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a b s t r a c t

Chemical shift imaging (CSI) without water suppression was used to examine tissue-specific resonance
frequencies of water and metabolites within the human brain. The aim was to verify if there are any
regional differences in those frequencies and to determine the influence of chemical shift displacement
in slice-selection direction.

Unsuppressed spectra were acquired at 3 T from nine subjects. Resonance frequencies of water and
after water signal removal of total choline, total creatine and NAA were estimated. Furthermore, fre-
quency distances between the water and those resonances were calculated. Results were corrected for
chemical shift displacement.

Frequency distances between water and metabolites were consistent and greater for GM than for WM.
The highest value of WM to GM difference (14 ppb) was observed for water to NAA frequency distance.

This study demonstrates that there are tissue-specific differences between frequency distances of
water and metabolites. Moreover, the influence of chemical shift displacement in slice-selection direction
is showed to be negligible.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

In proton magnetic resonance spectroscopy (1H MRS) water sig-
nal strongly dominates over metabolite resonances, therefore it is
usually suppressed. This approach is straightforward, however it
has some disadvantages: signals that are close to the water signal
resonance frequency are partially suppressed [1], magnetization
transfer effects can hamper the metabolite quantification [2] and
water suppressing pulses may introduce phase distortions [3].
MRS without water suppression avoids these problems and addi-
tionally allows using unsuppressed water signal for absolute quan-
tification as an internal reference. The potential drawback of this
technique is the presence of unwanted sideband artifacts [4]. How-
ever, recently a couple of solutions for this problem have been
demonstrated [1,3,5,6]. Furthermore, analysis of resonance fre-
quency of the water signal may provide additional information.
Current studies have revealed that the resonance frequency of
water can be influenced by various factors, like temperature
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[7–11], pH value [12], water-macromolecule proton exchange
[13] and susceptibility [13–16].

The influence of temperature on the contrast of T1 weighted MR
images was proven almost 30 years ago [17]. Furthermore, it was
also demonstrated that temperature and pH value affect the
resonance frequency of water and other substances [7,12]. This
effect can be identified with proton spectroscopy and used for
non-invasive temperature and pH mapping. Both physiological
parameters can be estimated by calculating the frequency distance
between water and metabolites (choline, creatine and N-acetyl
aspartate (NAA)) [8,10].

Proton exchange between water and macromolecules and sus-
ceptibility effects are known to be responsible for frequency shifts
of the water signal. Both effects are suggested to contribute to the
contrast between gray (GM) and white matter (WM) within the
human brain seen in gradient-echo phase MR images [14–16,18].
Proton exchange effect consists of movement of protons between
water and macromolecules, mostly proteins, in exchange between
bounded and free water and in spin–spin interactions between free
water and macromolecules, as known from magnetization transfer
studies [14]. Those mechanisms influence the shielding constant of
protons in the water molecule and therefore lead to the shift of the
water resonance frequency. They also influence the T1 and T2 relax-
ation times of water and contribute to the phase contrast between

http://dx.doi.org/10.1016/j.jmr.2011.06.009
mailto:grzegorz.chadzynski@med.uni-tuebingen.de
http://dx.doi.org/10.1016/j.jmr.2011.06.009
http://www.sciencedirect.com/science/journal/10907807
http://www.elsevier.com/locate/jmr


56 G.L. Chadzynski et al. / Journal of Magnetic Resonance 212 (2011) 55–63
GM and WM [14,15]. Another factor responsible for those
frequency shifts are susceptibility variations caused by chemical
composition and geometrical arrangement of the brain tissue.
Non-heme iron compounds [19–22], deoxyhemoglobin and pro-
teins [23,24] were proposed as chemically based sources of those
variations. Moreover, the relationship between MR signal phase/
frequency and magnetic susceptibility depends on tissue architec-
ture on subcellular and cellular levels that is determined by the
structural arrangement of susceptibility inclusions (non-heme
iron, deoxyhemoglobin or proteins) [15]. This can be addressed
as a geometrically based source of susceptibility variations and it
has been found to give a frequency difference between GM and
WM of approximately 15.7 parts per billion (ppb) [15]. Recently,
Luo et al. [13] have evaluated the contribution of susceptibility
variations and proton exchange effects to the shift of the resonance
frequency of water. These authors demonstrated that the effects
related to susceptibility are approximately two times stronger than
proton exchange effects and shift the resonance frequency in the
opposite direction.

