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Introduction

Most cellular processes require energy to be carried out. 
Adenosine triphosphate (ATP), often referred to as the 
energy currency in living organisms, is critically important 
for maintaining normal cellular functions. There is 
increasing recognition that many human diseases are caused 
by an imbalance between ATP production and demand (1,2). 
Magnetic resonance spectroscopy (MRS) and magnetic 
resonance imaging (MRI) provide powerful tools for in vivo 
assessment of tissue metabolism without ionizing radiation. 
The noninvasive nature of these techniques enables 
repeated measurements such that disease progression 
and treatment response can be monitored longitudinally. 
Of particular interest, phosphorous-31 (31P) MRS and 
MRI allow the evaluation of several important aspects 
of high-energy phosphate metabolism, from metabolite 
concentrations to metabolic fluxes through ATP-generating 

enzymes. Since 1970s, numerous studies have employed 
31P-MRS/MRI in the investigation of a broad range of 
diseases such as diabetes, stroke, heart failure, and cancers 
(3-8). These studies have provided invaluable insights into 
the role of mitochondrial metabolism in normal physiology 
and disease development. 

A major impediment that has hampered the clinical use of 
31P-MRS/MRI is the low sensitivity of 31P nuclei. Because of 
the extremely low concentrations of phosphate metabolites, 
current 31P-MRS/MRI methods require prohibitively long 
acquisition time to achieve adequate signal-to-noise ratio 
(SNR), which is not practical for routine use on clinical 
patients. As a result, 31P-MRS/MRI has found limited clinical 
applications, especially in evaluating the heterogeneity in 
metabolic alterations. Although the increased use of high 
field scanners in recent years is promising to significantly 
improve SNR for imaging 31P metabolites with high spatial 
resolution (9), fast 31P-MRS/MRI methods capable of 
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mapping phosphate metabolites and metabolic fluxes are still 
highly desired for metabolic evaluations.

This article provides an overview of 31P-MRS/MRI 
methods with a focus on techniques for spatial localization, 
metabolic mapping, and recent development in fast 
31P-MRS/MRI techniques. Applications of these techniques 
to the investigation of a specific physiology/pathology will 
be discussed without detailed description. Interested readers 
are referred to recent review articles on the applications 
of 31P-MRS/MRI in metabolic characterization of skeletal 
muscle (10-12), heart (13), brain (14), and liver (11), as well 
as in diseases such as cancer (15), heart failure (16), and 
obesity and diabetes (17,18).

Historical perspective

The use of 31P-MRS for metabolic investigations dates 
back to 1960. Cohn and Hughes were the first to obtain a 
high-resolution 31P spectrum of a solution of ATP (19). In 
addition, they also observed a dependence of the chemical 
shifts of the phosphorus nuclei of ATP on the pH of the 
solution. In parallel to the early development of MRI 
methods by Lauterbur (20), the entire 1970s also witnessed 
the rapid advance of 31P-MRS in metabolic investigation 
of a broad range of biological systems. In 1973, Moon and 
Richards performed the first 31P-MRS study that measured 
intracellular pH in human red blood cells (21). In the 
following year, Henderson and colleagues obtained the first 
31P spectrum of ATP from human red blood cells (22). At 
the same time, the Oxford team led by Radda performed the 
first experiment to acquire 31P spectra from an intact organ, 
i.e., the excised and superfused muscle of rat hindlimb (23). 
The first in vivo 31P-MRS study was performed on mouse 
brain by Chance et al. (24). Within the short span of one 
decade, organelles including mitochondria (25,26) and 
chromaffin granules (27), cells including Escherichia coli (28),  
yeast (29), and hepatocytes (30), and organs including 
skeletal muscle (31,32), heart (33-35), brain (36), kidney (37),  
and liver (38,39) have all been studied using 31P-MRS. 
It is worth noting that most of these organ studies were 
performed on excised organs to avoid the need for spatial 
localization. Although Lauterbur has demonstrated the 
feasibility of imaging water protons (20), it was considered 
impractical for 31P imaging of living systems because of the 
low sensitivity and difficulties with spectral resolution.

