals, respectively. The magnitude of these
MFGs was summarised using percentiles for a number of cortical ROIs
(Table 1). This enabled the GASE sequence to be optimised based on
the fraction of uncorrected voxels that may be tolerated in the resulting
e acquired from a homogenous phantom. Assuming that the phantomwas well shimmed
nge of τ values acquired for either (a) ASE or (c) GASE 4. Imposition of a magnetic field



Fig. 3.Maps of the average magnetic field gradient across a group of healthy volunteers in (a) the superior–inferior (SI), (b) anterior–posterior (AP) and (c) left–right (LR) directions.
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R2′ maps. Based on this analysis three variants of the GASE sequence
were developed; GASE 4, GASE 8 and GASE 128.

Since the critical MFG at the longest τ value for GASE 4 is
313 μT m−1, approximately 95% of the through-slice MFGs observed
in the field mapping cohort should be compensated. Whereas the com-
pensation in GASE 8 is twice as high (621 μTm−1) and so should be able
to correct for approximately 99% of through-slice MFGs. The GASE 128
variant had the same level of correction in the superior–inferior direc-
tion as GASE 4, but increased in-plane resolution in order to increase
the tolerance of the method to in-plane MFGs. Again this is equivalent
to correcting approximately 95% of in-plane MFGs in GASE 4, whilst
GASE 128 should correct for approximately 99%.

Fig. 5 enables us to visualise the regions of the brain that benefit from
increasing the level of MFG compensation. Fig. 5a shows regions where
R2′ is elevated in the standard ASE pulse sequence comparedwith GASE
Table 1
Voxel level analysis of the large scale magnetic field gradients along the three orthogonal
axes. Equivalent directions: superior–inferior (SI), — z-axis, anterior–posterior (AP) — y-
axis, left–right (LR) — x-axis.

ROI
SI-gradient by percentile (μT m−1)

0.5 2.5 25 50 75 97.5 99.5

Cerebellum −291.9 −152.9 −8.4 11.9 42.7 224.6 361.6
Frontal −512.3 −245.2 −24.3 −1.8 18.3 145.6 328.6
Insula −55.5 −19.4 3.6 10.9 19.5 60.8 103.1
Occipital −222.1 −123.0 −15.7 −1.6 11.1 91.9 170.3
Parietal −112.7 −55.7 −7.2 1.3 11.4 48.8 101.2
Temporal −438.8 −245.8 −9.3 31.5 85.1 300.9 453.4
Cortex −425.2 −173.6 −14.4 2.5 22.3 180.1 338.9

ROI
AP-gradient by percentile (μT m−1)

0.5 2.5 25 50 75 97.5 99.5

Cerebellum −279.2 −164.5 −44.8 −17.8 −2.4 100.2 211.6
Frontal −241.5 −129.7 −13.7 −2.1 7.4 107.3 260.4
Insula −165.6 −42.6 −7.0 −1.1 4.7 31.0 59.8
Occipital −147.7 −88.6 −17.4 −5.5 4.8 111.2 227.1
Parietal −76.2 −33.3 −2.4 4.3 11.1 44.1 93.4
Temporal −394.8 −209.0 −28.0 −1.6 20.3 170.5 351.6
Cortex −252.6 −122.0 −11.9 −0.3 10.0 107.1 246.4

ROI
LR-gradient by percentile (μT m−1)

0.5 2.5 25 50 75 97.5 99.5

Cerebellum −324.4 −163.3 −15.1 0.2 17.0 156.4 298.9
Frontal −327.0 −125.5 −11.8 2.3 16.3 153.0 350.9
Insula −77.6 −54.3 −20.1 −5.3 8.0 44.9 64.4
Occipital −138.8 −82.6 −10.5 −0.6 9.7 90.7 167.0
Parietal −109.0 −48.6 −7.8 0.1 7.8 69.4 171.7
Temporal −383.5 −198.9 −30.8 −0.5 31.7 228.2 398.7
Cortex −287.5 −117.7 −12.6 0.6 13.8 144.4 317.3
4. These regions are consistent with regions of high through-slice MFGs
in Fig. 3a — the group average from the field mapping cohort. Table 2
confirms that all ROIs see a reduction in the median and IQR of R2′ esti-
mates. Similarly, Fig. 5b highlights the regions that benefit from the in-
creased through-slice MFG compensation provided by GASE 8. These
areas are small but consistentwith the largestMFGs in Fig. 3a. However,
Table 2 shows that this results in aminimal reduction inmedian and IQR
of R2′ estimates in any of the ROIs. Finally, Fig. 5c shows the improve-
ment achieved by increasing the in-plane MFG compensation. Areas of
reduced R2′ show similarities with the measured in-plane gradients in
the group fieldmaps (Fig. 3b, c). The reduction inmedian and IQR varies
by ROI, but is particularly large in the temporal lobes where the highest
in-plane MFGs are expected. However, when statistical analysis of the
cortex ROI is performed the results of the GASE 8 sequence are not
significantly different to GASE 4 (p= 0.86). There may be some benefit
of the higher in-plane resolution offered by GASE 128, which gave
results significantly different to both GASE 4 (p b 0.0001) and GASE 8
(p b 0.0001).

