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In in-vivo applications of proton NMR spectroscopic imaging,
n oscillatory “ringing” artifact has been observed in some of the
pectra. The source of this artifact was found to be the presence of
harmonic “beating” effect in the amplitude of the water refer-

nce free induction decay (FID) which was used for zero order
hase correction for B0 inhomogeneity and eddy current compen-
ation. The source of the beats was found to be the presence of
istinct populations of spins resonating at slightly different fre-
uencies. When the common method of zero order phase correc-
ion was implemented using such an FID, the resulting phase-
orrected, water-suppressed spectra displayed ringing. Examination
f the unwrapped phase correction angle revealed unexpected
umps in phase at points in time corresponding to nodes in the
mplitude of the FID. Low-pass filtering of the phase correction
ngle of the reference FID was found to smooth out these unan-
icipated phase jumps. When used as a reference for phase cor-
ection, the filtered phase information gave a phase-corrected,
ater-suppressed spectrum free from ringing. © 1999 Academic Press

Key Words: NMR; phase correction; artifact; water reference;
ow-pass filter.

INTRODUCTION

The presence of eddy currents induced by the switching o
ocalization and spoiling gradient currents in clinical MRI sc
ers results in distortions in the lineshapes of proton NMR sp
cquiredin vivo andin vitro. Furthermore, the variation in theB0

omogeneity across the magnet bore can cause further
istortions due to the spatial variation in the Larmor freque
recise shimming can minimize the effect ofB0 inhomogeneity
owever, in 2D and 3D spectroscopic imaging experimen
niform magnetic field throughout the whole of the volume

nterest (VOI) is difficult to attain. Automated shimming routin
an help reduceB0 inhomogeneity (1, 2), but isolated region
here shimming is poor will always persist where there is
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brupt change in chemical shift or susceptibility, such as a
kull and near the sinuses in the human brain.
Ordidge and Cresshull (3) proposed an effective method

orrecting for these zero order spectral phase distortions
etabolite spectrum by using a water reference FID colle

rom the same VOI. This correction method works on
ssumption that the water and metabolite resonances ar

orted in the same way by zero order phase effects.
lgorithm proposed first calculates the water FID phase a
w, as the arctangent of the quotient of the imaginary and
arts of the water FID. This phase angle is then subtracted

he corresponding phase angle of the water suppressed
abolite) FID on a data point by data point basis. The p
istortions introduced by eddy currents andB0 inhomogeneity
re thereby removed from the water suppressed FID an
pectrum. This method has since had widespread use inin vivo
roton NMR spectroscopy (4, 5). Using this method of zer
rder phase correction in a single slice point resolved (PR
) localized spectroscopic imaging experiment (7), a “ringing”
rtifact was occasionally observed in some of the spectra
). In an attempt to isolate the source of the artifact, both
ater suppressed and reference FIDs from the artifact ri
oxels were examined before and after the individual stag
he data processing sequence used to produce a spectro
mage from a 2D phase encoded FID.

METHODS—EXPERIMENTAL

The methods of data processing used to produce th
pectroscopic images have been described in detail prev
7). In brief, both the reference and suppressed FIDs
patially decoded using a 2D fast Fourier transform (FFT)
ero order phase correction angle is then calculated for all
ata points of the reference FID and used to phase corre
orresponding data points of the suppressed FID. The
ressed FID is then filtered using 4-Hz Gaussian line br
ning prior to Hankel–Lancosz Singular Value Decompos
HLSVD, 11) water removal and the time to frequency dom

al
.
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431COMMUNICATIONS
pectral FFT. All the data processing was carried out on a
parc 20 workstation using in house C and Matlab (The M
orks, Natick, MA) software.
In particular, the zero order correction method was im
ented using an algorithm written in C which uses theatan2

unction to calculate the water phase anglefw, as the arctan
ent of the quotient of the imaginary and real parts of the

or all 1024 data points. This function returns an angle in
ange6p, as such the phase angle of the water reference
hould evolve smoothly as a function of time, with abrupt s
f 2p at values of6p.