All these observations refer to the behavior of the water signal
only. MRS without water suppression allows accessing the reso-
nance frequency of water and the resonance frequencies of the
main metabolites. In combination with chemical shift imaging
(CSI) the behavior of resonance frequencies can be described
simultaneously for different locations.

In this study, the resonance frequencies of water and meta-
bolites within the central part of the human brain have been
examined. A CSI sequence without water suppression at the level
of the lateral ventricles was performed to assess the resonance
frequencies of water, total choline (tCho), total creatine (tCr) and
NAA. The accuracy of data acquisition procedure was corrected
with respect to the chemical shift displacement in the slice-
selection direction. This has been done by calculating the
metabolite-specific chemical shift displacement values. As a result,
CSI acquisition was repeated for the slices with the position cor-
rected accordingly.

The aim was to determine if there are any regional differences
in resonance frequencies of water and metabolites within the
central part of the human brain. Furthermore, the potential
influence of chemical shift displacement in slice-selection
direction on the mentioned frequency differences was evaluated.
2. Materials and methods

All unsuppressed CSI spectra were acquired with a 3-Tesla MR
scanner (TimTrio, Siemens, Erlangen, Germany) equipped with a
32-channel receive-only head coil.

Point resolved spectroscopy (PRESS) localization technique
was used for excitation. A 2D CSI matrix was placed above
the lateral ventricles, parallel to the line between the anterior
and posterior commissures (ac–pc line). Parameters of this
acquisition were as follows: TE = 144 ms, TR = 1350 ms, field of
view (FOV): 140 � 140 mm2, excited volume of interest (VOI)
70 � 70 � 7 mm3, voxel size: 5.8 � 5.8 � 7 mm3, CSI matrix:
24 � 24 voxels (interpolated to 32 � 32 voxels), vector size: 512
complex data points, correction for chemical shift-dependent vox-
el position: �2 ppm (ppm), number of averages: 4, spectral band-
width: 1000 Hz and weighted phase encoding scheme. With these
acquisition parameters total scanning time for the single CSI slice
was 15 min 56 s.

Elliptical weighted k-space sampling was used in one of our
previous studies [25]. The algorithm omits the high k-space
frequencies, while the low k-space frequencies according to the
apodization during acquisition were more pronounced to improve
the sensitivity over detail and resolution [25]. This scheme reduced
the amount of the k-space data to approximately 30% and
increased the effective voxel size.

The chemical shift displacement in the slice-selection direction
was evaluated to be 1.1 mm, 1.2 mm and 1.9 mm, for total choline,
total creatine and NAA slices respectively [26].

Data acquisition was repeated for the slices with the position
corrected for chemical shift displacement of evaluated metabolites.
Since the difference in position of the slices for tCho and tCr was
negligible (approximately 0.1 mm) three CSI slices were acquired:
the reference slice, 2nd slice shifted by 1.2 mm and 3rd slice
shifted by 1.9 mm in slice-selection direction. Frequency adjust-
ments were done manually and the adjusted volume was ex-
panded from 7 to 11 mm, to cover all three CSI slices. With this
manual shimming procedure performed with linear field gradients
only, the full width at half maximum of water signal in all mea-
surements was between 13.9 and 17.8 Hz and T�2 time was from
18 to 23 ms.

For reference measurements, a spherical water phantom
(8.07 mmol NiSO4 per 1 dm3 of distilled water) was used. Water
phantom data were collected with the same sequence parameters
as volunteer data. Those measurements were done for a single slice
only.

