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Brain 31P-neurometabolites play an important role in energy and membrane metabolism. Unambiguous
identification and quantification of these neurochemicals in different brain regions would be a great aid
in advancing the understanding of metabolic processes in the nervous system. Phosphomonoester
(PME), consisting of phosphoethanolamine (PE) and phosphocholine (PC), is the ‘‘building block’’ for mem-
branes, while phosphodiesters (PDE), consisting of glycerophosphocholine (GPC) and glycerophosphoeth-
anolamine (GPE) metabolites are involved in the membrane breakdown process. In the clinical setting,
generating well-resolved spectra for PC, PE, GPC, and GPE could be crucial phospholipids in providing infor-
mation regarding membrane metabolism. We present here a new experimental approach for generating
well-resolved 31P spectra for PC and PE as well as for GPC, GPE, and other 31P metabolites. Our results (based
on uni-dimensional (1D) and multi-voxel 31P studies) indicate that an intermediate pulse angle (35�) is best
suited to obtain well-resolved PC/PE and GPC/GPE resonance peaks. Our novel signal processing scheme
allows generating metabolite maps of different phospholipids include PC/PE and GPC/GPE using the
‘time-domain–frequency-domain’ method as referred to in the MATLAB programming language.

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

Magnetic resonance spectroscopy (MRS) is a useful non-invasive
imaging modality [1,2] for detecting various neurometabolites (e.g.,
N-acetyl aspartate (NAA), myo-inositol (mI), phosphocreatine (PCr),
creatine (Cr), adenosine triphosphate (ATP), phosphomonoester
(PME), phosphodiesters (PDE), etc.) as well as intracellular pH [3].

Phospholipids are major constituents of both neuronal and non-
neuronal cells. The phospholipids can provide a rich source of informa-
tion about the functioning of neurons, since they are involved in
different molecular processes ranging from energy metabolism to mem-
branemaintenance. Phospholipids have been subject to investigationfor
their relevance in various brain disorders such as Alzheimer’s disease
[4–8], Schizophrenia [9–11], bipolar disorder [12,13], and depression
[14]. PME, consisting of phosphoethanolamine (PE) and phosphocholine
(PC), primarily reflects the availability of the ‘‘membrane building block’’
phospholipid precursors. PDE, consisting of glycerophosphocholine
(GPC) and glycerophosphoethanolamine (GPE) metabolites, indicates
the level of ‘‘membrane breakdown’’ products. The relative amounts
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of PC/PE and PME/PDE reflect the delicate balance between mem-
brane building (anabolism) and breakdown (catabolism).

Although 31P MRS methodology has evolved in terms of techno-
logical development, there are still a few challenges for generating
high-quality 31P MRS data. These intrinsic challenges are due to the
low sensitivity of 31P nuclei, low spatial and temporal resolution,
limited spectral dispersion in the absence of proton decoupling,
as well as the low availability of these phospholipids. Some of
these problems can be overcome by using a high field MR scanner
as well as a proton decoupling scheme during 31P data collection.
The long time requirement for performing two-dimensional (2D)
and three-dimensional (3D) multi-voxel 31P experiments is a con-
straint in the clinical setting, as early availability of laboratory re-
sults may influence the course of treatment and prognostication.
There is an urgent need for strategies to reduce experimental time
required for multidimensional 31P experiments and that can be
accomplished by setting optimum experimental conditions and
parameters including echo time (TE), repetition time (TR), and
pulse excitation angle. Transverse relaxation times of 31P metabo-
lites are in the range of 20–150 ms [15] and an optimum excitation
angle could have a profound role to play to effect enhanced 31P sig-
nal generation pertaining to high signal to noise ratio (SNR) data.

Three-dimensional 31P MRS studies (with proton decoupling,
excitation angle 60�, TR = 2000 ms, TE = 2.3 ms, and NSA = 10) have
revealed a significant decrease of high energy phosphates in the
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mesostriatal region of Parkinson’s disease (PD) patients [16].
Larger excitation angles ranging between 120� and 150� have been
applied to maximize the 31P signal from human brain metabolites
at 3 T MRI scanner to achieve large signal gains for specific peaks of
interest [17], but the peak resolution of PC/PE and GPC/GPE could
not be achieved. To the best of our knowledge, there is no
(in vivo) experimental approach to generate well-resolved PC/PE
or GPC/GPE resonance peaks and subsequently quantitate them.

