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A one-dimensional approach for fast, robust, automatic adjust- sition algorithm. The three-dimensional method has been
ment of on-axis shims on high-resolution NMR spectrometers shown to perform the complete shimming process (acqui-
based on polynomial fitting of field inhomogeneity is described. sition and data processing) in 4.5 min and be able to adjust
Spherical harmonic and nonspherical harmonic terms of the field 28 shims with 3–4 iterations from zero shim currents
distribution of shim coils are precalibrated as polynomial coeffi- to optimal field homogeneity on modern spectrometers
cients by successively changing shim settings. This method greatly

equipped with a SGI workstation. In this Communication,simplifies the shim precalibration and optimization procedures and
we propose an alternative approach based on sphericalis readily to be extended to three-dimensions to include off-axis
harmonic field distribution of shim coils (7–9 ) . Like itsshims. q 1997 Academic Press

in vivo version, this approach simplifies the shim precali-
bration and optimization procedures, allowing its imple-
mentation on spectrometers equipped with older comput-

The importance of shimming in NMR spectroscopy is ers. Only the one-dimensional method is discussed here
well known. The practical approach to shimming in high- using a single-axis gradient probe. Where triple-axis gra-
resolution NMR spectroscopy has been based on iterative dient probes are available, tilted linear projections can
procedures which are time-consuming due to the interac- be generated to adjust off-axis shims, avoiding 3D data
tions between shim coils and existence of many local min- acquisition and processing.
ima. With the advent of high-field spectrometers optimiza- The 1D method described here was implemented on a
tion of field homogeneity becomes more demanding since BRUKER AM 500-MHz spectrometer. The system is
susceptibility effects increase with increasing B0 field equipped with the following shim coils: z , z 2 , z 3 , z 4 , z 5 (on-
strength. Automatic shimming techniques based on chemi- axis) , and x , y , x 2 0 y 2 , xy , xz , yz , x 3 , y 3 , xz 2 , yz 2 , zxy ,
cal shift imaging (1, 2 ) or phase differences (3–9 ) have z(x 2 0 y 2) (off-axis) and a z-axis gradient probe (5 mm).
been well established for in vivo imaging and spectroscopy Shim calculations and adjustment were performed using a
applications. The basic idea is to measure the spatial de- Pascal program run by the spectrometer computer (ASPECT
pendence of B0 inhomogeneity using triple-axis gradients 3000). Each iteration (acquisition, Fourier transform, shim
followed by shim adjustments based on the measured or calculation and adjustment) takes ca. one minute on the
calculated characteristics of the individual shim coils. ASPECT 3000 computer. Three to four iterations are needed
With gradient accessories becoming more available to to achieve a full convergence of on-axis shims starting from
high-resolution spectrometers these automatic shimming zero shim current. For a standard setup starting from a de-
methods can also benefit high-resolution NMR spectros- fault shim file, only 1–2 iterations are necessary. An acro-
copy. Recently, van Zijl et al. (10 ) introduced a three- nym suitable for this method is ZIGZAG as deduced from
dimensional gradient-recalled echo imaging method to au- zero inhomogeneity generated using a z axis gradient.
tomatic shimming for high-resolution NMR spectrome- Figure 1 shows the gradient echo pulse sequence used for
ters. This method and its one-dimensional version measure encoding B0 inhomogeneity along the z axis. A selective
the true characteristics of shim coils and then solve for

pulse is applied to excite an on-resonance singlet. Deuterium
the optimal shim settings using a singular value decompo-

lock should be on during the acquisition to avoid field drift-
ing. The gradient strength used is 250 Hz/mm with a field
of view (FOV) of 5 cm. The echo time employed is 101 To whom correspondence should be addressed.
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Ideally, each shim coil should produce a B0 field with a
certain spherical harmonic spatial dependence, which can be
precalibrated independent of the sample by measuring the
change of the corresponding polynomial coefficient while suc-
cessively changing its current. Then for an unknown inhomo-
geneous field, a polynomial regression can be performed to
calculate the polynomial coefficients which are proportional
to the corresponding on-axis shim current adjustments. In our
case, the z , z2 , z3 , z4 , and z5 shims are calculated byFIG. 1. Pulse sequence for 1D automatic shimming. The delay t is set

to zero and a nonzero value to obtain a phase difference map along the z
direction. f Å x , 0x ; u Å x , 0x . A nonselective pulse can be used if the
spectrum is dominated by a major peak such as water.
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ms with 128 complex points sampled to generate a spatial
resolution of 0.4 mm/point. The phase difference between
two profiles with t Å 0 and t õú 0 (usually 10–50 ms)
is automatically corrected (7) for 07 /3607 phase transitions and
assuming phase difference between adjacent points do not
exceed 607, which corresponds to a maximum B0 gradient
of less than 43–8 Hz/mm. The phase difference divided by
Dt is proportional to the z component of B0 inhomogeneity,
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, [2]which can be expanded into a polynomial series

B0(zj) Å ∑
i

aiz
i
j , [1]

where zj is the j th ordinate along z axis, and ai is the i th- where N is the total number of data points. Due to imper-
fect field centering of shim coils and imperfect sphericalorder polynomial coefficient.