In vivo spectra were acquired from nine volunteers, four females
and five males, after informed written consent in accordance with
the local ethical committee. Ages ranged from 24 to 31 years
(mean age 27.5 ± 1.5 years). Volunteers reported no known neuro-
logical diseases.

CSI spectra were postprocessed with customized software writ-
ten under Matlab (2009b, MathWorks, Natick, MA, USA). After the
acquisition, data were zero-filled to 2048 complex data points.
After the Fourier transformation (FFT), the resonance frequency
of the water signal was determined. Subsequently the amplitude
of water signal was reduced. This was achieved in time domain
by convolution of the unsuppressed FID signal with a Gaussian
function (low-pass filter) with full width at half maximum
(FWHM) of 5 ms and subtraction of the convoluted line from the
original data set [3]. For minimization of the gradient related side-
bands, present in the unsuppressed in vivo spectra, the FID signal
measured for the water phantom was used. Sidebands in in vivo
voxels were reduced by subtracting the FID signal from the corre-
sponding voxel in water phantom measurements [3]. To reduce
noise in postprocessed FID signals, a Hanning filter with time con-
stant of 200 ms was applied. An example of spectra from WM and
GM for one representative volunteer is demonstrated in Fig. 1.

Quantitative analysis consisted in comparison of resonance fre-
quencies of water, tCho, tCr and NAA and evaluation of differences
in frequency distances between water and those metabolites for
voxels in GM and WM. Resonance frequencies and frequency dis-
tances were calculated in each CSI slice from three selected regions
of interest (ROI) within VOI: central corresponding to GM voxels,
left and right, both corresponding to WM voxels. Each single ROI
consisted in 6 � 2 voxels. Both WM ROI were pooled together, so
in total there were 12 voxels associated with GM (single ROI)
and 24 with WM (both left and right ROI). The influence of chem-
ical shift displacement was evaluated by comparing the frequency
distances between water and metabolites calculated for ROI within
the reference slice (no correction for chemical shift displacement)
with frequency distances calculated between the ROI in reference
slice and ROI in 2nd slice (correction for chemical shift displace-
ment between water and tCho and water and tCr) and frequency
distance between the ROI in reference slice and ROI in 3rd slice
(correction for chemical shift displacement between water and
NAA). Since chemical shift displacement occurred in the caudal
direction, resonance frequencies of all metabolites were taken
from the reference slice, while resonance frequency of water was
taken from the 2nd slice (tCho to water and tCr to water frequency



Fig. 1. Typical spectra from single voxel in WM (black) and GM (red) from one representative volunteer before (a) and after (b) baseline correction. The upper part of the NAA
peak was magnified for better visualization of the differences in peak position. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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distances) and from the 3rd slice (NAA to water frequency
distance).

Prior to calculation of frequency distances, all measured reso-
nance frequencies had to be corrected with respect to the system-
atic intra-slice differences.

Robustness of calculation of resonance frequencies was im-
proved by baseline evaluation for each spectrum. Assessment of
baseline was done with shape-preserving piecewise cubic interpo-
lation, which is a part of the Bioinformatics Toolbox (version 3.4) in
Matlab. The resonance frequencies of the water and metabolites
were estimated by fitting their peaks with a Gauss function. This
was done with a least square root differences approach based on
the Nedler-Mead simplex algorithm, which is a part of the Curve
Fitting Toolbox (version 2.1) in Matlab.
3. Results

Fig. 1 shows a comparison of typical spectra from single voxels
in WM and GM before (a) and after (b) baseline estimation. Addi-
tional chemical shift correction was applied to all spectra so that
the water signal was at the same position (4.7 ppm). It can be no-
ticed that all metabolite peaks (tCho, tCr and NAA) have slightly
different positions, while after frequency correction the water
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signals in both spectra had the same position. Moreover, the base-
line correction has no influence on this effect. The NAA peak in WM
is slightly higher compared to the NAA peak in GM. This is in con-
tradiction to the observed NAA concentration [27] but can be ex-
plained by T1 saturation effect, due to the short TR of 1.3 s.