The 1980s began with the publication of two important 
studies that aimed at acquiring 31P spectra from spatially 
defined regions in vivo. Ackerman et al. were the first 

to use a surface coil for detecting 31P signal in localized 
regions adjacent to the coil (40). By taking advantage of the 
sensitive volume of a surface coil, they were able to acquire 
31P spectra from rat leg and brain in vivo without the use of 
spatial localization sequences. Due to the simplicity of such 
an approach, as well as the high sensitivity of surface coils, 
surface coils are still used in many spectroscopic studies 
nowadays. However, a fundamental limitation for this 
approach is that it cannot be adopted for detecting signals 
from internal organs noninvasively. At the same time, 
Bendel et al. demonstrated for the first time the feasibility 
of spatial mapping of phosphate metabolites in a phantom 
comprised of ATP, phosphocreatine (PCr), and inorganic 
phosphate (Pi) (41). Later, Bottomley et al. proposed the 
Depth-REsolved Surface coil Spectroscopy (DRESS) 
method to acquire one-dimensional localized 31P spectra 
using a surface coil (42,43). This technique has been widely 
used in evaluating myocardial metabolism (44,45) and the 
bioenergetics of skeletal muscle (46). Several single-voxel 
spectroscopy (SVS) techniques were also developed in the 
1980s to acquire localized spectra from a 3D cuboid voxel 
in vivo (47-50). In the late 1980s and early 1990s, Bottomley 
et al. for the first time successfully acquired 31P spectra from 
multiple voxels simultaneously in human brain (51) and 
heart (52) using spectroscopic imaging approach, opening 
the door of 31P magnetic resonance spectroscopic imaging 
(31P-MRSI) to provide unprecedented dimensions of spatial 
and spectral information in metabolic investigations. 

Comparing to non-localized or SVS techniques, imaging 
acquisition time for 31P-MRSI methods is considerably 
longer. It has been impractical to perform 31P-MRSI at 
low-field clinical scanners with adequate resolution and 
scan time. Preclinical 31P and other hetero-nuclei MRSI 
studies are commonly performed at high fields for SNR 
gain (53-55). However, the requirement of high spatial 
resolution for small animal imaging still renders 31P-MRSI 
challenging. In recent years, the increased availability of 
clinical high-field scanners has provided the opportunity 
to achieve a satisfactory balance between SNR and spatial 
resolution within the acceptable acquisition time. Further, 
many promising new techniques have emerged from the 
development of fast 1H-MRI methods in the past decade. 
Some of these techniques, such as compressed sensing, 
non-Cartesian encoding, and the subspace approach, 
already have shown their potential in accelerating MRSI 
acquisition. These exciting new developments give rise 
to renewed interest in 31P and other hetero-nuclei MRSI. 
It can be expected that more fast MRSI techniques will 



709Quantitative Imaging in Medicine and Surgery, Vol 7, No 6 December 2017

© Quantitative Imaging in Medicine and Surgery. All rights reserved. Quant Imaging Med Surg 2017;7(6):707-726qims.amegroups.com

emerge that can eventually make metabolic evaluation on 
clinical patients feasible.

Energy metabolism in living tissues

Under nonischemic conditions, ATP is generated mainly 
from oxidative phosphorylation in the mitochondria, 
and to a lesser extent from glycolysis in the cytosol. 
The oxidation of carbohydrates and fatty acids produces 
electron-rich molecules, namely the reduced forms 
of nicotinamide adenine dinucleotide (NADH) and 
flavin adenine dinucleotide (FADH2). During oxidative 
phosphorylation, electrons are transferred from NADH 
and FADH2 to oxygen through a series of redox reactions 
called the electron transport chain (ETC). The energy 
released in ETC is used to pump protons (H+) from 
mitochondrial matrix to the intermembrane space, which 
creates an electrochemical proton gradient that drives the 
synthesis of ATP via ATP synthase. The ATP synthase is 
a transmembrane protein complex that allows protons in 
the intermembrane space to flow down its concentration 
gradient and uses the released energy to synthesize ATP 
from adenosine diphosphate (ADP) and Pi (Figure 1). The 
stoichiometric links between NADH and FADH2 oxidation, 
oxygen consumption, and ATP synthesis are described by 

the following reactions:

+ +
2 i 2

1NADH + H + O + 3ADP + 3P NAD + H O + 3ATP
2

→

+ +
2 2 i 2

1FADH + H + O + 2ADP + 2P FADH + H O + 2ATP
2

→

Since ATP is required in many cellular processes 
including protein synthesis, ion transport, and muscle 
contraction, the normal rate of ATP hydrolysis is high even 
at resting state. However, ATP concentration in tissue is 
relatively low, thus the turnover rate of ATP is also high. 
Taking heart as an example, ATP hydrolysis rate is typically 
~0.5 μmol/g wet wt/s at rest, while ATP concentration is 
only ~5 μmol/g wet wt. Hence, there is complete turnover 
of the myocardial ATP pool in every 10 s (56), and this 
turnover rate is much higher during exercise. In the healthy 
tissue, the rate of ATP generation is exquisitely linked to 
the rate of ATP hydrolysis such that ATP content remains 
constant even with large increase in ATP utilization. This 
underscores the importance of energy metabolism and its 
regulation.

Besides oxidative phosphorylation, creatine kinase 
(CK) is also a key player in maintaining cellular energy 
homeostasis in many metabolically demanding tissues 
including muscle and brain (57). CK uses creatine (Cr) for 
reversible phosphoryl transfer between ATP and PCr in the 

Figure 1 Oxidative phosphorylation in mitochondria. The acetyl group in acetyl-CoA is oxidized through the citric acid cycle, generating 
electron-rich reducing equivalents NADH and FADH2. The electrons are transferred to oxygen in the electron transport chain, coupled 
with the pump of protons to the intermembrane space. The proton gradient across the inner mitochondrial membrane is used to drive ATP 
synthesis via ATP synthase.
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following reaction: 

+ADP + PCr + H ATP + Crƒ

During periods of increased energy demand (e.g., 
exercise or muscle stimulation) or reduced mitochondrial 
ATP generation (e.g., ischemia or hypoxia), CK allows 
rapid transfer of the high-energy phosphate group in PCr 
to ADP through its forward reaction. As a result, PCr level 
declines rapidly while ATP reduction is minimal at the 
early onset of heavy exercise or severe ischemia. Hence, 
PCr is considered an energy reservoir that is important 
for maintaining a constant level of ATP during these 
physiological or pathological perturbations. Upon the end 
of the perturbation, the PCr pool is replenished by ATP 
generated through oxidative phosphorylation via the reverse 
CK reaction. The rate of PCr recovery is considered an 
indicator of mitochondrial oxidative capacity and thus 
provides a way to evaluate mitochondrial function in vivo by 
31P-MRS/MRI (58-62). 

Metabolic assessment by 31P-MRS/MRI

Comparing to imaging protons in water, 31P-MRS/MRI is 
challenged by the low MR sensitivity and low concentrations 
of phosphate metabolites. In human skeletal muscle, the 
concentrations of PCr, ATP, and Pi are approximately 30, 
10, and 5 mM, respectively (63), which are four orders of 
magnitude lower than water protons in tissue. On the other 
hand, the Larmor frequency of 31P is 2.5 times lower and its 
MR sensitivity is 15 times lower than that of proton (64). 

However, 31P also has some unique properties that make 
it advantageous to perform 31P-MRS/MRI. First, 31P has a 
natural abundance of 100%; hence, it is relatively easy to 
detect 31P nuclei compared to other MR-detectable nuclei 
such as carbon-13 and oxygen-17. Second, there are only a 
few resonance peaks dispersed in a wide range of about 30 
ppm in a 31P spectrum, resulting in more straightforward peak 
quantification. Third, unlike 1H-MRS/MRI, no suppression 
techniques are needed in 31P-MRS/MRI due to the absence 
of dominant water or fat signal. Finally, the T1 relaxation 
time of phosphate metabolites decreases significantly at a 
higher field strength (65,66), which allows data acquisition 
with a relatively short repetition time (TR). 

Determination of metabolite concentrations and tissue pH 
by 31P-MRS

Figure 2 shows 31P spectra from brain, skeletal muscle, and 
liver, respectively (68). In brain and skeletal muscle, the 
dominant signal is from PCr, which is usually assigned 
a chemical shift of 0 ppm due to its relative stability 
and prominence. Pi and the phospholipids, including 
phosphomonoesters (PME) and phosphodiesters (PDE), 
are located to the left of PCr. Resonant peaks from the 
three phosphate groups of ATP (γ-, α-, and β-ATP from 
left to right) are located to the right of PCr. Nicotinamide 
adenine dinucleotide (NAD) in its oxidized and reduced 
form, i.e., NAD+ and NADH, can also be detected. The 
concentration of ADP under physiological conditions is 
too low to be detected by in vivo 31P-MRS. However, ADP 

