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Accurate phasing of MRS spectra is often difficult unless time 
varying phase effects produced by gradient-induced eddy cur- 
rents that persist during data acquisition are eliminated. This 
effect is particularly problematic in ’H-CSI spectra where fre- 
quency shifts produced by static field inhomogeneity and 
phase shifts produced by eddy currents combine. In this pa- 
per we present a method that corrects both shifts and elimi- 
nates manual phasing of individual CSI spectra typically re- 
quired to recover a pure absorption line shape. The method 
uses a time domain phase correction derived from the ambi- 
ent water signal acquired under identical conditions (i.e., ac- 
quisition parameters, gradient sequence) as the solvent-sup 
pressed CSI data. Results from CSI experiments on phantoms 
and in vivo solvent suppressed ‘H-CSI spectra from normal 
human brain are presented demonstrating the capabilities of 
the technique. 
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INTRODUCTION 

Proton chemical shift imaging (‘H-CSI) has become an 
increasingly popular technique for performing spatially 
localized in vivo MRS. This is particularly true in the 
human brain, where a number of biochemically impor- 
tant species are observable and spectral contamination 
from fat can be minimized (1-8). The primary advantage 
of CSI is that localized spectra from multiple locations 
can be simultaneously acquired (9, 10). In this respect, it 
is significantly more time efficient than single voxel tech- 
niques, however, it is relatively more difficult to imple- 
ment. The primary difficulty with ‘H-CSI is the large 
influence of static field inhomogeneity and gradient-in- 
duced eddy currents. These two factors can distort the 
resonance frequency, line width, and line shape (i.e., 
overall phase) effectively compromising these data and 
necessitating significant postprocessing for proper spec- 
tral interpretation. 

Several techniques have been suggested for correcting 
the effects of static field inhomogeneity on CSI data (11- 
3 3), but these techniques do not consider the additional 
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time varying phase effects produced by eddy currents 
that persist during data acquisition. These phase effects 
can lead to improper spectral interpretation, especially if 
compounded by incomplete solvent suppression, over- 
lapping resonances, and resonance frequency shifts. A 
phase correction that addresses this problem was devel- 
oped using nonlocalized spectra (14,15) and extended to 
single voxel STEAM spectra (16, 17). These corrections 
use an unsuppressed signal from ambient water acquired 
under identical conditions as the solvent-suppressed sig- 
nal to calculate the eddy current contribution to the 
phase of the solvent-suppressed signal. This contribution 
is then eliminated leaving only the true chemical shift 
component. In this paper, we extend the eddy current 
correction to lH-CSI data and consider in detail the ef- 
fects of using a number of strategies for time-dependent 
phase correction. 

METHODS 

The signal acquired in a spatially localized MRS experi- 
ment can be modeled as 

s(t) = n=l $ l~n(r~)exp{-tiT,lexp(iO(rr,o,,t)Jdrr, [11 

where the integration is taken over a voxel centered at 
r = (x, y, z) with dimensions (Ax, Ay, Az) and M, (r) is the 
transverse magnetization of the nth spin species having 
shielding constant a,, and spin-spin relaxation time TZn, 
The summation is taken over all N spin species contrib- 
uting to the signal. The phase term in Eq. [I] is given by 

4(r’,un,t) = + AB,,(r’,t’)Hl - unldt‘ + &, 121 

where the integration starts at the time phase coherence 
is established (nominally the end of the last RF pulse). Bo 
is the static magnetic field strength, ABo [r,t) is the mag- 
netic field variation produced by static field inhomoge- 
neity and eddy currents, and +o is the offset between the 
rotating frame and the absorption mode detector phase. 
In practice, s( t )  is acquired using phase-sensitive detec- 
tion and can be expressed in complex notation as 

s(t) = I s(t)l exp{i@(t)} = s,(t) + i.si(t), 

where I s ( t )  I is the magnitude, @[t) is the aggregate 
phase, and sJt) and si(t) are the real and imaginary com- 
ponents of s( t ) ,  respectively. 