The focus of this study is to investigate the optimum experi-
mental conditions for generating well resolved, high quality 1D
and 2D multi-voxel 31P data from the human brain and develop a
robust software package for 31P data processing using time-do-
main–frequency-domain (TDFD) [18] methodology in the MATLAB
programming language.
2. Materials and methods

2.1. Experimental design

In vivo 31P MRS data were collected using a 3 T MRI scanner
equipped with dual tuned (1H/31P) head coil (Rapid corporation,
Germany) on healthy subjects with no previous record of any neu-
rological disorder as per the approved institutional human ethics
protocol. One-dimensional 31P experiments were performed with
the following experimental parameters (NSA = 64, TR = 650 ms,
and TE = 1.2 ms, 1024 data points, SW = 4000 Hz and FOV of
300 � 300 mm2 with 45 mm (thickness)). However, different pulse
excitation angles (15�, 35�, 45�, and 60�) were applied to examine
the effect of pulse excitation angle on SNR, keeping all other exper-
imental parameters the same. The 1H decoupling was applied using
WALTZ-16 [19] during acquisition of the 31P signal. The total time
for each 1D 31P experiment was 1 min for each excitation angle.

Similarly, 2D multi-voxel 31P data were collected from the same
subject with various excitation angles of 25�, 35�, and 45� but the
other experimental parameters (TR = 1000 ms, TE 1.4 ms, FOV of
300 � 300 mm2 (thickness 30 mm) were kept the same. 31P signals
Fig. 1. Flowchart of the 31P data processing scheme using time-domai
were obtained from 576 voxels (matrix of 24 � 24 voxels) within
field of view (FOV) of 300 � 300 mm2 (thickness 30 mm). The 1H
decoupling sequence WALTZ-16 [19] was applied during acquisi-
tion of 31P signals and the total experimental time for each exper-
iment was 13 min.

2.2. 31P Data processing

In our 31P data processing scheme, first 31P MRS data were pro-
cessed using 3DiCSI program [20] and subsequently Fourier trans-
formed and stored as a reference spectrum. Finally, this reference
31P spectrum was compared with the fitted spectrum generated
through iterative procedure, using the TDFD method [18].

In the TDFD method, the MRS 31P signals are calculated in discrete
time domain and then Fourier transformed to obtain discrete fre-
quency domain model spectra. The algorithm can handle analytical
and non-analytical line shapes. We modeled the time domain data
using Voigt line shape [21,22] as shown in the following equation:

FðtÞ ¼
XK

k¼1

AðkÞ � eið2�p�xðkÞ�n�Dtþ/ðkÞÞ � e�ðlðKÞ�n�DtþgðKÞ�ðn�DtÞ2Þ ð1Þ

where K is the number of peaks and A(k), x(k), u(k), l(k), and g(k)
are the amplitude, chemical shift (in Hz), phase, Lorentzian and
Gaussian damping factor, respectively, for k-th peak. ‘n’ is the sam-
ple index at which the time domain signal is sampled and ‘Dt’ is the
sampling time for acquisition of this signal.

We have used prior knowledge simulating the time domain
data and a total of 14 31P peaks (PE, PC, Pi, GPE, GPC, PCr, NAD, dou-
blets for a-ATP and c-ATP, and triplet for b-ATP) were considered
for fitting purpose. Setting the prior knowledge close to the exper-
imental parameters (amplitude, chemical shift, linewidth, and
phase) is critical for obtaining accurate quantification and conver-
gence of the fitting, as well as for saving computational time. In our
study, we have used the following prior knowledge: (1) for ampli-
tude, maximum peak amplitude for each resonance peak was con-
sidered; (2) for chemical shift, frequency at which maximum peak
n–frequency-domain method in MATLAB programming language.



10 5 0 -5 -10 -15

-0.005

0.025

0.005

0.015

R
el

a
ti

v
e 

a
m

p
li

tu
d

e 
(a

.u
)

0.025

0.005

0.015

-0.005

0.025

0.005

0.015

0.025

0.005

0.015

-0.005

-0.005

ppm

Excitation angle: 60˚

β-ATP
α-ATP

γ-ATPPE GPC
PI

GPEPC
NAD

PCr

Raw data

-20

Fitted data 

Excitation angle: 45˚

Excitation angle: 35˚

Excitation angle: 15˚

Fig. 2. Stack plot of 31P experimental data (marked in black color) collected with various excitation angles (e.g., 25�, 35�, 45�, and 60�) and respective fitted spectra are marked
in red color. The simulated data fitted extremely well with the respective experimental data indicating the robustness of our processing scheme. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this paper.)
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amplitude occurs was considered; (3) for linewidth, full width at
half maximum of each resonance peak was considered; (4) for
phase, it is assumed to be zero for all resonance peaks obtained
from the reference spectra; (5) for spectral pattern, doublets (for
c- and a-ATP peaks with amplitude ratio 1:1) and triplets (for b-
ATP peak with peak amplitude ratio 1:2:1) were also incorporated
to simulate the time domain 31P data.