xperimental Results and Discussion

Examination of the phase correction angles of the water r
nce FIDs of offending spectra reveals unexpected abrupt j

n phase ofp (Fig. 2). To investigate the source of these ph
ips, the magnitude of a water reference FID was plotted (Fig
here is an obvious notch or “node” in the magnitude of the s
t the data point corresponding to the phase flip. If either the
r imaginary part of the FID approaches zero and change si

he node) the function could return the negative angle, i.e.,fw 1
, and cause the flip. This node is reminiscent of the n
bserved in the beats effect of harmonic interference, produc

he interference of two sources whose frequencies differ
mall amount. This condition could arise in NMR in a region
hich there is a rapid change in either chemical shift or sus

ibility such as at a tissue/fat interface or near the sinuses
pectra in the top row of the array in Fig.1 were indeed colle
t the edge of a PRESS VOI, which is close to the skull and s

FIG. 1. An array of spectra collected from the human brain with a P
he array from regions adjacent to the skull display a ringing artifact, w
un
th
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hich contain significant amounts of lipids with a marke
ifferent chemical shift from that of water. To investigate
ossible explanation, Matlab simulations were then carried
sing a synthetic FID, with two prominent resonant frequen
hich differed slightly.

omputer Simulations

A synthetic water reference FID with two comparable pop
ions of spins of slightly different Larmor frequency was crea
ith a sampling interval of 1ms for 1024 data points. A z

requency of 63.63 MHz (water at 1.5 T) was used, represe
aterin vivo.The two components (of equal size) had individ

requencies of 8 and 16 Hz offset from this zero frequency.
The beating modulation in the amplitude of the synthetic FI

llustrated in Fig. 4a. In Fig. 4b the unwrapped phase anglefw is
lotted, and the unexpected flip ofp in the phase at the positio

n time of the nodes in Fig. 4a are indeed evident. A se
imulated metabolite spectrum was then constructed with a
ontribution diminished by a factor of 200 (to emulate the e
f CHESS water suppression) and contributions at 95, 108
72 Hz to represent the resonances of choline, creatine
-Acetyl Aspartate (NAA) at 1.5 T.
This signal was then phase corrected with exp(2ifw(t)) for

ll 1024 data points. The FFT of the phase corrected meta
ID (Fig. 4c) shows the “ringing” artifact observedin vivo.

emoving the Artifact

One possible method of removing this artifact is to filter
ater reference FID so as to smooth out the abrupt nod

S localized spectroscopic imaging sequence. Two of the spectra in the
obscures any underlying resonances.
RES
hich
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432 COMMUNICATIONS
ntensity. Low-pass filtering of a water reference signal
een reported before (8, 9). Webbet al. (8), low-pass filtered

he water FID to attenuate the noise that is particularly d
ant in the tail end of the signal. The fact that noise is m
rominent in this region of a water signal than in a corresp

ng metabolite signal is a result of the typically shorterT2 of
ater compared to metabolitesin vivo. The phase correctio

FIG. 2. The phase correction angle of the water-reference FID corre
inging artifact. Note that the phase angle shows a distinct step ofp (at da
nwrapping.

FIG. 3. The magnitude of the water reference FID used to calculate
ame point in time (data point 90) as the unexpected flip in phase show
s

i-
e
-

ngle as evaluated in this low signal-to-noise region could
n erroneous indication of the zero order phase perturba
xperienced by metabolite resonances. As such, low-pa

ering is an effective way of removing this source of e
ithout affecting the underlying phase pattern of the promi
ater resonances.
With reference to the artifact observed here, low-pass fi

nding to the spectrum from the top row three from the right, which show
point 90) as well as the expected 2p steps which can be removed by ph

