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ABSTRACT

Magnetic susceptibility differences exist near the interface
of air/tissue in the ventral brain in fMRI (functional
magnetic resonance imaging). These susceptibility
differences will not only cause field inhomogeneity and its
gradients which will result in image artifacts, but also cause
shifts in the echo time for gradients echo acquisitions. The
echo time shifts are caused by shifts in the effective k-space
trajectory due to the gradients of the field inhomogeneity.
Previous work has shown and validated methods for
estimating the echo time shift based on the effective k-space
trajectory. In this work, we demonstrate that accurate
estimation of the R2* decay map (R2*=1/T2*) not only
need to account for the field map and its gradients, but also
needs to include the echo time shift. These changes in T2*
sensitivity are directly related to changes in sensitivity in
BOLD (blood oxygenation level dependent) fMRI studies.

Index Terms— Echo time shift, Field inhomogeneity,
Magnetic susceptibility, BOLD fMRI

1. INTRODUCTION

Accurate spatial localization in magnetic resonance imaging
relies on a uniform main magnetic field in the absence of
imaging gradients. However, due to differences in the
magnetic properties of tissue and air, non-uniformities in
magnetic field exist when a sample or subject is placed in
the MRI scanner. Tissue and air have different magnetic
susceptibility, a property that denotes the magnetizability of
a substance.

The resulting magnetic field inhomogeneity can cause a
variety of artifacts during imaging. These artifacts depend
on the type of sequence, gradient-echo versus spin-echo,
and the timing of the acquisition. Both spin echo and
gradient echo imaging methods suffer from image
distortions due to magnetic susceptibility. These image
distortions can result in geometric shifts in image along
phase encode axis if an echo planar acquisition is used [1]
or blurring in spiral acquisitions [2]. These distortions are
well studied and many correction methods exist to correct
the image if a measured field map is available. Pixel shift
methods can be used for EPI acquisitions [1, 3-5] and
conjugate phase methods can correct non-Cartesian, spiral
acquisitions [6-8].
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Besides image distortion effects that rely on the value
of the magnetic field at each pixel location, there are two
other magnetic susceptibility effects that are due to
gradients in magnetic field distribution. These affect
gradient echo acquisitions which are frequently used in
functional MRI (fMRI) applications. In a 2D acquisition,
gradients of the magnetic field in slice direction will cause
signal loss in acquired image. If we assume a rectangular
profile for the selected slice with slice thickness of Az, the
image intensity of a pixel with a susceptibility gradient of Z
(in rad/s per pixel) will decay approximately as:

()| =| ()| sine(2, T, 1(27), (1)

where ‘I~ (r,)

would be the intensity of the image pixel at

location r, without the gradient in the through-slice
direction. Note that the signal intensity at the echo time, Tk,
determines the overall scaling of the image and the bulk
contrast. Several methods have been proposed to address
through-plane dephasing and signal loss including reducing
the slice dimension [9-11], z-shimming [12], external shims
[13], and tailored RF pulses [14-16].

Finally, the gradients in the magnetic field distribution
in the in-plane directions can cause effective k-space shifts
[17-19]. This can induce several artifacts resulting from
local variations in the
sample density of k-
space shifts [19] that are
large enough that the
signal intensity for a
voxel was not
adequately sampled [18].
In addition to these
effects that result in loss
of image quality, in this
paper we focus on the
changes in echo time
that can result in
improper contrast in the
resulting images and
improper inferences based on the functional data.

As shown in Fig.1, gradients in the in-plane directions
will cause k-space and echo time shifts that are dependent
on exact spatial location, the magnetic susceptibility
properties of the surrounding regions, and the quality of the
shimming procedure in the local area. The blood

Fig 1. Field map gradients effects
on effective echo time shift in
gradient echo acquisition
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oxygenation-level dependent (BOLD) fMRI signal is
dependent upon the echo time. Local changes in echo time
will affect the sensitivity of the fMRI experiment to detect
changes in these regions. Additionally, bulk changes
between two examined populations that result in systematic
macroscale susceptibility differences may result in
systematic differences in sensitivity between the two groups
in a study.

In this abstract, we will examine errors in estimated
T, values as a function of shimming using several image
reconstruction options on spiral-out gradient echo data. We
will examine standard gridding, field-inhomogeneity
reconstruction based on conjugate phase [6], and an
advanced iterative reconstruction that includes a model of
linear gradients in the field map [20-21].

2. THEORY

In this section, we will first briefly mention about effective
k-space trajectory, then explain the concept of the echo time
shift and the reason for this shift exist based on the analysis
of the effective k-space trajectory.