This analysis makes it clear that the optimal level of compensation is
dependent on the region of the brain that is being investigated. Outside
of the frontal and temporal lobes the MFG compensation provided by
GASE 4 is likely to be sufficient. However, within these regions higher
compensation, and hence longer acquisitions, may be necessary. Unfor-
tunately increasing the level of compensation also penalises regions of
the brain that are largely unaffected byMFGs. As the partition thickness
is reduced SNR decreases linearly and is only improved as the square
root of the number of partitions averaged together. It must also be re-
membered that if the maximum τ value is increased the level of MFG
compensation must also be increased to maintain the same level of
correction. Alternatively it may be possible to truncate the acquired
data set at the first τ value that exceeds the MFG compensation thresh-
old (Storey et al., 2015).

Comparison with the literature

As detailed in the introduction, multiple techniques have been used
to measure R2′. However, it has been shown that these techniques do
not necessarily produce equivalent measurements of R2′ (Ni et al.,
2015). Using an ASE pulse sequence, similar to that used in this study,
R2′ was measured as 3.04 s−1 in a grey matter ROI (An and Lin, 2003).
However, it is unclear whether these data were corrected for the effects
of magnetic field inhomogeneity and vascular crushers were used to
minimise the blood signal contribution. An ASE acquisition generated
from multiple GESFIDE acquisitions has been used to measure R2′ =
3.8 s−1 in grey matter (Ni et al., 2015). Thin slices were used to mini-
mise the effects of magnetic field inhomogeneity. In the same study
measurementswere alsomade using theGESFIDE andGESSE sequences
giving values of 2.7 s−1 in both cases (Ni et al., 2015). Further GESFIDE



Fig. 4.Maps of R2′ from a single example subject (selected slices spanning the slice coverage in the superior–inferior direction) acquired using (a) standardASE, (b) GASE 4 (average of four
1.25 mm partitions), (c) GASE 8 (average of eight 0.63 mm slices) and (d) GASE 128 (average of four 1.25 mm partitions and doubled in-plane resolution).
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measurements give R2′ = 3.4 s−1 in prefrontal cortex (Gelman et al.,
1999) and R2′ = 2.9 s−1 using GESSE in grey matter (He and
Yablonskiy, 2007). Thin sliceswere used tomitigate the effect offield in-
homogeneity in the former, whilst correction using an independently
acquired field map was performed in the latter. One final category of
measurements uses independently acquired maps of R2 and R2⁎ to esti-
mate R2′ by subtraction. Values of 7.1–7.4 s−1 in the frontal cortex of
20–30 year olds (Sedlacik et al., 2013) and 9.2 s−1 in grey matter
(Paling et al., 2012) have been measured. Field map correction was
used in the former and high resolution imaging was used to measure
R2⁎ in the latter. These appreciably higher values of R2′ reveal a broader
difficulty in comparing such estimates. Inmeasuring R2′we typically as-
sume that the signal ismonoexponential and that the tissue in the voxel
is homogenous. This is clearly not the case as the R2′weighted signal is
known to behave with a quadratic exponential decay at short τ values
before transitioning to a linear exponential regime (Yablonskiy and
Haacke, 1994). In addition multiple compartments are almost always
present containing mixtures of grey matter, white matter, blood and
CSF and producingmultiexponential decay. These effects are exacerbat-
ed in the subtraction technique as the separate R2 andR2⁎measurements
are typically acquired with very different pulse sequence parameters.
For example, differences in TR between the measurements alters the
weighting of different compartments due to the effect of T1 and using
a different range of echo times in each of the measurements will result
in different regions of the multiexponential decay curve being sampled
(Fujita et al., 2003). Therefore measurements of R2′ made using the
Table 2
Voxel level analysis of greymatter R2′ values across several regions of interest for different
ASE and GASE variants. The “cortex” region of interest contains all regions except the
cerebellum.