Figure 2 Representative 31P spectra from human brain (A), skeletal muscle (B), and liver (C). Reproduced with permission from Lei et al. (67) 
and from Valkovič (11).
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can be calculated indirectly from the concentrations of 
PCr, ATP, and Cr from the chemical equilibrium of the CK 
reaction (69,70),

ADP +
CK

[Cr] [ATP]C =
[PCr] [H ] K

×
× ×

The equilibrium constant of CK (KCK) is approximately 
1.66×109 M−1 (71). The concentration of Cr can be 
calculated by assuming that PCr represents ~85% of total 
Cr (72), which is 42 mM from muscle biopsies (73). 

Direct quantification of metabolite concentrations from 
a 31P spectrum is complicated by several factors such as 
coil sensitivity, field inhomogeneity, and relaxation time. 
Frequently, a concentration reference is used to convert 
relative signal intensity to absolute concentrations. A small 
phantom with known concentration of Pi placed beside 
the image object can be used as an external reference (74). 
However, a correction factor is needed to account for the 
differences in field strength, coil sensitivity, and T1 saturation 
between the external reference and metabolites. The accurate 
estimation of the correction factor requires the measurements 
of B1 field map of the 31P transceiver coil, which is much 
more time consuming than B1 mapping in 1H-MRI. A study 
on human calf muscle reported >1 hour acquisition time 
to acquire a B1 map for a 31P volume coil (75). Hence, the 
external reference approach is not always practical. ATP 
has also been used as an internal reference because its 
concentration is relatively stable (~8.2 mM cell water) (76).  
However, baseline ATP concentration may change in 
chronic diseases (77-79), limiting the use of this approach 
in diseased tissues. Alternatively, many studies have used 
metabolite concentration ratios such as PCr-to-Pi and PCr-
to-ATP ratios to evaluate metabolic changes in a variety of 
diseased conditions (4,80-88). Reduced PCr-to-ATP ratio 
has been reported as a consequence of reduced CK activity 
or a loss of the total Cr content in heart diseases (82,89-91).

Besides metabolite concentrations, 31P-MRS also 
provides a non-invasive tool to measure tissue pH in vivo. 
The chemical shifts of many phosphorus compounds are 
pH dependent, because protonation of a compound changes 
the electron distribution surrounding the nuclei and thus 
changes their resonance frequencies. In a 31P spectrum, the 
chemical shift of Pi is most sensitive to changes in pH near 
neutrality because the dissociation constant (pK) of Pi, i.e., 
the pK of 

+ 2
2 4 4H PO H + HPO- -ƒ , is approximately 7. 

Hence, from the observed chemical shift of Pi (δ), which is a 
concentration-weighted sum of the chemical shifts of 2 4H PO- 
(

2 4H PO-δ ) and 2
4HPO -  ( 2

4HPO -δ ), tissue pH can be calculated as

2 4

2
4

H PO

HPO

pH = pK + log(
-

-

-
)

-

δ δ

δ δ

For cardiac and skeletal muscle, pK, 
2 4H PO-δ , and 2

4HPO -δ  are 
6.75, 3.27, and 5.69, respectively (60). In the brain, these 
values differ slightly at 6.77, 3.29, and 5.68, respectively 
(92,93). Because of the low concentration of Pi, it is 
important to acquire a high SNR spectrum for accurate pH 
quantification. In the liver, the lack of a PCr peak renders 
pH quantification by chemical shift difference between Pi 
and PCr challenging. Alternatively, the chemical shift of 
α-ATP is relatively insensitive to pH and can also serve as 
an internal frequency reference (94).

Assessment of mitochondrial oxidative capacity by dynamic 
31P-MRS

As stated previously, PCr recovery rate upon the end 
of a metabolic perturbation can be used as an index of 
mitochondrial oxidative capacity (95). In skeletal muscle, 
the perturbation is usually induced by sustained muscle 
contraction or ischemia. Continuous acquisition of 31P 
spectra during exercise-recovery or ischemia-reperfusion 
provides the potential to assess mitochondrial oxidative 
capacity by quantifying the kinetics of PCr depletion and 
replenishment. Dynamic 31P-MRS has been applied to 
assess skeletal muscle bioenergetics under physiological 
conditions (60,61,87,96-99), as well as to evaluate 
mitochondrial function in skeletal muscle in both diabetic 
patients and animal models of diabetes (8,100-102).