2.1. k-space based approach

Without loss of generality, we can consider only the effect
of a gradient in the magnetic field inhomogeneity in the x-
direction. The additional gradient in a voxel due to the
magnetic susceptibility creates an effective k-space

trajectory that deviates from the intended imaging trajectory.

The effective trajectory can be found by integrating the net
gradient, which is given by,

G () =6"+G" (), @
where G, "(r) is the net gradient in the voxel at position r,
G,™4G is the applied imaging gradient in the x-direction
(same for every voxel), and G,*V5“(r) is the gradient in the
magnetic susceptibility induced field map in the x-direction
at voxel position r (different for every voxel). This results
in a k-space trajectory that is spatially dependent as shown
in Fig. 2. The susceptibility gradients will cause an effective
echo time change in gradient-echo acquisitions, such as
those discussed in [21].

Let us first introduce the notion of shift in the echo
time. For a spiral-out trajectory in k-space, Fig.2 (a) shows
the one dimensional effective k-space trajectory in x-
direction. The second and third curve with shading, Gsysc,
and Ggysc, s, represent the additional gradient induced by the
magnetic susceptibility in x-direction before and during the
data acquisition, respectively; The forth to sixth curves
(K™AG KSU5C ) and K™AG + kY5C) represents the original k-
space trajectory in x-direction (K™*), the corresponding
additional k-space trajectory due to magnetic susceptibility
gradients (k®%5¢), and the over all effective k-space
trajectory in x-direction (k™% + kY5¢), which introduces a
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shift in echo time. The echo time is defined as the time at
which the central portion of k-space is sampled.

Fig.2 (b) shows the two dimension (2D) effective k-
space trajectory with susceptibility gradients in x-direction.
The first figure represents the original 2D k-space trajectory
without susceptibility gradients; the second and third figures
represent the 2D k-space trajectory due to the susceptibility
gradients before and during the data acquisition,

respectively; the forth figure represents the over all effective
2D k-space trajectory correspondingly, and we can see
clearly that the k-space center is shifted out from the origin
original 2D

of the k-space.

Fig 2. Effective k-space trajectory in 1
spiral-out due to x-directed T
susceptibility gradients :
(a) 1-D spiral-out trajectory, ]
(b) 2-D spiral-out trajectory. (b)

The echo time represents the peak time of the echo which
occurs when the center of k-space is sampled. Thus the echo
time will be shifted due to the existence of the susceptibility
gradient in gradient echo acquisition.

2.2. Effect of susceptibility gradients on signal model

In order to account for the susceptibility degradations, we
include in the signal model the effects of the magnetic field
distribution and its first-order gradients. As shown in
Equation (3), the k-space signal model with the effective k-
space is (for m=1, ... , M):

N . .
S(K(t,)) = PK() T [ (r,)e mem2mkmtn (3)
n=1

where S(k(t)) is the k-space signal, f{r) is the image
intensity at position r in image space. Ky, is the imaging k-
space trajectory (kK™*%). w(r,) is the field map which can be
expanded with gradients with piece-wise linear model,
where the field map gradients results k>”>¢ (due to magnetic
susceptibility gradients, which will cause echo time shift). N
is the number of pixels and M is the number of data points
in k-space; (Ay, A,) is the dimension of voxel. And ®(k(t))



is the Fourier transform of the voxel indicator function, i.e.
Sinc(Akx(t)FGxntn/2) sinc(Agky(t) +Gyntm/21) sinc(Ak,(t)+
+Gzutn/2m). We apply this model to iterative reconstruction
with conjugate gradients to correct for the geometric
distortion, signal loss and echo time shift.

3. METHODS

In this section, we first describe the experimental setting
used to acquire the data and obtain a measurement of the
field map. Then we present the procedure used to estimate
effective echo time based on the effective k-space trajectory.
Thereafter, we compare the different R2* maps estimated
with or without the effective echo time. Note that R2* is the
inverse of T2*. Finally, we present the reconstruction
technique used to account for the echo time shift.

The experimental data was acquired on a Siemens
Allegra 3 T headscanner. The parameters of the scan were:
matrix size 64x64, FOV 24 cm, 20 slices, slice thickness 5
mm, TR 4 s. Data acquisition was obtained using a
multiecho, 2D single-shot spiral-out trajectory while the
field map was estimated from a multiecho acquisition using
a multishot spiral-out trajectory (12 shots). A multishot
trajectory was chosen to ensure accuracy of the field map
estimate. The field map was smoothed prior to its use in
estimation/reconstruction steps. The echo times of the
multiecho acquisition were 2.5 ms + (0, 1, 20, 40) ms. We
use a slice that is very far from the major air/tissue
interfaces in the ventral brain to show that even small
gradients in the magnetic field distribution can drive
significant errors in
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T2* estimation. 15 a

