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Improvements in B0 mapping and shimming were achieved by
measuring the static field information in multiple subsequent
echoes generated by an asymmetric echo-planar readout gra-
dient train. With careful compensation, eddy current effects
were shown to affect the adjustment of the shim coils mini-
mally. In addition to reducing the time required for field map-
ping by two-fold, the sensitivity was simultaneously optimized
irrespective of the prevalent T*2 present, thereby minimizing the
error of the static field measurement to below 0.1 Hz. With
adiabatic low flip-angle excitation, the time required for field
mapping was below 1 second. Magn Reson Med 43:319–323,
2000. © 2000 Wiley-Liss, Inc.
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In vivo, optimal spectral resolution is difficult to achieve
due to sample- and tissue- dependent susceptibility ef-
fects. Although the latter can be regarded as microscopic
susceptibility effects, which are extremely difficult to
eliminate, the former is caused mainly by the air-tissue or
bone-tissue interface and depends on geometry and orien-
tation. Adjusting shim coil correction currents can reduce
macroscopic susceptibility effects. Many shim methods
have been described (see Refs. 1 and 2 and references
therein). Most have used linear shim coils (X, Y, Z), while
some have used higher order shim coils (3). The adjust-
ment of second-order shimming using FASTMAP has been
described in the past years (1,2,4,5). This method is based
on a sparse, yet efficient sampling of the magnetic field
along a limited number of projections, which effectively
reduces the time required to obtain the static field infor-
mation and to extract the required correction current
changes for the shim coils. Traditionally, the static field
information has been encoded by adding an extra delay to
the sequence, as in many similar MRI- or EPI-based ap-
proaches (6). However, two limitations can be stated for all
these approaches, namely (a) the requirement to acquire an
additional reference scan to compensate for sequence-de-
pendent eddy current effects and (b) that the choice of t
must be optimized because of the variable inhomogeneity
of the static field to minimize the error in shim coil adjust-
ment, as described in Eq. [7] in Ref. 1. When starting the
shimming process, it is often observed that at least one of
the linear shims requires substantially more adjustment. In
this case, the choice of t cannot be optimal for all readout
gradient orientations due to in-slice dephasing effects. The

advantage of encoding the field with an extra delay t
preceding any switched gradients was that the static field
was measured without any distortions associated with gra-
dient switching, i.e., eddy currents. However, a recent
report suggested that alternating the readout gradient of an
MRI sequence may provide enough accuracy to extract the
field information from a comparison of the phase of the
two subsequently generated echoes (7). Unfortunately,
such an approach is in principle highly susceptible to
eddy current effects. Based on the large variation in B0

measurements of 0.05 ppm (3 Hz) reported, it remained
unclear to what extent residual eddy current effects permit
collection of field maps suitable for in vivo spectroscopy
and echo-planar imaging. In an attempt to further optimize
the performance and speed of the aforementioned FAST-
MAP and any field mapping MRI method based on phase
difference measurements, we implemented multiple gra-
dient-echo readouts using an approach based on asymmet-
ric echo-planar readout gradient trains (8–10). Experience
showed that distortions of the field measurement due to
eddy current effects were minor even for the demands
imposed by in vitro spectroscopy of phantoms. This paper
describes the implementation of this new, self-referencing
scheme, for which the acronym fast, automatic shim tech-
nique using echo-planar signal readout for mapping along
projections, FAST(EST)MAP, is proposed. The proposed
scheme can also be incorporated into traditional MRI-
based phase difference methods for mapping the magnetic
field, such as in Refs. 3, 7, 11–13.

MATERIALS AND METHODS

All experiments were carried out on a 4 T/90-cm magnet
(Oxford Magnet Technologies, Oxford, UK) equipped with
a standard whole-body gradient coil (AS25, Siemens AG,
Erlangen, Germany, 25 mT/m in 600ms) as well as a 38-cm
head gradient coil (Magnex Ltd. Abingdon, UK, 32.5 mT/m
in 200ms). The system was interfaced to a Varian INOVA
console and all shimming software was written in C pro-
gramming language and implemented in menu-driven for-
mat that minimized operator interaction and ensured op-
erator-independent performance.

