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In previous work we have shown that Wavelet Encoding Spectroscopic Imaging (WE-SI) reduces acqui-
sition time and voxel contamination compared to the standard Chemical Shift Imaging (CSI) also known
as phase encoding (PE). In this paper, we combine the wavelet encoding method with parallel imaging
(WE-PI) technique to further reduce the acquisition time by the acceleration factor R, and preserve the
spatial metabolite distribution. Wavelet encoding provides results with a lower signal-to-noise ratio
(SNR) than the phase encoding method. Their combination with parallel imaging, introduces an intrinsic
SNR reduction. The rate of SNR reduction is slower in wavelet encoding with PI than PE with parallel
imaging (PE-PI). This is due to the fact that in WE-PI, the SNR reduction is a function of the acceleration
factor R and the voxel number N, whereas in PE-PI it is a function of the acceleration factor R only.

Crown Copyright � 2011 Published by Elsevier Inc. All rights reserved.
1. Introduction

Magnetic resonance spectroscopic imaging (MRSI) provides a
unique modality to non-invasively study tissue metabolism
in vivo; it acquires metabolic information reflecting tissue function
and provides a sensitive assessment of chemical alterations [1–7].
This may allow for early prognostic information, aiding in the
understanding of development and metabolism, differentiating
between diseased and normal tissue, improving treatment, and
reducing risk to the patient.

The standard MRSI technique, Chemical Shift Imaging (CSI), re-
ferred to here as the phase encoding technique, uses the phase
encoding gradients to encode the spatial dimensions [4]. By per-
forming numerous field gradient activations (phase encoding
steps), many phase encoded MR signals are acquired, each one fill-
ing one point in the k-space domain. The chemical shift informa-
tion is preserved since no gradient is activated during data
acquisition. Fourier transform is performed on the k-space data
to obtain metabolite images [5].

The CSI technique can provide metabolite images with good sig-
nal-to-noise ratio (SNR) and high spectral and spatial resolution,
but only at the cost of very long acquisition times. These long
acquisition times are due to two factors. The first factor is the long
spin-lattice relaxation time (T1) of the metabolites (1–2 s in proton
and 4–6 s in phosphorus NMR) requiring a long recovery time TR
011 Published by Elsevier Inc. All r
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between phase encoding steps to allow for T1 relaxation. The sec-
ond is the requirement for a large number of phase encoding steps
in each spatial dimension, to avoid image reconstruction artifacts
such as pixel bleed, and collect the extra dimension information
namely the chemical shift information which prevents the use of
frequency encoding gradients. In order to utilize CSI clinically, spa-
tial resolution is often sacrificed and short TR times relative to T1,
are used, increasing the difficulty of obtaining accurate metabolite
concentrations. To overcome these problems, other spectroscopic
imaging methods have been proposed. These methods include
Hadamard spectroscopic imaging (SI), high speed imaging tech-
niques such as echo planar spectroscopic imaging (EPI) and spiral,
fast spin echo (FSE) and echo-shift methods [8]. In contrast to CSI,
which uses only phase encoding gradients to obtain metabolite
maps, the high speed methods use the readout gradients to reduce
acquisition time and achieve the same task [8]. For a variety of rea-
sons, each of these methods has only been partially successful at
improving the original Fourier-based MRSI technique in terms of
overall qualitative and quantitative results [8]. In order to further
reduce acquisition time, Fourier-based MRSI techniques have been
combined with the well-known parallel imaging (PI) method.
However, this method combination is associated with a penalty
of signal-to-noise ratio (SNR) reduction.