The iterative procedure for best experimental fitting was con-
tinued until error was lower than the predefined threshold limit
in each iteration, and experimental parameters were refined using
Levenberg–Marquardt nonlinear optimization (Fig. 1). After the
calculated error for each of the experimental parameters (ampli-
tude, chemical shift, linewidth, and phase) was reached within
the threshold limit, the time domain data was Fourier transformed
to generate a final simulated spectrum using the refined parame-
ters obtained (amplitude, chemical shift, linewidth, and phase). Fi-
nally, the residual spectrum (difference between simulated
spectrum and reference spectrum) was generated to indicate the
quality of 31P data fitting.
Fig. 3. Comparison of 31P peak areas of PME (PC + PE), PDE (GPC + GPE), Pi, PCr, a-
ATP, b-ATP, and c-ATP in four excitation angles (15�, 35�, 45�, and 60�). 31P spectra
of PE and PC, as well as GPC and GPE, are not well resolved at all excitation angles,
except 35�, therefore PC and PE peak areas are added and represented as PME.
Similarly, GPC and GPE peak areas are added together and represented as PDE. The
graph shows that PME, Pi, PCR, and c-ATP peak areas are higher at 35� excitation
angle.
3. Results

Our in vivo 1D and 2D multi-voxel 31P MRS studies were per-
formed in various excitation angles. Data were processed using
the processing scheme as presented in Fig. 1. Fig. 2 shows the
pre-processed 31P spectrum and corresponding fitted 1D 31P spec-
trum performed in four excitation pulse angles (15�, 35�, 45�, and
60�). The 31P resonance peaks PE and PC as well as GPE and GPC
are well resolved with excitation angles at 35� only and not with
excitation angles 15�, 45�, and 60�. Fig. 2 also indicates that the
PCr peak amplitude varies significantly with the excitation angle
and PCr peak amplitude is maximum at 35� excitation angle. In or-
der to present quantitative analysis of all 31P metabolites at various
excitation angles, the 31P peaks areas were calculated and plotted
(Fig. 3). As 31P resonance peaks, PE and PC as well as GPC and
GPE resonance were not resolved in all excitation angles, PC and
PE peak areas were added together and indicated as PME; similarly,
GPC and GPE peak areas were added together and leveled as PDE.
The peak area for 31P resonance peaks (e.g., PCr, Pi, and c-ATP)
are much higher with 35� excitation angle (Fig. 3). Supplementary
Fig. S1 highlights the quality of 31P data fitting using our signal pro-
cessing scheme. The residual peak (which is the difference be-
tween the final simulated spectrum and the reference spectrum)
clearly indicates a high quality 31P signal processing scheme.



Fig. 4. 2D maps for metabolite areas were obtained from 2D multi-voxel 31P data at
various excitation angles (25�, 35�, and 45�). The 2D intensity maps show higher
peak areas for PCr and c-ATP at 35�, while PME intensities are higher in case of 25�
excitation angle. Scale beside each of the color map indicates the gradual increment
of peak area from minimum estimated area (blue) to maximum estimated peak area
(red) (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this paper.).
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Supplementary Fig. S2 presents comparative analysis of 2D
multi-voxel 31P MRS spectra collected using three (25�, 35�, and
45�) pulse excitation angles. Similar to 1D 31P spectra (Fig. 2), in
the 2D multi-voxel experiment, SNR of PCr peak is also very high
at a 35� excitation angle compared to 25� and 45�. In order to quan-
titate the difference of SNR of various 31P resonance peaks at three
excitation angles, the peak area from each voxel was calculated
and is presented in Fig. 4. The relative amounts of all metabolites
Table 1
Different 31P experiments in normal and diseased conditions taken from the literature. Va
field of view, brain region, and clinical status) are included. NA refers to non-availability o

S.
No.

Field strength
(Tesla)

Experiment
type

Excitation angle
(�)

Field of view

1 1.5 2D CSI 40 240 � 360 mm2 (30 m
thickness)

2 1.5 DRESS pulse 90 30 mm slice

3 1.5 2D CSI 60 360 � 360 mm2 (30 m
thickness)

4 4 3D CSI 32 280 � 280 � 140 mm
5 1.5 SV (ISIS) NA 28 � 28 � 50 mm3

6 1.5 SV NA 15–20 cm3

7 1.5 SV 90 50 slice thickness

8 1.5 SV 90 30 � 30 � 50 mm3

9 1.5 SV 90 50 mm slice thicknes
10 1.5 2D CSI NA 240 � 360 mm2 (30 m

thickness)
11 1.5 SV 40–60 –
12 3 3D CSI 60 300 � 300 � 200 mm
13 1.5 DRESS NA 25 mm slice thicknes
14 4 3D CSI 37 240 � 240 � 240 mm
(PDE, PME, Pi, PCr, a-ATP, b-ATP, and c-ATP) were assessed from
the peak area using the same software package and it is found that
PCr, and c-ATP peak areas are higher at the 35� excitation angle
(Fig. 4).
4. Discussion