phase evolution in Fig. 2. There is a distinct node or zero in intensity ar
in Fig. 2.
spo
ta
the
n
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FIG. 4. Matlab simulations of the cause of the ringing artifact and the effect of low-pass filtering of the phase correction angle in removing the a
he magnitude of the simulated water reference FID, which has two prominent resonances at frequencies 8 and 16 Hz offset from the zero frequencyenting

he transmitter frequency (66.63 MHz at 1.5 T). The beats due to harmonic interference of the two frequencies are well defined. (b) The phase angFID
f Fig. 4a after 2p unwrapping. Note the residual steps of heightp corresponding to the nodes in the FID amplitude. (c) The simulated metabolite sp

ollowing phase correction with the phase angle of Fig. 4b. Note the marked ringing artifact, which masks the delineation of the simulated choline acreatine
eaks. (d) The normalized low-pass transfer characteristics of the Butterworth filter. The pass band is 0–3 Hz. (e) The phase angle of the FID of Fig.ollowing

ow-pass filtering with a Butterworth filter. The steps have been smoothed out effectively, although a delay of around 100 ms has been introducedlter.
f) The simulated metabolite spectrum phase corrected with the IIR filtered phase angle of Fig. 4e. The ringing artifact has been completely removedt all four
eaks have experienced a constant shift of approximately 40 Hz corresponding to the phase delay of the filter. (g) The normalized transfer characttics of the
arks–Mclellan low-pass FIR filter used. The pass band is 0–3 Hz and the transition band is 3–5 Hz. (h) The phase angle of the FID of Fig. 4a followiass
ltering with a FIR filter. The steps have been smoothed out effectively, the phase delay of the filter is less than that of the IIR filter. (i) The simulatedmetabolite
pectrum phase corrected with the FIR filtered phase angle of Fig. 4h. The ringing artifact has been completely removed but all four peaks haveced
constant shift of approximately 35 Hz corresponding to the phase delay of the filter.
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ng of the FID will not necessarily remove the beats as the
n effect of harmonic interference between prominent com
ents of the FID. It is these components which indeed ne
e preserved in order to gain an accurate representation
ero order phase pattern. An alternative approach is to filte

FIG. 5. In vivo application of low-pass phase filtering to an extreme
t about 50 ms. (b) The phase correction angle after filtering, the vertica

he nonfiltered phase. The ringing artifact is marked even without HLSVD
he artifact is no longer evident. (e) The spectrum of Fig. 6c after HLSVD
f Fig. 6d after HLSVD water removal, the ringing is no longer evident
re
o-
to
the
he

nwrapped phase correction angle in an attempt to smoo
he residual glitches caused by instabilities in theatan2 func-
ion at data points corresponding to the nodes. Knight-S
nd Li (9), used a low-pass filter to extract phase data from

ow signal-to-noise region described by Webb (8). The effec

e of the artifact. (a) The phase correction angle prior to filtering, with ap
ep has been smoothed out. (c) The water suppressed spectrum phaseed with
ater removal. (d) The water-suppressed FID phase corrected with the filphase
er removal. Any metabolite information is obscured by the ringing. (f) Thespectrum
ving a broad lipid signal at around 220 Hz.
cas
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f low-pass filtering of the unwrapped phase correction a
as therefore investigated, first using the simulated data o
, and then with thein vivo data which displayed the spect
inging artifact.

FIG. 6. In vivo application of low-pass phase filtering to a milder exam
teps ofp distributed throughout. In the region corresponding to low sign
articularly abundant. (b) The phase correction angle after filtering. Not
s the FID is line broadened with a 4-Hz Gaussian filter prior to the FFT,
f the resulting spectrum. (c) The water suppressed spectrum phase cor
emoval. (d) The water-suppressed FID phase corrected with the filtered
emoval. Any metabolite information is obscured by the ringing which is
o longer evident leaving well-resolved choline and creatine, with NAA
le
ig.