Equations [I] and [2] show how static field inhomoge- 
neity and eddy currents affect the phase of s( t). If I ABo 1 
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varies with position, a distribution of isochromats is pro- 
duced across the voxel and s( t )  is derived from the vector 
sum alf phasors arising from each isochromat weighted by 
the corresponding values of M,. If I AB, I varies with 
time, the cumulative phase of each isochromat, and 
hence @(t) ,  is a function of ABo as well as chemical shift. 
The phase term in Eq. [I] cannot be removed from the 
integral unless I AB, I is spatially invariant. If we split the 
integral in Eq. [2], then the Bo and +o components of the 
phase can be removed from the integral in Eq. [I]. Fur- 
thermore, if we assume that 1 >> a,, the chemical shift 
component of the phase can also be removed from the 
integral in Eq. [I]. 

Because phase effects produced by AB, (r, t )  are also a 
function of the gyromagnetic ratio (y), they are most pro- 
nounced in 'H-MRS. Coincidentally, the gradient re- 
quireinents for lH-MRS are significant due to solvent 
suppression and localizing relatively small voxels. Phase 
effects can be greatly reduced in a solvent-suppressed 
'H-MRS signal by performing a differential measurement 
of the solvent suppressed (or sample) and unsuppressed 
(or reference) signals. If we acquire sample and reference 
signals from the same voxel under identical conditions 
(i.e., acquisition parameters, gradient sequence), the spa- 
tial and temporal variation of AB, across the voxel re- 
mains constant between acquisitions. If we also assume 
that the magnetic field does not vary significantly across 
the voxel, the ABo component of the phase can be re- 
moved from the integral in Eq. [1] and the aggregate 
phase of the two signals are identical with one another 
except for phase contributions due to chemical shift. Fi- 
nally, if we disregard the phase contributions of nonsol- 
vent spins in the reference and keep the carrier frequency 
and phase offset constant between acquisitions (a practi- 
cal relquirement in CSI), the sample and reference signals 
are given by 

S(t)  = I S(t)  I exp{i(+s(t) + +,(t) + +,(t) + +,I}, [41 

and 

R(t) = I R(t) I exp{i(+,(t) + +Jt) + +,I), 151 

respectively. The phase contributions due to chemical 
shift, resonance frequency offset, eddy currents, and 
phase offset are denoted +a( t ) ,  +J t ) ,  +J t ) ,  and &. 

The +,(t), +,(t), and +o components in Eq. [41 can be 
eliminated by multiplying S( t )  by a correction function 
derived entirely from R( t )  and given by 

The corrected sample signal, $t )  = S ( t )  . C(t ) ,  retains 
chemical shift information, is referenced to the Larmor 
frequency yB,, is free of phase distortions due to eddy 
currents, and is in phase with the detector (i.e., $0) = 
.F{S(t)] has a pure absorption line shape). 

In il 'H-CSI experiment, multiple spatially localized 
signals are generated from voxels spanning the field of 

view, where the kth signal, sk(t), arises from the voxel 
centered at r = (xk,yk,zk) with dimensions (Ax',Ay',Az'). 
In this case, each CSI voxel is subjected to a different 
magnetic field distribution depending on the spatial de- 
pendence of AB,(r,t). If the contribution of static field 
inhomogeneity to ABo(r,t) is significant, the distribution 
of isochromats in the sample will vary between voxels 
producing differences in line width and resonance fre- 
quency between the sk(t). If the spatial contribution of 
the eddy currents to AB,(r,t) is significant, the cumula- 
tive phase of each isochromat will also vary between 
voxels producing differences in the overall phase be- 
tween the sk(t). In both cases, the phase terms in Eq. [4] 
and [5] are spatially dependent. This spatial dependence 
can produce significant differential phase effects be- 
tween individual CSI voxels that must be considered 
when phase correcting CSI spectra. 