Eddy currents were carefully minimized using a quan-
titative method to map and compensate eddy current
fields (14).

In vivo performance of the shim method was tested on
human subjects at 4 T after they gave informed consent
according to procedures and forms approved by the Insti-
tutional Review Board. Localization of volumes of interest
was based on anatomic MRI using multi-slice RARE (TR 5
3 sec, TE 5 60 msec, 8 echoes recorded per excitation)
(15). RF power absorption was verified to be within FDA
guidelines.
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For shimming and comparison, we used the fully adia-
batic FASTMAP pulse sequence, exactly as described re-
cently in Fig. 1 of Ref. 4. The method relies on measuring
the phase difference of projections acquired with an extra
delay t in the first echo period to those acquired without
such a delay. The resulting B0 field is thus encoded with-
out any confounding effects from eddy currents when
using sufficiently long repetition times TR, which was
verified by comparing results obtained at different TR.
Measurements obtained with the sequence of Fig. 1 in Ref.
4 served as a reference for comparison as follows: In phan-
toms, we initially shimmed a localized volume using
FASTMAP, such that residual shim terms were below 0.1
Hz/cm for the linear coils and below 0.1 Hz/cm2 for the
second-order terms, which was verified to result in a nar-
row line width of metabolites in aqueous solutions (below
1 Hz for 27-ml volumes). Then the sequence based on an
echo-planar readout gradient train was applied and the
resulting differences in calculated polynomial coefficients
were attributed to eddy current effects.

RESULTS AND DISCUSSION

The sequence used in this implementation (Fig. 1) is sim-
ilar to the fully adiabatic double-spin echo described re-
cently (4), with the following modifications: First, the pre-
viously used adiabatic half-passage pulse generating a
nominal 90° excitation was replaced with a plane-rotation
adiabatic BIR-4 pulse (16) of 3-msec duration. The phase of
the middle segment determines the flip angle, which was
set to below 90° (typically u 5 45°). A spatially uniform 45°
flip angle is the optimal Ernst angle for TR/T1 ; 0.3 (17). A
TR of 0.3 sec is thus close to the optimum, given that T1 of
brain water is on the order of 1 sec. Gaussian apodization

of the echoes was used for smoothing the projections.
Using a flip angle below 90° allowed to decrease the rep-
etition time to 0.1 sec. A TR of 0.1 sec implies that the field
information can be mapped in 0.6 sec using FASTMAP.
However, this was achieved at the expense of sensitivity
and thus accuracy of the shim current adjustments was
reduced (as pointed out previously in Ref. 1). Therefore,
we chose a typical TR of 0.3 sec, which maintains a min-
imal time required for the field mapping process of less
than 2 sec. Such a short measuring time is insignificant
compared to other adjustment procedures required for in
vivo imaging and spectroscopy.

The second major change made to the adiabatic version
of FASTMAP (4) consisted of the replacement of the initial
static field encoding delay t (inserted previously on alter-
nating scans immediately following the excitation pulse)
with an echo-planar readout train (Fig. 1).

Gradient magnitudes and rise times were carefully se-
lected below the specified maximum performance to min-
imize eddy current distortions: Rise times were typically
between 0.2 and 0.6 msec. The readout gradient strengths
were on the order of 6 mT/m, which resulted in a FOV of
25 cm using a 50 kHz receiver bandwidth. During negative
readout gradient lobes (“odd echoes”) the signal was not
acquired, instead, a triangular gradient shape was used to
minimize eddy current effects and to minimize inter-echo
spacing. The minimal inter-echo time t was limited by the
acquisition time and the duration of the rewinding trian-
gular gradient (Fig. 1), which in turn was limited by the
maximum gradient strength and the risetime of the gradi-
ent system. Eddy current effects were expected to mainly
affect the linear terms, because second-order eddy current
terms are generally negligible when using actively
shielded gradient coils.