Figure 3 shows dynamic 31P spectra and the changes of 
phosphate metabolites and pH during muscle contraction 
and recovery in human skeletal muscle (103). Similar 
response (Figure 4) can also be observed in animal models 
during ischemia and reperfusion (102). At the onset of 
exercise or ischemia, PCr hydrolysis causes a slight increase 
in pH initially, however, this is quickly followed by a 
decrease in pH as a result of lactate accumulation (95). 
Upon the cessation of exercise or ischemia, PCr, Pi, and pH 
recover to baseline level. 

The time constant of PCr recovery in calf muscle is 
about 25 to 35 s in humans (99,104) and 50 to 90 s in 
small animals (96,99,102,105). Prolonged PCr recovery 
is considered to reflect deficits in mitochondrial oxidative 
metabolism (6,106). To capture the kinetics of PCr recovery, 
a temporal resolution of <10 s in humans and <20 s in small 
animals is desirable. Short TR (~2 s) is frequently used to 
achieve a high temporal resolution (107). To obtain absolute 
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quantification of the metabolites, a fully relaxed spectrum 
using long TR is usually acquired at resting state to correct 
for T1 saturation. 

Quantification of ATP synthesis rates by 31P 
magnetization-transfer MRS

Magnetization transfer (MT) allows for quantification of 
chemical exchange rates at equilibrium conditions. MT 
was first developed by Forsen and Hoffmann in the 1960s 
to study the chemical exchange of protons (108). Brown 

and Ogawa were the first to measure the unidirectional 
rates of catalyzed exchanges in an in vitro adenylate kinase 
system using 31P MT-MRS technique (109). Later, similar 
techniques were applied to the measurements of the ATPase 
reaction in suspension of aerobic Escherichia coli cells (110) 
and the CK reaction in perfused rat hearts (111). In vivo 
fluxes between PCr and ATP in rat brain and skeletal muscle 
were quantified using MT in the 1980s (112). Since then, this 
technique has been widely applied to measure CK reaction 
rate in heart, brain, and skeletal muscle (17,73,112-117).  
Pi-to-ATP flux has also been investigated in liver, heart, 

Figure 3 Time series of 31P spectra (A), pH (B), and PCr (C) from human skeletal muscle during exercise and recovery. Reproduced with 
permission from Schmid et al. (103). PCr, phosphocreatine.

Figure 4 Dynamic 31P spectra (A) and PCr concentration change (B) in rat skeletal muscle at 9.4T during 4-min baseline, 26-min ischemia, 
and 26-min reperfusion with a temporal resolution of 8 s. PCr, phosphocreatine.
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brain, and skeletal muscle (17,118-121). Metabolic 
abnormalities associated with various diseases including 
diabetes (17,120), heart failure (7), and stroke (122) have also 
been evaluated using this technique. 

The MT technique is based on the principle that 
perturbation of the MR signal from an exchanging species 
(A) can be detected in the MR signal of its exchange 
partner (B), provided that the T1 relaxation time of B is 
comparable to or longer than the lifetime of A. Signal 
changes in B induced by the exchange of the perturbed 
nuclei was incorporated into the modified Bloch equation 
by McConnell (123), which allowed the quantification 
of the exchange rate by MT methods. In 31P-MRS, the 
technique enables in vivo measurements of metabolic fluxes 
by perturbing the signal from a specific metabolite (e.g., 
ATP) and monitoring how the perturbation is transferred 
to another metabolite (e.g., Pi or PCr) that is linked by 
an exchange reaction (e.g., ATP synthase or CK). The 
perturbation can be in the form of either saturation or 
inversion, which is achieved by applying a frequency-
selective saturation or inversion pulse prior to data 
acquisition.