The phase correction described above can be applied 
to 'H-CSI data sets, providing sample and reference sig- 
nals are acquired under identical conditions. This elim- 
inates phase contributions due to frequency offsets and 
eddy currents by accounting for the differential effect of 
AB,(r,t) on individual voxels. Time domain signals are 
first Fourier transformed in the phase encoding direc- 
tion, eliminating the phase factors associated with encod- 
ing spatial information, but not the phase offset +o. If the 
spatially localized signals in the sample and reference 
CSI data sets are denoted Sk(t)  and Rk( t ) ,  the correspond- 
ing correction functions (Ck(t))  are evaluated using the 
respective Rk( t )  in Eq. [6] and the corrected sample sig- 
nals are given by 3k(t) = Sk(t)  . Ck(t). Note that differ- 
ences in magnetic field inhomogeneity leading to reso- 
nance frequency shifts between voxels are eliminated 
and each sk(t) is referenced to the Larmor frequency. 
Furthermore, if +o is constant between acquisitions, each 
3k(t) is in phase with the detector. 

Acquiring sample and reference data under identical 
conditions can exact a significant time penalty, particu- 
larly in multidimensional CSI. Differences in signal-to- 
noise ratio (SNR) between sample and reference notwith- 
standing, additional time is required for phase encoding 
and phase cycling in the reference that might otherwise 
be spent elsewhere. Reducing the reference acquisition 
time by using slightly different acquisition parameters is 
an alternative; however, this may not suffice for adequate 
correction. In the figures that follow, a sample CSI cor- 
rection is performed using a reference acquired under 
identical conditions (i.e., number of phase encodes, spa- 
tial resolution, acquisition parameters, gradients). This 
correction is compared with a number of compromise 
strategies that reduce reference acquisition time. 

RESULTS 

lH-MRS data were acquired at 1.5 T using a whole-body 
MR system and standard birdcage head coil driven in 
quadrature (GE Medical Systems, Milwaukee, WI). The 
phantom consisted of two concentric glass spheres (D = 
5, 20 cm) as illustrated in Fig. 1. The inner and outer 
spheres contained 50 mM lactate (Lac) and 50 mM crea- 
tine (Cr), respectively. The phantom was positioned near 
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FIIG. 1. Experimental setup. The inner and outer compartments of 
the phantom contained 50 rnM Lac and 50 mM Cr, respectively. A 
STEAM voxel was defined across the inner compartment, and 
1D-CSI data were acquired using phase encoding along the long 
axis of the STEAM voxel. 

isocenter where a 2 x 2 x 1 2  cm voxel was defined across 
the inner compartment using STEAM (18). Static field 
homogeneity was optimized across the voxel using first 
order shimming (19) and solvent suppression was per- 
formed using a three CHESS pulse strategy (20) in con- 
junction with Shinnar-Le Roux pulses (21). One-dimen- 
sional phase encoding [PE) was performed along the long 
axis of the voxel and produced 1 2  2 X 2 X 1 cm subvoxels 
in the ID-CSI data set. Sample CSI data were acquired 
using 16 PE steps with eight phase cycles/PE and a 
21000-ms repetition time (TR),  a 20-ms echo time (TE) ,  
and an Il-ms mixing time (TM). Reference CSI data were 
acquired using 16 PE steps with various TRs and number 
of phase cycling steps; however, all other acquisition 
parameters were held constant between the sample and 
reference experiments. In particular, crusher gradients 
associated with solvent suppression were still used dur- 
ing reference acquisition. Single voxel reference data 
from the entire STEAM voxel were also acquired using 
the same acquisition parameters as the sample CSI [i.e., 
eight phase cycles, a 2000-ms TR, a 20-ms TE, and an 
1l-ms TM). In all cases, 512 time domain samples were 
captured at a sampling rate of 1 KHz (2 Hz frequency 
resolution). 