FIG. 2. Calibration of z 5 shim coils and its interactions with z , z 3 , and z 4 shim coils. l, a5(z 5) 1104 Hz/mm5; j, a1(z 5) Hz/mm; m, a3(z 5) 1103

Hz/mm3; 1, a4(z 5) 1104 Hz/mm4. The slopes of the calibration curves obtained by linear regression are ka5(z5) Å 04.044 1 1008 Hz/mm5, ka1(z5) Å
1.766 1 1004 Hz/mm, ka3(z5) Å 1.136 1 1006 Hz/mm3, ka4(z5) Å 1.164 1 1007 Hz/mm4.
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harmonic field distribution there are interactions between
shim coils. These interactions make conventional shim-
ming a tedious process, especially when the center of
shim set and the center of the sample are not coincident.
Using the z-axis field mapping proposed here, shim inter-
actions can be easily calibrated independent of sample
positioning in terms of polynomial coefficients and sub-
tracted from the coefficients of affected shims before shim
adjustments.

Figure 2 shows the example of calibration of the z 5 shim
coil around a5 Å 0 as well as its interactions with the z , z 3 ,
and z 4 shims. The z 5 shim current was set to different values
without changing other shims. The field maps measured were
fitted by a polynomial series (Eq. [2]) to obtain the corre-
sponding polynomial coefficients due to changes in the z 5

shim settings. No significant interaction with the z 2 shim
was found for the z 5 shim. All correlations were found to
be linear. The adjustment of the z 5 shims for an unknown
field inhomogeneity can be made using a5 calculated from
Eq. [2] and the linear relationship between the changes in
z 5 shim settings and the changes in a5 as shown in Fig. 2.
For lower order shims, the contributions from higher order
shims need to be subtracted from the corresponding polyno-
mial coefficients calculated using Eq. [2] before conversion
to changes in their shim settings:

DIi Å (ai 0 ∑
j

ajkj i /kj) /ki ( j ú i) , [3]

where DIi is the adjustment of the current of the i th-order
shim, ki Å (Ìai /ÌIi )nxi , kjÅ (Ìaj/ÌIj)nx j , kjiÅ (Ìai /ÌIj)nx j .

To demonstrate the effectiveness of this method, the field
inhomogeneity of a sample of 50% H2O/50% D2O was mea- FIG. 3. (a) Field inhomogeneity (solid line) of a 2.8-cm-length 50%

H2O/50% D2O sample measured and the corresponding fifth-order polyno-sured after the high-order shims were deliberately misad-
mial fit (dotted-dashed line) before automatic shim corrections. Part of thejusted for correction by automatic shimming. The result is
sample, 1.4 cm, was used for shimming calculations. (b) Field inhomogene-shown in Fig. 3a (solid line) . The dotted-dashed line is the
ity (solid line) after one iteration of ZIGZAG and the fifth-order polynomial

fifth-order polynomial fit. The B0 field after one round of fit (dotted-dashed line) for the next iteration. (c) Field inhomogeneity after
automatic shimming is shown in Fig. 3b (solid line) . The the second iteration. t Å 20 ms was used.
polynomial fit (dotted-dashed line) is for the next iteration.
Figure 3c shows the residual field inhomogeneity after a
total of two iterations. Two scans were taken for each echo. standard ODCB provided by Bruker by selectively exciting

the TMS singlet. A half-height width of 0.1 Hz was obtainedThe sample was not spun, and off-axis shims were not ad-
justed. after four iterations (data not shown).

With enough S /N , any shimming methods based on fieldFigure 4 shows the spectral region upfield from water of
a sample of 1.5 mM sucrose in 90% D2O/10% H2O shimmed mapping ideally should give a close to perfect adjustment

of on-axis shims using a single iteration if all interactionsusing three iterations starting from zero shim currents for
on-axis shims. The sample tube was spun at 20 Hz. No among shims are taken into account. In reality, gradient

nonlinearity and B0 inhomogeneity make rj õú j*FOV/attempt was made to remove paramagnetic species such as
O2 and trace heavy metal impurities. The off-axis shims were N , resulting in inaccurate spatial encoding. Errors in shim

calibrations also contribute to inaccurate shim adjustmentscrudely adjusted by hand shimming before recording the
spectrum. This was to minimize spinning side bands. Excel- during a single iteration. Therefore, 3–4 iterations are gener-

ally needed to achieve a full convergence if the startinglent resolution was achieved within a short amount of time.
We have also performed automatic shimming on a shimming shims are far off. Our method is no exception.
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FIG. 4. 1H spectral region upfield from water of a sample containing 1.5 mM sucrose in 90% D2O/10% H2O taken after three iterations of our 1D
automatic shimming method while spinning. No window functions were used.
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