Recently a new MRSI technique based upon wavelet encoding
spectroscopic imaging (WE-SI) has been proposed as an alternative
to the standard Fourier-based CSI to reduce acquisition time and
pixel bleed [9]. As detailed previously [10,11], this technique is de-
rived from the discrete wavelet transform which uses dilated and
translated basis functions, called wavelets, to perform a linear
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transformation from the spatial domain to the wavelet domain
[12]. This linear transformation is a projection in the wavelet do-
main of a finite space function to produce a set of pre-defined
sub-spaces using dilated and translated wavelets. The projection
outputs are represented by the so-called wavelet coefficients in
the wavelet domain [10–12]. Similar to phase encoding (PE), in
which an inverse Fourier transform is performed on the k-space
data to obtain the input spatial function, in wavelet encoding an in-
verse wavelet transform is performed on the wavelet domain data
(wavelet coefficients) to achieve the same task [12]. In practice,
WE-SI is similar to the Hadamard technique [13] since it utilizes
selective radio-frequency (RF) pulses with profiles resembling the
shape of wavelets to excite the sub-volumes (by analogy to sub-
spaces) of the input image FOV and acquire the corresponding
magnetic resonance (MR) signals (wavelet coefficients) to fill the
wavelet domain. The wavelet dilations and translations are
achieved by changing the localization gradient strength and by
shifting the frequency of the selective RF pulses, respectively. The
number of wavelet dilations, which sets the number of transla-
tions, is determined by the desired number of image voxels N
[9,13]. Because dilations of the wavelet become increasingly spa-
tially localized, it becomes possible to choose a set of adjacent
sub-volumes to be excited without waiting a full TR. Inverse wave-
let transform is performed on the collected wavelet domain data to
obtain spatial metabolic information. It has been shown that, com-
pared to Fourier-based techniques, WE-SI may achieve a high cal-
iber of combined qualitative and quantitative results, with
minimal cross voxel contamination, and with an acquisition algo-
rithm that does not sacrifice speed [9,10,13]. It is a reliable method,
since it provides accurate results with shorter acquisition time and
less voxel contamination compared to the standard CSI.

To increase the potential of the WE-SI method and shorten the
acquisition time, we propose here its combination with the parallel
imaging approach. Compared to Fourier encoding with parallel
imaging, where predetermined k-space lines are not acquired,
wavelet encoding with parallel imaging, does not skip the wavelet
coefficients, but acquires them simultaneously. With Fourier
encoding, the acceleration factor R sets the number of skipped
k-space lines and consequently the reduction of the acquisition
time and the SNR. With wavelet encoding, the same reduction in
acquisition time as in Fourier encoding is obtained. However, be-
cause of the simultaneous acquisition of the wavelet coefficients,
the under-sampling degree is related to both R and N. The relative
SNR reduction that results when combining wavelet-encoded
spectroscopic imaging with PI is less than the relative reduction
when combining Fourier-encoded spectroscopic imaging and PI.

In this paper, we describe in the theory section the combination
principle between wavelet encoding and parallel imaging (WE-PI)
in one dimension, in terms of encoding approach, acquisition time,
reconstruction strategy, and SNR calculation. We illustrate in the
material and methods section, the implementation of WE-PI on a
clinical 3T Siemens scanner, and demonstrate its feasibility in
acquiring phantom MRSI data. We compare in the results section
WE-PI to WE-SI results, in terms of spatial localization, data acqui-
sition time and SNR. Additionally, data acquisition time and SNR
calculations are performed for WE-SI and phase encoding with par-
allel imaging (PE-PI). We show that the proposed technique has
similar speed as the Fourier-based methods combined with PI. In
addition, the rate at which the SNR decreases in WE-PI is slower
relative to PE-PI.
1 For interpretation of color in Fig. 1, the reader is referred to the web version of
this article.
2. Theory and methods

Parallel imaging [14,15] is a well-established technique in MR
imaging, used to accelerate data acquisition in a wide range of
clinical applications [16]. In most cases, parallel imaging has been
combined with phase encoding techniques, where acquisition
time is reduced by under-sampling k-space by the acceleration
factor R. Generally, the acceleration factor R is less than or equal
to the number of receiver coils. For simplicity, we set the number
of receiver coils equal to R throughout this manuscript. The meth-
od uses multiple spatially localized receiver coils to acquire R
folded images in the reduced field of view (FOV) scheme. Using
coil sensitivity maps, the unfolded full FOV image can be recon-
structed pixel by pixel as for SENSE [14] or by recovering the
skipped k-space lines prior to image reconstruction as for the
SMASH [15] technique.

Wavelet encoding is described in detail elsewhere [9,13,17,18].
The major steps for encoding in MRSI outlined above are briefly
summarized as follows. Dilated and translated wavelets are used
to achieve the encoding in MR by performing a linear transforma-
tion of the MR spin density system from the image domain to the
wavelet domain. It uses selective RF pulses with profiles resem-
bling wavelet shapes, to excite pre-defined sub-volumes and con-
sequently acquire their amplitude modulated MR signals to fill
the wavelet domain.