Data processing was performed on a SUN SparcStation 
using the SA/GE software package (GE Medical Systems) 
in conjunction with user developed programs. Data pro- 
cessing required no operator interaction and took ap- 
proximately 2 min to complete. Several corrections were 
compared using the same sample CSI data set. In each 
case, the sample CSI was Fourier transformed in the PE 

rection was either performed manually (Fig. 2) or by mul- 
tiplying each Sk( t ) ,  point-for-point, by the corresponding 
correction function (Figs. 3-8). Manual phase correction 
consisted of adjusting the zero-order phase (&, in Eq. [2]) 
of one spectrum in the CSI data set to obtain a flat base- 
line and lineshapes approximating absorption mode 
spectra; this phase correction was then applied to all the 
CSI spectra. Note that no higher order manual phasing 
was performed. For those corrections involving reference 
CSI data, the reference CSI was Fourier transformed in 
the PE direction prior to calculating the corresponding 
correction function associated with each Rk(t). For those 
corrections involving single voxel reference data, each 
Sk( t )  was corrected using the same single voxel reference 
signal. Following phase correction, localized sample sig- 
nals were zero padded to 1024 points and Fourier trans- 
formed to produce localized chemical shift spectra. Un- 
less otherwise noted, no additional phasing, shifting, 
apodization, or interpolation was performed. All phan- 
tom spectra are referenced to water at 4.75 ppm. 

Figure 2 shows the effects of eddy currents on CSI data. 
Lac from the inner compartment is present in the center 
five spectra and Cr from the outer compartment is present 
in the remaining seven spectra. Each signal in the sample 
data was manually phased using the phase offset esti- 
mated (by visual inspection) for the center spectrum. 
Eddy current induced distortions in these spectra are 
seen as negative excursions on both sides of isocenter in 
Cr and in Lac near isocenter. In addition, Lac has an 
asymmetric line shape. Figure 3 shows the correction 
with a reference acquired under identical conditions as 
the sample (i.e., 16 PE, eight phase cycles/PE, a 2000-ms 
TR, a 20-ms TE, and an 11-ms TM). The negative excur- 
sions seen in Fig. 2 have been eliminated and Lac has a 
symmetric line shape. 

4 3 2 1 

PPm 

FIG. 2. Manually phased sample CSI. Lac is present in the center 
5 spectra and Cr in the remaining 7 spectra. Eddy current induced 
distortions are seen as negative excursions in the Lac and Cr 
resonances and the asymmetric Lac line shape. The arrow indi- 
cates the sDectrum selected for manual Dhasina. A zero-order 

direction prior to phase correcting each Sk(t) .  Phase cor- phase correction of 3" was applied to each'spectrum. 
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FIG. 3. Correction using identical reference CSI (16 PEs). Nega- 
tive excursions have been removed in Cr and Lac and Lac has a 
symmetric line shape. Spectra show marked improvement com- 
pared with manually phased data (Fig. 2). The reference acquisi- 
tion time was 272 s. 

Figures 4 to 7 show the corrections rendered with var- 
ious compromise strategies intended to reduce the refer- 
ence acquisition time. Figure 4 shows the correction ren- 
dered with fewer PEs from the reference. Reference data 
used here were derived from the middle eight PEs of the 
data described for Fig. 3. Zero padding to 16 points in the 
PE direction produced a spatially interpolated reference 
having the same number of PEs as the sample. The neg- 
ative excursions have been largely removed in Cr to the 
left of isocenter (bottom spectra) and in the Lac spectra 

I 

PPm 

4% 
FIG. 4. Correction using fewer PEs in reference CSI (8 PEs). 
Negative excursions have been largely removed in Lac and the 
bottom Cr spectra and Lac has a symmetric line shape. Negative 
excursions remain in the top Cr spectra. Spectra are improved 
relative to manually phased data (Fig. 2) but are distorted com- 
pared with the identical reference CSI correction (Fig. 3). The 
middle 8 PEs can be acquired in 144 s. 