FIG. 1. Implementation of echo-planar methods into FASTMAP. From the N echoes recorded (N 5 8 in this example), N-1 phase maps are
extracted (Dfn) and analyzed and the resulting field information is calculated from Dfn/nt for each of the N-1 projections using a weighted
x2 minimization (Eq. [1]), thereby ensuring optimal accuracy in minimal experimental time. Shaded gradient lobes indicate spoiler gradients
used to minimize coherence generation when using very short TR.
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With an acquisition time of 2.7 msec, an interval spacing
of t 5 5.5 msec was readily achieved with the whole-body
gradient coil, where the rise time was 600ms. After Gauss-
ian apodization, the N echoes acquired per orientation
(with a field-encoding delay of (n21)t) were Fourier trans-
formed and the resulting N complex projections were
stored to disk. Field information was extracted from these
projections by a point-by-point calculation of the phase
difference between the n-th echo and the first echo (n.1)
using methods for one-dimensional phase unwrapping de-
scribed previously (1) and by dividing the phase difference
by (n21)t. Polynomials were fitted to all N-1 phase func-
tion along the specific bar and the resulting polynomial
coefficients an were calculated and averaged using a
weighted x2-minimization, based on the respective root-
mean-square deviation (RMSD) sn using the equation

A 5 O
n51

N21

ansn
22@O

n51

N21

sn
22#21 [1]

This type of weighted averaging automatically ensured
that when the encoding delay nt was large and the mag-
netization reduced due to T*2-dephasing, which includes
both macroscopic field inhomogeneities (caused by, e.g.,
an unadjusted initial shim setting) and intrinsic tissue T*2,
the RMSD of the fit to the phase map was increased and,
therefore, the corresponding polynomial coefficient con-
tributed less to the average.

The theoretical error in the field determination (Eq. [7]
in Ref. 1) is rewritten here with the factors dependent on
T*2 and t as

sppm
22 ~nt,T*2! 5

@nt#2

1 1 e2nt/T2* [2]

Calculating from Eq. [2], the average error due to the N
measurements made at nt (n 5 1..N) indicated that for a
range of T*2 from 0.005 sec to 0.3 sec the error is always less
than that achievable by a single encoding step with a delay
Nt. When integrating over all (N-1) phase measurements
we calculated that the error rapidly decreased with nt,
reaching close to optimal values for nt . 0.02 sec. In
addition, the simulations showed a distinct improvement
in relative error when T*2 was larger than the echo spacing
t (not shown).

Figure 2 shows the Fourier transformed projection along

x (from right to left) acquired from a well-shimmed human
brain at 4 T, indicating that sufficient sensitivity was
present for all 10 echoes, which spanned a TE of 10–100
msec. When mapping the field under poorly shimmed
conditions, in-slice dephasing results in a reduction of the
apparent T*2 and the measurements using the later echoes
will not be reliable and result in an increased RMSD sn of
the polynomial fit. A recent modification of FASTMAP
suggested to use a weighted fitting function to account for
reduced sample sensitivity, e.g., when measuring across
signal voids such as bone or areas with very short T*2 (2).
We have incorporated such an approach, however, to
avoid increased weighting towards the long T*2 signals,
such as water in cerebrospinal fluid or cysts at longer
encoding delays nt, as indicated by the arrows in Fig. 2, a
modified weighted fitting was implemented, as follows:
All points with a signal-to-rms-noise ratio above a pre-
defined threshold (typically 10) were equally weighted
(s 5 1) and all those below this threshold were assigned
the weight s 5 0.

The self-referencing sequence was tested by comparison
with the fully adiabatic FASTMAP sequence (4) using the
time delay t 5 15 msec inserted into the first echo period
prior to any gradient switching. With an inter-echo spac-
ing of 5.5 msec and a 38-cm actively shielded head gradi-
ent insert (Magnex, Abingdon, UK), we observed a maxi-
mal deviation in first-order polynomial coefficients of 0.42
Hz/cm and at most 0.06 Hz/cm2 for the second-order co-
efficients. These deviations translated into a maximum
deviation for the calculated shim coefficients of 0.42
Hz/cm and 0.06 Hz/cm2, respectively. For a standard body
gradient coil (AS25, Siemens, Germany), we observed
maximum deviations of 0.37 Hz/cm and 0.05 Hz/cm2,
respectively. The deviation was further minimized by us-
ing the six projections oriented along the six diagonals of
a cube, but intersecting at the center-of-mass (i.e., xy, yx,
xz, zx, yz, zy), as described in Ref. 1. Maximal deviations
of 0.13 Hz/cm and 0.07 Hz/cm2 in shim coefficients were
measured between the two procedures for field mapping
when using the head gradient coil. For the body gradient
coil, we observed maximum deviations of 0.35 Hz/cm and
0.04 Hz/cm2. In an aqueous phantom containing 250 mM
glucose, this resulted in a 0.1-Hz broader line width for a
27-ml volume when using the echo-planar based scheme
using either gradient coil, an error that is well-tolerable
when considering that in vivo line widths are typically on
the order of several Hertz. At 4 T, excellent field homoge-