The link between wavelet encoding and parallel imaging resides
in the localization principle. From the transmit side, a full FOV im-
age with desired voxel number N, can be divided into N excited
sub-volumes, using wavelet encoding, whereas from the receive
side, the same image above is automatically split into neighboring
fixed regions using R receiver coils assumed to be spatially inde-
pendent. Fig. 1 displays such an occurrence, where we can derive
that each coil region i (i = 1 to R) is subdivided into N/R excited
sub-volumes. As a consequence, each coil region i is wavelet-en-
coded with N/R encoding steps. The corresponding coil image, is
obtained by performing the inverse wavelet transform on the N/R
wavelet domain lines collected by the receiver coil i. The collected
R coil images are joined in a series to obtain the full FOV image.

In practice, receiver coils overlap, causing spatial interference
between their corresponding images. An extra step is required that
consists of separating the spatial information of the coil images.
This resembles the SENSE approach, where R superimposed coil
images are collected first using wavelet encoding, followed by
the separation of image information using coil sensitivity maps.

2.1. Encoding and data acquisition

The process of wavelet domain filling using parallel imaging is
based upon size comparison between the coil region and wavelet
sub-volumes. Fig. 1 displays an example of the combination of
wavelet encoding and parallel imaging. Using four receiver coils
of the same size, assumed to be spatially independent, the whole
FOV, assumed to be [01], is divided into four (i.e. R = 4) identical
and non-overlapping regions (dashed green lines), with each re-
gion covered by one receiver coil. With a desired number of pixels
N = 16, the wavelet domain filling is achieved as follows: (1) with
the size of the excited sub-volume bigger than the coil region,
the single band RF pulse with profile resembling the Haar scaling
function (first line in 1the Fig. 1A with brown color) is used to ex-
cite the whole FOV; (2) with excited sub-volume equal to or smal-
ler than the coil region, composite RF pulses, with profiles shown
by the red and blue lines in Fig. 1A, are used to excite spins from
R specifically located sub-volumes within coil regions defined by:

uj;kðxÞ ¼
XR�1

i¼0

ui
j;kðxÞ ð1Þ



Fig. 1. Acquired and reconstructed wavelet domain lines with N = 16 and R = 4. Translation and dilation values k and j are displayed for each wavelet encoding step.
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Each composite RF pulse is composed of a group of R sub-pulses,
each with a profile resembling the Haar wavelet function:

ui
j;kðxÞ ¼

1 if ðk=2j þ iÞ=R < x < ððkþ 1=2Þ=2j þ iÞ=R

�1 if ððkþ 1=2Þ=2j þ iÞ=R 6 x < ððkþ 1Þ=2j þ iÞ=R

0 otherwise

8><>:
ð2Þ

Each wavelet function ui
j;kðxÞ acts within the corresponding coil

region i with the dilation parameter j (j = 0, 1, . . ., J (J = logB2B

(N/R) � 1), and the translation parameter k, given by
k = 0, 1, . . ., 2j � 1. The receiver coil regions should have an equal
size, and obey the wavelet encoding dilation condition, with their
number R chosen among the set 2, 22, ..., N.

The encoding with WE-PI appears as if the WE-SI technique is
simultaneously used to encode the coil regions, each one with a re-
duced image size [N/R] but with the same spatial resolution. As a
consequence, acquisition time in WE-PI is the WE-SI acquisition
time [19] reduced by the factor R. Since the WE-SI technique is
generally quicker than CSI [9]; the WE-PI technique is also gener-
ally quicker than PE-PI (Fig. 1).

2.2. Data reconstruction

In practice, spatial overlap between coil regions occurs when
using composite RF pulses. As shown in Fig. 2, during simultaneous
acquisitions, each coil covering a fixed region collects some extra
signal from neighboring ones. This interference has to be addressed
during data reconstruction.

Each receiver coil i collects encoding lines weighted by its sen-
sitivity si(x) from the whole FOV image:

~f iðj; kÞ ¼
Z 1

0
siðxÞuj;kðxÞf ðxÞdx ð3Þ

with f(x) representing the full FOV image. Substituting Eq. (1) into
Eq. (3), we obtain:
~f iðj; kÞ ¼
Z 1

0
siðxÞ

XR�1

l¼0

ul
j;kðxÞf ðxÞdx ð4Þ

Given that the FOV = [01] is divided into R adjacent regions (l/
R, (l + 1)/R), (l = 0 to R � 1), one can divide the collected lines into
R groups, each one originating from the corresponding excited re-
gion l. As a consequence the equation above may be written as:

~f iðj; kÞ ¼
XR�1

l¼0

Z ðlþ1Þ
R

l
R

ul
j;kðxÞsiðxÞf ðxÞdx ¼

XR�1

l¼0

Z ðlþ1Þ
R

l
R

ul
j;kðxÞf iðxÞdx ð5Þ

with fi(x) = si(x) f(x) representing the full FOV image weighted by
the coil i.