In Fig. 2 the average resonance-frequency maps of tCho, tCr,
NAA and water are demonstrated. Frequency maps for the metab-
olites were calculated from the reference slice, while the frequency
maps for water from the 2nd and 3rd slices originate from the
Fig. 2. Resonance frequency maps for tCho (a), tCr (b), NAA (c) and water (d and e). All m
for metabolites (a–c) were calculated from the reference slice while maps for water fro
same localization as the maps for metabolites. Both frequency
maps for water are almost identical: areas with higher frequencies
are located in both lateral parts (left and right) and in the medial-
anterior part of the VOI, while the medial-posterior part is associ-
ated with lower frequency values. In maps for metabolites higher
values of frequency in the medial-anterior part is smaller and for
the medial-posterior part with lower frequencies it is bigger. Even
maps for metabolites demonstrate different pattern. In maps for
tCho and tCr the region of higher resonance frequencies associated
aps were calculated as an average across all measured volunteers. Frequency maps
m 2nd (d) and 3rd (e) slices, so that they all originate from the same location.
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with the medial-anterior part of the VOI is more extensive than for
the frequency map for NAA.

Previous finding is confirmed by the frequency profiles seen in
Fig. 3. In case of water, voxels from the medial part of the VOI were
associated with higher frequency values, whereas for NAA analo-
gous voxels were associated with lower values. For tCho and tCr
the increase of frequency in the center of the VOI is compensated
by the B0 field inhomogeneities. This distribution of NAA resonance
frequency may correspond to the B0 field inhomogeneities and ap-
pears to show no regional dependence. In contrast to this, fre-
quency profiles of water, tCho and tCr indicate that beside the
influence of B0 field inhomogeneities there is a regional depen-
dency: higher frequencies appear to correspond to GM voxels
(medial part of the VOI), while lower frequencies are associated
with voxels corresponding to WM (both left and right lateral parts
of the VOI).

To minimize the influence of B0 variations the frequency dis-
tance maps between water and tCho, water and tCr and water
Fig. 3. Resonance frequency profiles for tCho (a), tCr (b), NAA (c) and water (d and e). Pro
12th of the VOI. Frequency profiles for metabolites (a–c) were calculated from the refere
originate from the same location.
and NAA (Fig. 4) were calculated and used for further analysis. In
this case, the effect of B0 field inhomogeneities on the frequency
distance is compensated because both water and metabolite reso-
nances are affected equally. Fig. 4 shows localizer images and fre-
quency distance maps for all metabolites calculated without and
with correction for chemical shift displacement. Rectangular ROI
indicate the voxels from which spectra were included in the quan-
titative analysis (Fig. 4b). It can be seen that maps of frequency dis-
tances between water and all metabolites show similar tendencies:
frequency distances in the medial part of the VOI are higher
compared to both the lateral sides. The most legible differences
however, can be noticed for water to NAA frequency distance.
Comparison of uncorrected and corrected frequency maps suggests
that the correction of chemical shift displacement in slice-selection
direction has a minor influence on the frequency distance maps.
Both corrected and uncorrected data sets demonstrate similar dis-
tribution of frequency distances. This behavior is reproducible for
all the measured volunteers.
files were calculated as an average across all measured volunteers, from rows 8th to
nce slice while profiles for water from the 2nd (d) and 3rd (e) slices, so that they all