ROI

R2′ (s−1)

ASE GASE 4 GASE 8 GASE 128

Median IQR Median IQR Median IQR Median IQR

Cerebellum 3.62 5.10 2.99 3.81 2.68 3.71 1.98 2.94
Frontal 4.38 5.31 2.96 3.00 3.09 3.19 3.43 3.24
Insula 3.59 2.14 3.24 2.13 2.94 2.41 2.57 2.66
Occipital 3.92 3.98 3.16 3.47 2.95 3.67 2.38 3.33
Parietal 3.81 3.11 3.49 2.88 3.42 3.17 2.88 3.00
Temporal 7.74 17.66 4.76 9.07 4.76 8.89 3.05 4.32
Cortex 4.42 5.70 3.43 3.77 3.42 4.04 2.99 3.44
subtraction technique are strongly bound to the parameters of the
specific sequences used to acquire maps of R2 and R2⁎.

In the current study, maps of R2′were acquired in 2 min 24 s (GASE
4). This is slightly less than previous ASE experiments at 3 min 20 s
(An and Lin, 2003), but at the cost of fewer τ values. GESSE/GESFIDE
measurements are reported in the range from 4 min 56 s (Ni et al.,
2015) to 8 min 30 s (He and Yablonskiy, 2007), whilst measurements
using the subtraction technique range from 3 min 13 s (Sedlacik et al.,
2013) to 15 min 35 s (Paling et al., 2012). The GASE method is compet-
itive in terms of scan duration, especially when considering that it
allows MFGs to be prospectively corrected without the need for a
separate field map acquisition.

Limitations and Future work

There are several limitations of the current study. In the initial MFG
mapping experiments 2D FLASH based fieldmaps were acquired with a
slice thickness of 2 mm. This limits our ability to resolve rapid spatial
changes in MFGs. However, we believe that since MFGs are expected
to vary smoothly in the vast majority of cases this does not pose a
major limitation in this study. Improvements could be made by using
a 3D approach and isotropic voxel dimensions.

For the ASEmeasurements, a relatively small range of τ values were
acquired in the range from 15 to 30ms. Theminimumvaluewas chosen
to ensure that images were acquired in the linear exponential region of
the decay based on the predictions of the static dephasing model
(Yablonskiy and Haacke, 1994). However, diffusion around small ves-
sels may mean that this transition occurs at later values of τ (Dickson
et al., 2010). The maximum value of τ was dictated by TE, which
was chosen to be 44 ms to provide reasonable SNR. Analysis of the
GESFIDE sequence suggests that a longer TE could improve SNR further
(Song and Song, 2007). Further work is required to perform a similar
optimisation for the ASE pulse sequence.

In thisworkwe have concentrated on reducing the effect ofMFGs on
measurements of R2′. However, it has also been noted that the presence
of CSF partial volumes can confound estimates of R2′ (Dickson et al.,
2009; He and Yablonskiy, 2007). In turn this would reduce the specific-
ity of R2′ to deoxyhaemoglobin. This effect could be minimised by the
use of a fluid attenuated inversion recovery (FLAIR) preparation
(Hajnal et al., 1992). The effect of intravascular signal on the R2′weight-
ed ASE signal has also been investigated by applyingdiffusionweighting



Fig. 5. Regions of the brain that benefit most from prospective magnetic field gradient correction are highlighted by subtracting maps of R2′madewith increasing levels of correction. The
largest improvement is made when comparing (a) standard ASE and GASE 4, whilst further improvements are seen in inferior regions of the brain by increasing compensation in (b) the
superior–inferior direction (GASE 4–GASE 8) or (c) in-plane dimensions (GASE 4–GASE 128).
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to dephaseflowing intravascular spins (An and Lin, 2003).Whilst R2′ es-
timates were not reported, crushing of intravascular signal resulted in
reduced estimates of venous cerebral blood volume and increased esti-
mates of OEF as measured by quantitative BOLD.

To reduce Gibb's ringing, a Hanning filter was applied to the raw
data during image reconstruction. It has recently been shown that this
can result in additional signal attenuation and that a Tukey filter is
able to reduce ringing without substantial signal attenuation (Storey
et al., 2015).

Conclusions

Prospective correction of macroscopic magnetic field gradients was
implemented to improve the specificity of measurements of R2′ to
deoxyhaemoglobin content in the brain. This was achieved by combin-
ing Gradient-Echo Slice Excitation Profile Imaging (GESEPI) with the
Asymmetric Spin Echo (ASE) relaxometry technique. The GESEPI tech-
nique provides correction for signal attenuation due to magnetic field
gradients below a critical threshold. Below this threshold further correc-
tion is not required. When combined with the ASE method, this allows
R2′weighted data to be directly acquired, since the R2weighted compo-
nent is constant, further simplifying the estimation of R2′. Approaches
such as this are the key to increasing the adoption of techniques tomea-
sure oxygen metabolism, such as quantitative BOLD (An and Lin, 2000;
He and Yablonskiy, 2007) and R2′ based calibrated BOLD (Blockley et al.,
2015).
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