and Lac has a symmetric line shape. Significant negative 
excursions remain, however, in Cr to the right of iso- 
center (top spectra). Figure 5 shows the correction ren- 
dered with a single voxel reference signal. Reference data 
used here was the signal acquired from the entire STEAM 
voxel with eight phase cycles and a 2000-ms TR, a 20-ms 
TE, and an 11-ms TM. The negative excursions have been 
reduced in Cr (especially to the left of isocenter) and 
largely removed in the Lac spectra; however, asymme- 
tries remain in the Lac line shape. 

Figure 6 shows the correction rendered with fewer 
phase cycles and reduced reference TR. Reference data 
used here were acquired using 16 PE, two phase cycles/ 
PE, a 915-ms TR, a 20-ms TE, and an 11-ms TM. The 
negative excursions have been removed in both Cr and 
Lac, though there is somewhat less improvement in Cr to 
the right of isocenter (top spectra) as compared with a 
correction rendered by just reducing TR (not shown). In 
addition, some asymmetry remains in the Lac line shape. 
Figure 7 shows the correction rendered with water refer- 
encing and a single voxel reference. Reference data used 
here were the single voxel signal described above. Prior 
to phase correction, the sample data were individually 
referenced to the single voxel reference data. This was 
accomplished by manually shifting the solvent reso- 
nance in each localized spectrum of the identical refer- 
ence CSI to the solvent resonance frequency of the single 
voxel signal. Identical shifts were then applied to the 
corresponding spectra in the sample CSI. The frequency 
corrected sample was then inverse transformed and sub- 
jected to single voxel reference correction. The negative 
excursions in Cr and Lac appear largely unaffected by the 
single voxel correction. 

I 

FIG. 5. Correction using single voxel reference. Negative excur- 
sions have been largely removed in the Lac spectra; asymmetries 
remain in the Lac line shape, however, as compared with the 
identical reference CSI correction (Fig. 3). Negative excursions 
have been reduced in the bottom Cr spectra compared with the 
manually phased data (Fig. 2). The reference acquisition time was 
32 s. 
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and no additional phasing was required to obtain pure 
absorption line shapes. 

Acquisition of an identical reference can significantly 
increase total exam time, particularly in multidimen- 
sional CSI. To reduce this additional time, various strat- 
egies were tested that approximate the phase effects pro- 
duced by AB,(r,t) in the reference data. Reducing TR and 
phase cycling in the reference CSI appears to have little 
effect on reducing the performance of the phase correc- 
tion while providing a factor of eight in time savings. 
This implies that the eddy current time constants asso- 
ciated with this phantom and set of acquisition parame- 
ters are short compared with the TR of the experiment. 
Reducing the number of PEs in the reference CSI pro- 
duced less favorable results. This implies that spatial 
interpolation of intermediate voxels in the reference does 

currents in our phantom. Where the spatial dependence 
of the eddy currents is slowly varying (e.g., near isocenter 

4 3 2 1 not adequately reproduce the spatial dependence of eddy 

PPm 

FIG. 6. Correction using fewer phase cycles and reduced TR ref- 
erence CSI. Negative excursions have been removed in Cr and 
Lac, though there is somewhat less improvement in the top Cr 
spectra compared with just reducing TR (no shown). The asym- 
metry in the Lac line shape is comparable with that obtained by just 
reducing TR. The reference acquisition time was 37 s. 

FIG. 7. Correction using water referencing and single voxel refer- 
enc:e. Negative excursions in Cr and Lac are comparable with 
thoise seen in the single voxel correction (Fig. 2). Apart from ex- 
pected frequency shifts, there are no other obvious effects on 
phase correction as compared with the single voxel correction. 