FIG. 2. 1H MR projections collected
from a bar selected along x at multiple
echo times nt (t 5 10 msec, n 5 1 . . .
10) measured up to TE 5 100 msec.
Differences in tissue T*2 were due to ce-
rebrospinal fluid spaces associated with
the occipital horns (arrows).
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neity was achieved using the new scheme, as illustrated
with a 1H spectrum of the human brain in Fig. 3. Typically,
before shimming the line width of water in gray matter was
on the order of 30 Hz at 4 T (27 cm3) and 100 Hz at 9.4 T
(64 ml). The proposed shim technique resulted in line
widths that were validated to be the same when reducing
the voxel size to 1cm3 and 8 ml, respectively, from which
we concluded that (macroscopic) contributions to T*2 (line
width) were minimal for such volume sizes.

We conclude that with a reasonable effort in eddy cur-
rent compensation, their effect can be minimized in the
proposed scheme to a level that is insignificant for most in
vivo spectroscopy applications and certainly for all imag-
ing applications, including EPI. Eddy current effects can
be minimized by decreasing the readout gradient strength
and slew rate, which requires an increase in the echo
spacing t, which may not be desirable when attempting to
minimize T2 losses. Alternatively, because the most rele-
vant eddy current distortions for the proposed mapping
are the linear terms, it is possible to calibrate the triangular
rewinding gradient lobes against, e.g., measurements using
an eddy current-insensitive procedure as a reference (us-
ing, e.g., the pulse sequence in Fig. 1 of Ref. 4) to provide
field maps that are independent of the echo number n.
This procedure may also be required on systems with
slight imbalances between positive and negative gradients
strengths. The proposed scheme of Fig. 1 has been tested
successfully on two additional systems: A 7-T /90-cm mag-
net with a 38-cm actively shielded head gradient coil and
a 9.4 T/31-cm magnet with an 11-cm actively shielded
gradient insert. In all cases, we found eddy currents to
produce minimal distortions in the measured B0 field,
suggesting that the proposed scheme will perform ade-
quately on most contemporary systems.

For MRI-based field mapping, the minimal field infor-
mation for shimming all first-and second-order shim coils
requires that at least three image planes are acquired. A

separate reference scan is needed, resulting in at least 6
excitations when using very fast single-shot imaging se-
quences such as EPI (6). The echo-planar imaging ap-
proach thus has mapping times comparable to the se-
quence proposed herein, but requires corrections due to
image distortions acquired mainly in the phase encode
direction, longer processing times and the use of an en-
coding delay t. Other B0 field imaging methods (12) re-
quire far more excitations, resulting in 5 min required for
shimming (3). Including data acquisition, calculation of
shim correction currents and download to the shim com-
puter, the proposed FASTMAP-based approach required
less than 15 sec, which is a substantial improvement. This
suggests that a more efficient reduction of field mapping
time and computational effort, and improved reliability
was achieved than possible with any of the other current
techniques.

Nevertheless, it should be emphasized that the proposed
approach based on an acquisition of the field information
without acquiring an extra reference scan can be extended
to MRI-based field mapping techniques, provided the
phase encoding for the second spatial axis is acquired with
sequential excitations, such as during a FLASH-type im-
aging scheme.

We conclude that with the proposed scheme the time
required to measure the static field B0 can be minimized to
a level that eliminates shimming as an obstacle for the
routine use of clinical MR spectroscopy.
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