METHODS—FILTER DESIGN

The efficiency of two low-pass filters was investiga
sing the signal processing toolbox of Matlab (10). The first

of the artifact. (a) The phase correction angle prior to filtering, with sev
to-noise in the FID (the tail end of the phase evolution) the steps or “glie
ow the smoothing is particularly pronounced in the tail end of the phasvolution.
phase information contained in this region has no significant influence ophase

ted with the nonfiltered phase. The ringing artifact is not marked before HVD water
ase, the artifact is still not obvious. (e) The spectrum of Fig. 6c after HLD water

obvious. (f) The spectrum of Fig. 6d after HLSVD water removal, theis
uiring first order phasing and broad lipid resonances around 150 and
ple
al-

e h
the
rec

ph
now
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as an infinite impulse response (IIR) Butterworth fi
ith a pass band defined as a fraction of the 500 Hz Nyq

requency. A Butterworth filter has the feature that
ransition from pass band to stop band is monotonic (
d). The second filter that was investigated was a fi

mpulse response (FIR) filter designed using the Pa
cClellan algorithm. The advantage of FIR’s is that
hase response in the pass band is linear; i.e., there
onstant phase and group delay of the filtered signal.
roup delay of the filter is given byn/ 2 (wheren is the
rder of the filter), the signal is therefore delayed byn/ 2
ata points. This constant delay for all frequencies m

hat the FFT of the FIR filtered data has no phase disto
n the pass band, just a uniform frequency offset (Fig.
he effects of pass bandwidth of both the IIR and FIR

erms of a fraction of the Nyquist frequency of 500 Hz) a
he order of the FIR upon the evolution of the phase
ection angle were investigated. The optimization crit
sed were first an accurate representation of the unwra
hase angle minus the glitches caused by nodes in the
econd, minimum frequency dependent first order p
ffects in the 50 –250 Hz region of the phase corre
etabolite spectrum were sought.

RESULTS AND DISCUSSION

The Butterworth IIR filter of Figs 4d–4f, was found to
ost effective with a low-pass region of 0–3 Hz and an o
f 5 giving the normalized amplitude response of Fig. 4d in
–200 Hz region (0 Hz representing the frequency of wa
he phase delay of the filter is apparent in Fig. 4e, which g
ise to the offset of around 40 Hz in the FFT of the data.

The FIR was found to be most effective with a pass ban
–3 Hz and a transition band of 3–5 Hz (Fig. 4g). The orde

his filter was set at 300 following the rule of thumb that a
lter should be of order at least 3 times less than the leng
he data set (1024 points). With little to chose between
erformance of these two low-pass phase filters when ap

o simulated data, the Butterworth filter was chosen as it is
omputationally intensive and has a constant frequency sh
he 50–200 Hz region (0 Hz set at water resonant freque
he results of the application of this filter to the water refere
hase angle of two sets ofin vivodata are shown in Figs. 5 a
. The zero order phase was retained by removing the o
etween the filtered and nonfiltered phase information a
rst data point (8). From these two examples it can be seen
he method is effective in the case of an extreme artifact vi
n the spectrum without HLSVD (11) water removal (Fig. 5
nd performs equally well in a more subtle case where
inging is only obvious in the spectrum following HLSV
ater removal (Fig. 6).
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CONCLUSIONS

The source of a persistent spectral artifact has been
ointed as the computer implementation of a popular
rder phase correction algorithm (3). To avoid this artifact th
hase angle of a water reference FID (fw) should be protecte
gainst sudden sign changes induced by nodes in the
eference FID. Low-pass filtering offw acts to smooth ou
litches in the unwrapped phase angle while preserving
ulk of the phase information in the reference scan. W
pplied to artifact-prone, water-suppressed FIDs, the filt
hase correction angle was found to give a spectrum free

he ringing artifact. The filters used here were chosen for
ffective low-pass filtering with minimum phase and freque
istortion in the frequency range of 50 to 250 Hz, wh
epresents the metabolites of interest in brain spectrosco
.5 T.
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