DISCUSSION 

The algorithm for automated phase correction was tested 
using in vitro data to objectively compare various time 
reduction strategies. The algorithm appears to be robust if 
used with a reference CSI acquired under identical con- 
ditiions. In this case, the sample and reference CSI iden- 
tically sample the spatial distribution of AB,(r,t). Fur- 
thermore, localized signals in the corrected sample were 
free of magnetic field inhomogeneity induced frequency 
shifts and eddy current induced line shape distortions 

and presumably to the left of isocenter), spatial interpo- 
lation appears to provide an adequate estimate of the 
reference phase for the correction. In the extreme, the 
correction using a single voxel reference signal appears to 
be inadequate, even when correcting the phase contribu- 
tion due to local static field inhomogeneity using inde- 
pendent water referencing. This is because a single voxel 
correction cannot account for the spatial dependence of 
the eddy currents. 

The algorithm described here is based on an assump- 
tion not generally valid in vivo. It assumes that the mag- 
netic field does not vary significantly across the voxel 
that the sample and reference signals are acquired from. 
This approximation is reasonable in relatively small vox- 
els located in regions where susceptibility effects are rel- 
atively small. As an example, Fig. 8 illustrates the effect 

4 35 3 2 5  2 4 36 3 2 5  2 

FIG. 8. ln vivo correction using fewer phase cycles reference CSI. 
Data were acquired using a 6 x 2 x 2 cm STEAM voxel localized 
in the occipital cortex with a 2000-ms TR, a 20-ms T f ,  and a 11 ms 
TM. Sample CSI data were acquired in 8:32 using 16 PEs and 8 
phase cycles/PE. Phase encoding produced 4 1.5 X 2 x 2 cm 
subvoxels. (a) Manually phased (uncorrected) spectra. The arrow 
indicates the spectrum selected for manual phasing. A zero-order 
phase correction of 340" was applied to each spectrum. (b) Cor- 
rected spectra. Reference CSI data were acquired in 1 :20 using a 
2000-ms TR, 16 PEs and 2 phase cycles/PE. Spectra are refer- 
enced to NAA at 2.02 ppm. 
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of performing a reference correction on a sample CSI 
taken from the occipital lobe in human brain. To mini- 
mize the possibility of inadequate correction, an identi- 
cal number of PEs were used in the reference. Note that 
the asymmetric line shape of the N-acetyl aspartate 
(NAA) peak has been corrected in each signal. Also note 
that the NAA, creatine/phosphocreatine (Cr/PCr), and 
choline (Cho) resonances are each referenced to a com- 
mon resonance frequency. The approximation should im- 
prove as voxel size decreases and the importance of the 
spatial dependence of the eddy current contribution de- 
creases. Adequate SNR is required, however, in each ref- 
erence signal to obtain an accurate estimate of the aggre- 
gate reference phase. This is especially important at early 
time points as the SNR of the corrected sample CSI can be 
adversely affected. 

We have shown that certain simplifying approxima- 
tions can yield reasonable phase correction with reduc- 
tion:; in reference data acquisition times of up to a factor 
of eight. Though not shown here, restoring missing ref- 
erence PEs (from 8 to 16) resulted in better performance 
of the phase correction algorithm at the expense of addi- 
tional acquisition time. This suggests that additional time 
savings may be obtained from spatial approximations of 
the Ieference CSI. This may be unnecessary with ID-CSI, 
where the identical reference required for optimal phase 
correction can be acquired without substantial time pen- 
alty. Multidimensional CSI, however, would benefit sig- 
nificantly from such spatial approximations. In this pre- 
limiinary work, we have utilized 1D-CSI and a linear 
sampling/interpolation of k-space for the reference CSI. 
Future work will focus on using multidimensional CSI in 
conjunction with nonlinear sampling/interpolation of k- 
space where a reduced number of PEs cover a larger range 
of spatial frequencies. This may provide an improvement 
in eddy current correction per unit reference CSI acqui- 
sition time, particularly in vivo where the magnetic field 
inhomogeneity and eddy current distribution is more 
pronounced. 
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