Each group of N/R lines is the encoding of the corresponding re-
gion l. Applying the inverse wavelet transform (IWT) [20] on each
group of lines, we obtain:

f̂ i
N=RðnÞ ¼ IWT

XR�1

l¼0

Z ðlþ1Þ
R

l
R

ul
j;kðxÞf iðxÞdx

( )

¼
XR�1

l¼0

IWT
Z ðlþ1Þ

R

l
R

ul
j;kðxÞf iðxÞdx

( )
ð6Þ

f̂ i
N=RðnÞ ¼

XR�1

l¼0

f i;l
N=RðnÞ ¼

XR�1

l¼0

si;lðnÞf l
N=RðnÞ ð7Þ

The equation above represents the pixel-wise superimposition of
the R images of the coil regions spatially weighted by the coil i. Each
region is bounded by ( l

R, lþ1
R ) with the corresponding reduced image

size N/R, where n runs from 1 to N/R. Fig. 3 is a schematic represen-
tation of a full FOV rectangular object, divided into R = 4 regions.
The image region shown in red is the sum of the four weighted im-
age regions shown in orange, collected by coil number 1. The expan-
sion to a full FOV image, pixel-wise, requires the use of the
contiguous R superimposed reduced size images of the R receiver
coils as follows:



Fig. 2. Simulation of acquired and reconstructed wavelet lines as a result of reduction in WE-PI for a speed factor R = 4. RF profiles and coil sensitivities.

Fig. 3. Schematic representation of a full FOV rectangular object, divided into =4 regions. The image region showing in red is the sum of the four weighted image regions
showing in orange, collected by coil number 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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f̂ n ¼ Sfn ð8Þ

where S is the R by R coil sensitivity matrix. By inverting the sensi-
tivity matrix S, the full FOV image fn is pixel-wise recovered:

fn ¼ Uf̂ n ð9Þ

and U ¼ ðSHw�1SÞ�1SHw�1, where the superscript H denotes the
transposed complex conjugate and w is the noise correlation deter-
mined experimentally.

2.3. Signal to noise ratio

The WE-PI technique is the combination of wavelet encoding
with parallel imaging. The SNR of a one dimensional wavelet
encoding is given by [21]:

SeNRN
WE-SPI ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ewavelet

Enoise

s
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E0 þ

Plog2ðNÞ�1
j¼0

P2jþ1�1
k¼2j 2j2�jEk

En þ
Plog2ðNÞ�1

j¼0

P2jþ1�1
k¼2j 2jEn

vuuut
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Etotal

½ðN2 þ 2Þ=3�En

s
ð10Þ

where E0, Ek, Etotal, and En are the signal energy of the single band RF
pulse, the signal energy of the translated dual-band RF pulse for gi-
ven k value, the total energy required for a Fourier encoding with
the same acquisition parameters and conditions, and the noise en-
ergy, respectively. Notice in the equation above that while both sig-
nal and noise are increased by the 2j factor, only the signal is
normalized to its corresponding scale by the factor 2�j, causing an
increase of noise energy by almost N/3 in wavelet encoding com-
pared to Fourier encoding [21]. Replacing N with N/R, the following
equation holds for WE-PI:

SeNRN;R
WE-PI ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E0 þ

Plog2ðN=RÞ�1
j¼0

P2jþ1�1
k¼2j 2j2�jEk

En þ
Plog2ðN=RÞ�1

j¼0

P2jþ1�1
k¼2j 2jEn

vuuut
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð3R2ÞEtotal0

ðN2 þ 2R2ÞEn

s
ð11Þ

Because of the scaling, the total energy in WE-SI, Etotal = NE0 be-
comes equal to N

R E0 in WE-PI. Inserting the parallel imaging contri-
bution part as described in [14] into Eq. (11), the full SNR equation
for WE-PI is given by:

SNRN;R
WE-PI ¼

1
gn

ffiffiffi
R
p SeNRN;R

WE-PI ¼
1
gn

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð3NÞE0

ðN2 þ 2R2ÞEn

s
ð12Þ

where gn as the nth position coil g factor calculated using

gn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½ðS�w�1SÞ�1�n;nðS

�w�1SÞn;n
q

with S being the coil sensitivity

map and the noise correlation matrix [14].
As function of WE-SI, the equation above becomes:

SNRN;R
WE-PI ¼

1
gn

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2 þ 2

N2 þ 2R2

s
SNRN

WE�SI ð13Þ
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Notice that with R = 1 (no acceleration is performed), the SNRWE-PI

approaches the SNRWE-SI up to the coil factor gn.
One notices from Eq. (13) that, for a given constant g factor, the

SNR decrease in wavelet encoding with parallel imaging, is a func-
tion of R and N, whereas with phase encoding, the SNR given by

SNRPE�PI ¼ 1
gn

ffiffi
1
R

q
SNRPE, is a function of R only (Eq. (24) in reference

[14]). As a consequence, the SNR in WE-PI declines more slowly
with the acceleration factor, R, than the SNR in PE-PI declines with
R. In comparison to the SNR of PE-PI given by

SNRN;R
PE-PI ¼

ffiffiffiffiffiffiffi
Etotal

p

gn

ffiffiffiffiffiffiffiffiffiffi
R�N�En

p ¼
ffiffiffiffi
E0

p

gn

ffiffiffiffiffiffiffi
R:En

p , and inserting this into Eq. (12), we

obtain:

SNRN;R
WE-PI ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3NR

N2 þ 2R2

s
SNRN;R

PE-PI ð14Þ

Notice that at N = R or N = 2R, the SNR of both techniques are equal

(SNRN;R
WE-PI ¼ SNRN;R

PE-PI). With N > 2R we have
ffiffiffiffi
2R
N

q
<

SNRN;R
WE-PI

SNRN;R
PE-PI

< 1 .
Fig. 4. (a) The SNR decrease rate for both phase encoding and wavelet encoding as a
function of the acceleration factor and the resolution. (b) The SNR decrease rate per
unit-time for both phase encoding and wavelet encoding.
Fig. 4a and b display the rate at which the SNR drops for both
phase encoding and wavelet encoding as a function of R and N
and per-unit-time respectively.
3. Phantom studies and results

The proposed wavelet encoding parallel imaging scheme is
implemented on a 3 Tesla Siemens whole body clinical scanner
using a modified WE-SI sequence [10,11]. The acceleration is per-
formed in one dimension, the left right direction, with an acceler-
ation factor R = 2. Using the Siemens multi-receive head coil [22]
coil sensitivity maps are collected. The excitation RF pulses with
single band and redundant dual-band profiles, generated using
the Shinnar–LeRoux algorithm [23] with 9 kHz bandwidth and
5.2 ms duration, are applied along the acceleration direction. Phan-
tom studies using both WE-SI and WE-PI are conducted at pixel
number N = 4 and N = 8 with the following acquisition parameters:
TR = 2 s, TE = 75 ms, FOV = 180 mm by 20 mm, slice thick-
ness = 30 mm, ADC bandwidth = 2 kHz, 1024 sample points, and
two averages. With WE-PI, the body coil is used for RF pulse trans-
mission and the Siemens multi-receive coil for signal detection.
With WE-SI a single channel head coil is used for both signal trans-
mission and data collection. The phantoms are made from cylindri-
cal tubes filled with aqueous solutions of metabolites with known
concentrations, placed in holes of an inner plastic chamber, the lat-
ter surrounded by water and in turn immersed in an outer plastic
chamber filled with canola oil. Data reconstruction involves both
the inverse wavelet transform and the SENSE technique. The coil
g factor is calculated from the coil sensitivity maps similar to the
SENSE technique [14].

As shown in Figs. 5 and 6, the WE-PI method provides accurate
spatial metabolite distribution at both resolutions. Acquisition
time and experimental SNR values for both WE-PI and WE-SI are
reported in Table 1. These acquisition times and SNR experimental
results are compared to the theoretical phase encoding results,
with and without parallel imaging. The experimental SNR values
are calculated as the ratio of the Succinate peak intensity and the
standard deviation of the noise. The calculated coil g value at the
Succinate position is equal to 1.35 and 1.64 for 4 � 1 � 1 and
8 � 1 � 1 respectively. Data quantification has not been performed
due to the difference in settings between the two methods. The
body coil is used for RF pulse transmission and multiple receiver
coils for signal detection in the WE-PI implementation, whereas
WE-SI uses a single channel transmit receive coil to achieve both
operations.