To calculate the » il:
echo time shifts, we § , o
use a method based on ;
the effective k-space g ,
trajectory.  Fig. 3
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Fig.3 Image int{e%g?%r as a function
of the echo time (for a given pixel)

intensity as a function
of the echo time for a
given pixel. The main
principle to estimate the TE shift is to calculate the
minimum distance of the effective k-space trajectory from
center to determine the point in the trajectory that cross zero.
Once the echo time shift is estimated, it can be accounted
for during estimation of the R2* map. We use a nonlinear
curve-fitting algorithm to obtain the R2* map, using
Equation (4):

[(r,TE ) = p(]/"TE = O)e_(TE-FTE,Shiﬁ)ﬁR; , (4)

where I(r,Tg,Tg gug) represents reconstructed image
intensity at echo time Tg with echo time shift Tg, g, and p
represents the image intensity with an echo time of 0 ms.

As mentioned earlier, the imaging model can be
modified to account for the susceptibility using the magnetic

’ TE ,shift
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field map gradients. We have studied several reconstruction
methods to visualize the influence of both the field map
gradients and the TE shift. First, a simple gridding method
was applied with no compensation for the magnetic field
map. Then, we use the gridding method with field map
correction, using the conjugate phase method [6]. Finally,
an iterative algorithm correcting for shifts in the effective
k-space trajectory has been developed for comparison. This
reconstruction is based on our previous work and not only
the field map but also the gradients of the field map have
been added in the signal formation imaging model.

4. RESULTS

In this section, we show that accurate estimation of R2*
requires including both correction for susceptibility artifacts
in the reconstruction and accounting for echo time shifts.
We have compared the R2* signal decay map estimated
using different reconstruction techniques with or without
TE shift.

We have analyzed three different reconstruction
techniques: (a) gridding, (b) gridding + FM, and (c) iterative
as described above. Reconstructed images are then used to
estimate the R2* map using Equation (4) and a curve fitting
from different echo time values. The first row of Fig. 4
presents the estimated R2* map using the different
reconstruction methods. The second row additionally
introduces the TE shift in the curve fitting process used to
obtain the R2* map. The resulting R2* maps are compared
to a reference map estimated from a multishot trajectory (12
shots). We assume that the multishot image is less degraded
by the susceptibility artifacts than single shot acquisitions.
Fig. 5 shows the errors between each estimated R2* map
previously presented and the reference R2* map.

The normalized root mean square error (NRMSE)
between R2* map of each reconstruction method and the
reference map is given in Table 1 (The mask for NRMSE
excluded the region with fat contamination in the edge). The
numerical values show that accounting for TE shift
improves the quality of the estimated R2* map. As
predicted, the best R2* map estimation is obtained when
using an iterative reconstruction correcting for both field
map and gradients of field map coupled with use of the
effective TE values. Note that the NRMSE in (b) is slightly
higher than in (a). This might be due to the relatively low
field map values in the selected slice so the distortion is
small and only field map correction does not help.

Table 1. Normalized root mean square errors in R2* estimate

(a) Gridding | (b) Gridding + FM | (c) Iterative
NRMSEqg 0.2787 0.2988 0.2300
NRMSErg o 0.2620 0.2818 0.2206

In BOLD fMRI, a single R2*-weighted image is
acquired at an echo time to optimize functional contrast and



Signal-to-Noise Ratio (SNR). However, depending on
gradients in the magnetic field map, this echo time can vary
significantly across a functional image [22-23]. Accurate
functional inferences must account for both image distortion
effects and echo time shifts that result from the magnetic
susceptibility differences in the brain.

Fig. 4 Estimated R2* from several reconstructions using
Nominal TE: (a) Gridding, (b) Gridding + FM, (c) Iterative;
Effective TE: (d) Gridding, (¢) Gridding + FM, (f) Iterative.

Fig 5. Errors of the reconstructed image verse the reference image
Nominal TE: (a) Gridding, (b) Gridding + FM, (c) Iterative;
Effective TE: (d) Gridding, (¢) Gridding + FM, (f) Iterative.

5. CONCLUSION

Based on the analysis above, we conclude that the existence
of the magnetic field inhomogeneity and the corresponding
echo time shifts in gradient-echo data acquisitions will
cause susceptibility artifacts affecting the image quality and
functional imaging contrast with BOLD sensitivity. For
improved accuracy of R2* estimation and BOLD signal, we
not only need to correct for the magnetic susceptibility
using the extended k-space signal model, including the
physics of the field map and its gradients, but also need to
correct for the echo time shifts induced by the susceptibility

gradients during the image analysis and interpretation stages.

Magnetic susceptibility can significantly affect estimate of
R2* and BOLD sensitivity even in slices far from air/tissue
interfaces where the field map and its gradients are small.
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