Fig. 4. Sagittal localizer (a), transversal localizer (b) and frequency distance maps between water and all measured metabolites (c) calculated without and with chemical shift
displacement correction. Sagittal localizer (a) shows the placement of all measured CSI slices (reference slice: solid yellow, 2nd slice-dashed blue and 3rd slice: dashed red)
and the adjusted volume (green). Transversal localizer (b) shows the plane of CSI acquisition, VOI (blue square) and the ROI (red: WM, green: GM), from which voxels were
included for quantification. For better visualization of the resonance frequencies distribution, the frequency ranges on each map were adjusted individually. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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A comparison of mean values of GM to WM frequency distance
differences between water and metabolites calculated without and
with correction of chemical shift displacement is illustrated in
Fig. 5. The frequency distances between water and tCho, water
and tCr and water and NAA in all measured volunteers show sim-
ilar tendencies. A slight movement of the subject’s head between
the measurements could be the reason for the observed differences
between the corrected and uncorrected data sets. The frequency
distances between water and metabolites are greater in GM (blue
line) compared to WM (green and red lines). Moreover, the GM



Fig. 5. Mean differences in water to tCho (a and d), water to tCr (b and e) and water to NAA (c and f) frequency distances between WM (red and green) and GM (blue). Values
were calculated for all measured volunteers, without (a–c) and with (d–f) correction for chemical shift displacement. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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to WM differences in water to tCho and water to tCr frequency dis-
tances are smaller compared to the differences obtained for water
to NAA frequency distance. One can see that both uncorrected and
corrected data sets show a comparable trend, though the applied
chemical shift displacement correction appears to increase the in-
tra-volunteer variations in the frequency distances (especially for
WM).

Detailed results of the quantitative analysis are presented in
Table 1, which contains the mean GM to WM differences in the
frequency distances between water and tCho, water and tCr, and
water and NAA obtained without and with correction for the
chemical shift displacement. In all cases, the frequency distances
between water and metabolites were greater for GM than for
WM. The highest GM to WM differences were observed for water
to NAA frequency distance (13.9 ± 1.9 ppb), while for tCho those
differences were approximately 30% less (9.4 ± 2.8 ppb) and for
tCr approximately 50% less (7.2 ± 2.1 ppb). A small movement of
the subject’s head could cause relatively high values of standard
deviations that were calculated for single volunteers. The differ-
ences between the uncorrected and corrected mean frequency dif-
ference values for single volunteers are higher for water to NAA
frequency distance (in the range of 3.2 ppb) than for tCho to water
and tCr to water frequency distances (both in the range of 1.5 ppb).
However, the differences between the mean values calculated
across all volunteers are smaller (in the range of 0.4 ppb). Results
in Table 1 reveal that the correction for chemical shift displace-
ment leads to an increase of intra-volunteer variations. This is con-
firmed not only by the plots seen in Fig. 4 but also by higher
standard deviations across all volunteers after the correction for
chemical shift displacement.



Table 1
Comparison of mean values of differences in water to total choline (tCho), water to total creatine (tCr) and water to NAA frequency distance between GM and WM voxels obtained
without and with chemical shift displacement correction.

WM to GM differences Uncorrected Corrected

Volunteer No. tCho GM–WM [ppb] tCr GM–WM [ppb] NAA GM–WM [ppb] tCho GM–WM [ppb] tCr GM–WM [ppb] NAA GM–WM [ppb]