Comprehensive 31P MRS studies on normal subjects and Alzhei-
mer’s disease, Schizophrenia, Parkinson’s disease, depression, bipo-
lar disorder, and attention deficit hyperactivity disorder (ADHD)
patients are presented in Table 1 from the existing literature. The
experimental time for all these published studies is generally more
than 40 min, except the MRS studies performed in 7 T MRI scanner,
which is 8 min [15]. The excitation angle in various 31P experi-
ments ranged from 32� to 90� (Table 1). Our in vivo 31P MRS studies
have a greater potential for application in the clinical setting due to
generation of high SNR 31P spectra with good resolution within a
short period of time. A smaller excitation angle has a profound ef-
fect on resonance peaks of metabolites with shorter T2 relaxation
time as well as short T1 relaxation time. Thus, a careful calibration
is required to obtain an optimized excitation angle and to yield a
resultant well-resolved spectrum.

The SNR of signal obtained from a metabolite depends on vari-
ous experimental factors: (1) magnetic field strength B0; (2) opti-
mum TR and TE; (3) optimum excitation angle. The optimal
excitation angle (h), known as the Ernst angle [23], for a resonance
peak with relaxation time T1 and repetition time TR was given as
follows:

h ¼ cos�1 e� TR=T1ð Þ� �
ð2Þ

Since each 31P metabolite has a different relaxation time, the opti-
mum excitation pulse angle for each of them is different in a partic-
ular experimental setting. Thus, an optimum excitation angle needs
to meet three criteria: (1) maximum SNR; (2) well-resolved reso-
nance peaks; and (3) time consideration for possible application
in a clinical setting. It can be noted that the calculated Ernst angle
is 34� for PCr, within 29–42� for PME, PDE and Pi, and 59� for
ATP. Our experiments were performed within the span of calculated
Ernst angle (15–60�).

Recently, the effect of large excitation angle (LEA) was investi-
gated to maximize SNR of 31P metabolites involved in bipolar dis-
order at 3 T MRI scanner [17]. In that LEA experimental setup, short
TR and TE were used. It is interesting to note that in the LEA exper-
rious experimental conditions (e.g., field strength, experiment type, excitation angle
f information.

Brain region Clinical status Refs.

m slice Prefrontal cortex; basil ganglia; temporal
cortex

Normal [25]

Corpus callosum Bipolar
disorder

[13]

m slice Prefrontal cortex Schizophrenia [26]

3 Anterior cingulate; left thalamus Schizophrenia [27]
Left prefrontal cortex AD [4]
Dorsal prefrontal cortex AD [6]
Orbito-frontal Occipital lobe Normal

subjects
[28]

Basal ganglia Depression [29]
s Orbito- frontal occipital lobe Depression [30]
m slice Prefrontal cortex; basal ganglia; ADHD [31]

Visual cortex PD [32]
3 NA PD [16]
s Occipital lobe MSA; PD; [33]
3 Whole brain Normal [34]
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iments, the observed maximum amplitude of peaks at various exci-
tation angles (e.g., PCr at 140�, PC at 120�, Pi at 120�, ATP at 120�,
etc.) were reported [17]. It is worthwhile to mention that PC and PE
as well as GPC and GPE peaks were not resolved in the LEA exper-
iments [17]. In our study, 31P experiments with excitation angle of
35�, it was not only the PC and PE peaks and the GPC and GPE peaks
that were well resolved, but the amplitude of the four peaks (PME,
PCr, Pi, and c-ATP) were also higher, compared to any other excita-
tion angles (Supplementary Figs. S1 and 3). A similar trend is also
observed in 2D multi-voxel 31P data (Fig. 4), where the peak area of
PCr, and c-ATP are much higher in the same voxel of the same sub-
ject at 35� compared to other excitation pulses (45� or 25�).

4.1. Iterative procedure using TDFD methodology

We have demonstrated by using optimum experimental condi-
tions (e.g., excitation angle 35�) that all 31P resonance peaks are
well resolved. The 31P data processing scheme for multi-voxel
studies using TDFD is robust, fast, and user-friendly. Other
researchers have reported 31P data processing (ATP level and pH)
using SAGE/IDL software, but the reported 31P data quality (poor
SNR) acted as a hindrance to obtain any quantitative measure of
these metabolites [24]. In this context, our MATLAB based software
package is extremely useful in generating intensity maps from high
quality 31P data generated through new experimental approach.
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