Fig. 7 shows the WE-PI steps to acquire and reconstruct the
spectroscopic imaging data for a resolution of eight. In Fig. 7A
the simultaneous MR signals acquired using two receiver coils
and composite RF pulses are shown. Fig. 7B displays the spatial sig-
nal distribution after the inverse wavelet transform has been per-
formed. Data contamination due to coil overlap coverage is visible.
Fig. 7C represents the final step with the correct spatial distribu-
tion of the spectra. The real part (blue) of these spectra is also
shown overlaid on the image tubes in Fig. 6 for the resolution of
eight.

Acquisition time and SNR results are comparable to the theoret-
ical ones for the WE-PI technique. Acquisition time in WE-PI is re-
duced by approximately the factor R as compared to that for WE-SI.
The calculated SNR is given as a function of the g factor calculated
from coil sensitivity maps. The use of more receiver channels will
reduce the g factor and consequently increase the SNR. The SNR of
PE-PI will drop by 1=g

ffiffiffi
R
p

approaching 0.52 (R = 2 and g = 1.35),
which is comparable to the WE-PI value at N = 4. Phantom results
show that WE-PI provides accurate results with further reduced
acquisition time. The results also show that the SNR decrease rate



Fig. 5. Correct spatial metabolite distribution for WE-PI in 4 by 1 by1.

Fig. 6. Correct spatial metabolite distribution for WE-PI in 8 by 1 by1. (real part of the spectra of Fig. 7).

Table 1
Acquisition time and SNR of CSI, WE-SI, and WE-PI; CSI results are from calculation, SNRcsi is set to one. The experimental SNR values for WE-SI and WE-PI are calculated as peak
intensity/noise standard deviation of the succinate. The g factor is calculated from the coil sensitivity map which at the succinate position is equal to 1.35 and 1.64 for 4 � 1 � 1
and 8 � 1 � 1 respectively.

Resolution Method Acquisition time (s) SNR (experiment) (a.u.) SNR (calculated) (a.u.)

4 � 1 � 1 CSI 16 1
WE-SI 14 0.82
WE-PI 8 0.49 0.71/g = 0.52

8 � 1 � 1 CSI 32 1
WE-SI 23 0.61
WE-PI 14 0.33 0.58/g = 0.35

Fig. 7. WE-PI steps for data acquisition and reconstruction (inverse wavelet transform and unfolding using coil sensitivity maps) for N = 8 and R = 2 with real part in blue and
imaginary part in red (see Fig. 6 for metabolite spectra overlaid on phantom images). Tx is the profile of the transmitted RF pulse and Rx is the received signal for each coil,
each one covering a corresponding region. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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with WE-PI is relatively less than with PE-PI. Further tests are
being conducted to reduce the g factor for SNR improvements.

4. Conclusion

A new spectroscopic imaging technique derived from a combi-
nation of wavelet encoding and parallel imaging to further reduce
acquisition time is proposed. The method exploits the advantages
of both techniques. Data acquisition is accelerated at a similar rate
as the most spectroscopic imaging methods because of the use of
parallel imaging approach and spatial metabolite distribution is
preserved because of the use of wavelet encoding.

As compared to phase encoding, the SNR value of this method is
lower due to the use of wavelet encoding. Nonetheless, wavelet
encoding has been useful in multi-slice imaging techniques, where
it has been used to encode the slice dimension with a resulting in-
crease in SNR [24]. The incorporation of parallel imaging induces a
further SNR decrease due to data under-sampling. As described
above, the decreased SNR rate with wavelet encoding is a function
of both the pixel/voxel number N and the acceleration factor R,
whereas with phase encoding it is a function of the factor R only.
As a consequence, at a given N value approaching R value or its
multiple, the SNR values of both techniques coincide. The prelimin-
ary phantom results converge in this direction, demonstrating that
this method combination reaches its first main goal in accelerating
the data acquisition with similar speed as the phase encoding with
parallel imaging method. It is quicker if the acquisition time reduc-
tion inherent to WE-SI is introduced into WE-PI. In addition, data is
acquired with high spectral resolution, and a broad spectral band-
width allowing for coverage of a large number of metabolite peaks,
whereas with echo planar spectroscopic imaging the spectral
bandwidth is reduced to speed up data acquisition. In conclusion,
WE-PI is a promising MRSI technique which addresses some of
the limitations of current high speed MRSI techniques. It is quick,
accurate, reliable and consistent. Extension of the acceleration to
two dimensions and in vivo validations are in progress.
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