1 5.1 ± 0.9 4.3 ± 1.3 10.7 ± 1.0 4.8 ± 0.2 4.0 ± 1.6 13.9 ± 1.5
2 9.2 ± 0.9 8.0 ± 2.0 11.6 ± 1.7 9.2 ± 1.3 8.1 ± 1.1 11.8 ± 1.3
3 6.4 ± 1.3 6.3 ± 1.2 14.3 ± 0.6 6.7 ± 0.3 6.5 ± 0.7 13.8 ± 1.1
4 9.8 ± 2.0 4.8 ± 1.0 13.1 ± 1.5 10.9 ± 0.4 6.0 ± 1.4 14.6 ± 1.7
5 9.1 ± 0.6 5.9 ± 2.3 12.2 ± 2.4 7.6 ± 1.2 4.4 ± 0.8 10.3 ± 1.4
6 9.4 ± 1.8 7.7 ± 0.8 14.2 ± 0.4 9.4 ± 1.5 7.8 ± 0.5 14.1 ± 1.9
7 13.8 ± 1.3 9.0 ± 1.6 15.5 ± 1.9 14.4 ± 0.9 9.6 ± 1.9 16.7 ± 1.6
8 11.6 ± 0.9 10.1 ± 1.9 15.6 ± 1.6 10.8 ± 1.5 9.2 ± 2.8 14.6 ± 2.1
9 10.4 ± 0.5 9.0 ± 1.9 13.9 ± 0.8 10.7 ± 0.5 9.3 ± 1.7 15.8 ± 2.4
Mean 9.4 7.2 13.5 9.4 7.2 13.9
SD ±2.6 ±2.0 ±1.7 ±2.8 ±2.1 ±1.9
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4. Discussion and conclusions

The aim of this work was to examine whether the known tis-
sue-specific differences in resonance frequency for water also exist
for the metabolites: tCho, tCr and NAA. The influence of chemical
shift displacement in slice-selection direction on the obtained re-
sults was also evaluated. The differences in resonance frequency
between WM and GM for water were superimposed by the B0 field
inhomogeneities in CSI measurements, which additionally have a
decreased spatial resolution compared to the high-field phase
images [15]. Nevertheless, an increase of the water resonance fre-
quency within GM in the central part of the brain could be con-
firmed (Fig. 2 and 3). A similar effect for tCho, tCr and NAA is not
clearly visible in a direct comparison of the GM and WM regions
(Fig. 1). Therefore, the frequency differences between water and
metabolites within the selected regions were examined.

Calculated frequency distance differences in all cases were
higher for voxels associated with GM than for voxels associated
with WM. The mean values of the differences between WM and
GM calculated across all volunteers (Table 1) were the highest in
case of water to NAA frequency distance. Therefore, the pattern
seen on water to NAA frequency distance maps (Fig. 4) is the most
legible, while the pattern on water to tCho and water to tCr maps
appeared to be more dispersed. This behavior could be explained
by an analysis of the distribution of resonance frequencies
(Fig. 2). The patterns seen on average frequency maps for water
and all metabolites were influenced by the B0 field inhomogenei-
ties. However, the average frequency maps of water (Fig. 2), tCho,
tCr and NAA showed different tendencies. Additional effects, which
might influence the resonance frequencies, could explain this
behavior. This was confirmed by the average frequency profiles
(Fig. 3). Both frequency profiles for water frequencies associated
with the medial part of the VOI are strongly elevated. Similar
behavior can be seen on profiles for tCho and tCr. However, this ef-
fect was not as strong for tCho and tCr as it is for water. In contrast,
frequency profile for NAA shows no increase of resonance frequen-
cies for voxels corresponding to the medial part of the VOI. These
differences in behavior of resonance frequencies of water and
metabolites explains why GM to WM differences in frequency dis-
tances for water to tCho and water to tCr are approximately 30%
(tCho) and 50% (tCr) lower than for water to NAA.

The resonance frequencies of the evaluated metabolites may be
influenced by superimposed signals, like myo-inositol (mI), and
Glutamine/Glutamate (Glx). However, at the long TE (144 ms)
the amplitude of those additional signals (mI and Glx) is reduced
compared to what can be seen at the short TE (30 ms) [28,29], thus
their influence on the main signals (tCho, tCr and NAA) can be ne-
glected. The same is valid for taurine (Tau) [29].
Reduced k-space sampling enlarged the effective voxel size;
however, it was necessary for the reduction of the data acquisition
time. Larger effective voxel size increases the signal overlap be-
tween adjacent voxels [25] and increases the contribution of the
signal from tissue water and cerebro-spinal fluid (CSF), especially
in the GM spectra. Nevertheless, frequency differences between
WM and GM were still observable for all the measured volunteers.
In addition, large dimensions of WM and GM ROI (11.6 �
34.8 � 7 mm3 each) compared to the nominal voxel size (5.8 �
5.8 � 7 mm3) could reduce the influence of this effect.

Correction of chemical shift displacement in slice-selection
direction had a minor influence on the obtained GM to WM differ-
ences in frequency distances. Chemical shift displacement correc-
tion only slightly improved the quality of the frequency distance
maps (Fig. 4), but it increased the intra-volunteer variations in
the differences in frequency distances between the water and
metabolites (Fig. 5, Table 1) as well as the intra-slice variations
in the resonance frequency of water. This can be caused by insuf-
ficient correction of the intra-slice differences in the resonance fre-
quency of water. However, without this frequency correction, the
intra-volunteer differences in frequency distances would be even
higher. On the other hand the difference in the localization of the
slices caused by the chemical shift displacement is from 1.3 mm
(tCho, tCr) to 1.9 mm (NAA), therefore the influence of this effect
on the obtained results could be neglected.

It was previously shown that resonance frequency may be influ-
enced by temperature [7–11,17,18], pH value [12], proton ex-
change [16] and susceptibility [13,15,19] The differences in water
to NAA resonance frequency distances between WM and GM
would correspond to a temperature difference of approximately
1 K [8]. The temperature sensitivity for the evaluated metabolites
differ maximally by 5% [8]. Therefore, temperature differences
are not a likely explanation. Relatively low sensitivity of the endog-
enous substances to pH changes [12] causes the influence of the pH
on tCho, tCr and NAA to be negligible. Theoretically, resonance fre-
quency of water could be affected by the pH changes. However,
then the differences in the frequency distances between WM and
GM should be the same for all metabolites. This is not the case
since the greatest differences between WM and GM is observed
for the water to NAA frequency distance (Table 1). On the other
hand, comparable differences in the resonance frequency of water
between WM and GM have been shown by phase image studies
[13,15,19]. He et al. [15] reported an approximate difference of
15.7 ppb. This is very close to the highest difference found in this
study (13.9 ppb, Table 1), which suggest that the resonance fre-
quency of water is shifted while the resonance frequency of NAA
appears to be constant. This is in good agreement with Fig. 2.
The slight difference to the results by He et al. [15] can be
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explained by the larger voxel size and therefore, higher contribu-
tion of partial volume effects.

For that reason, the most probable explanation of the observed
GM to WM frequency distance differences are the influences of
proton exchange and susceptibility effects also found in the phase
images. In addition to phase imaging studies it has been found that
not only the resonance frequency of water is influenced but also
the resonance frequencies of tCho and tCr. This could explain the
smaller differences in values between GM and WM obtained for
tCho to water and tCr to water compared to NAA to water fre-
quency distances (Table 1). It is known that water is present in
both extracellular and intracellular spaces, while NAA is character-
istic to intraneuronal space [30]. Therefore, different behavior of
the three metabolites could be caused by microstructural arrange-
ment of the brain tissue and its alignment to the B0 field, which
according to He et al. [15] may enhance the susceptibility effects.
Additionally, in this study, the central part of the brain was exam-
ined. In this region, the WM fibers are mostly parallel to the B0 field
(corticospinal tract). In other localizations within the WM, where
fibers have different alignment, one could expect different results.
Nevertheless, measurements that are more detailed would be nec-
essary to clarify to what extent those effects contribute to the
shifts in the resonance frequencies of water and metabolites.

In conclusion, we demonstrated that in the central part of the
brain there are regional differences in frequency distances between
the water and metabolites. We also found that chemical shift dis-
placement has a minor influence on the obtained results and there-
fore, correction of this effect can be neglected. This suggests that
the water signal measured with CSI without water suppression
may contain relevant information and this can be used not only
as an internal reference in absolute quantification. The analysis
of unsuppressed spectra can also provide important additional
information about tissue-dependent variations of resonance fre-
quencies of water and metabolites.
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