A typical MT-MRS acquisition involves three steps: the 
perturbation, or “tagging”, of the nuclei of one exchanging 
species, the transfer of the “tagged” nuclei to the exchange 
partner, and the measurement of “tag” accumulation in the 
exchange partner, which reflects the exchange rate. In a 
typical 31P MT-MRS experiment using saturation transfer 
(ST), the saturation of γ-ATP induces a signal decrease in 
both PCr and Pi, with the signal reduction as a function of 
saturation time follows an exponential relationship (Figure 5).  
The time constant, called the apparent T1 (T1app), is related 
to T1 relaxation time and the forward exchange rate (kf) by

f
1app 1

1 1= + k
T T

when signal reduction from MT and signal recovery from 
T1 relaxation reaches equilibrium, the magnetization 
reaches its steady-state value (M*), which is related to the 
equilibrium magnetization (M0) by

0

f 1

M
M =

1 + k T
∗

⋅

Hence, the forward exchange rate can be determined by 
fitting these equations to experimental data acquired with 
varied saturation time. Since each acquisition is followed 
by a long waiting period to reestablish the equilibrium 
conditions, acquisition time of an MT experiment is 
typically very long, with waiting time amounts to >90% 
of the total acquisition time. Further, due to the relatively 
small signal change in Pi (~20%), quantification of ATP 
synthesis rate via ATP synthase has been quite limited (17). 

Most in vivo 31P MT-MRS studies have used ST 
techniques. The relatively simple formalism and the 
robustness to experimental imperfections of ST methods 
are attractive for in vivo studies. However, the use of long 
saturation pulses may not always be practical on clinical 
scanners. Further, the underlying mechanisms of some 
ST effects are still being debated (12,17,125,126). Several 
studies have used inversion transfer (IT) to quantify 
exchange kinetics (127-129). IT does not require long 
saturation pulses and is less susceptible to unintended MT 
effects from small pools of metabolites. Another advantage 
of IT is that the sensitivity to ATP synthesis rate can be 
enhanced by inverting PCr and all ATP resonances (130). 
Such an approach can significantly delay the recovery 

Figure 5 Quantification of the CK reaction rate by 31P MT-MRS. The saturation of γ-ATP induces a reduction in PCr signals via the CK 
reaction. PCr signal reduction as a function of saturation time follows an exponential relationship. Reproduced with permission from Wang 
et al. (124). PCr, phosphocreatine.
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of γ-ATP, resulting in amplified MT effects between 
γ-ATP and Pi. However, more comprehensive modelling 
is necessary to fully account for multiple magnetization 
exchanges that involve γ-ATP, including the cross-relaxation 
between γ-ATP and β-ATP, i.e., the nuclear Overhauser 
effect (NOE) (129).

Several methods have been proposed to accelerate 
31P MT-MRS by using a combination of two acquisition 
strategies. The first strategy uses a reduced number of 
spectra acquired under partially relaxed conditions, such as 
in the Four Angle Saturation Transfer (FAST) method (131) 
and the Triple Repetition Time Saturation Transfer (TRiST) 
method (132). In FAST, only four spectra are acquired 
with a short TR (~1 s) and two different flip angles. This 
strategy allowed the quantification of CK rate constant in 
human calf muscle at 1.5 T in 3 min whereas conventional 
MT methods would require over 21 min of acquisition 
time to achieve similar accuracy (131). In TRiST, two 
spectra with different TRs are acquired to derive T1app, 
with the third control spectrum used for estimating steady-
state magnetization. The second strategy further reduces 
the number of acquired spectra by assuming an intrinsic 
T1 values. These methods include the Two Repetition 
Time Saturation Transfer (TwiST) method (133) and the 
T1 Nominal method (134). With the rate constant being 
the only parameter to be determined, only two spectra are 
acquired. These methods have been adopted to assess high-
energy metabolism in human brain (135), heart (136), and 
skeletal muscle (137).

Recent development of magnetic resonance fingerprinting 
(MRF) has opened new doors for MT-MRS. MRF extracts 
multiple parameter maps from signals generated using non-
steady-state pulse sequences in conjunction with Bloch 
simulations and pattern matching (138,139). This parameter 
estimation framework allows for greater flexibility in pulse 
sequence design. More importantly, MRF has demonstrated 
itself to have the highest SNR efficiency in simultaneous 
mapping of several parameters. Given the multi-parameter 
nature of 31P MT-MRS measurements, and the similarity 
in measuring T1 and the exchange-rate modulated T1app 
constant in an MT-MRS experiment, an MRF-based MT-
MRS method may overcome the low sensitivity and long 
acquisition time of the conventional 31P MT-MRS methods. 
In a recent study, Wang et al. developed an MRF-based 
acquisition strategy for quantification of CK activity (CK-
MRF) in rat skeletal muscle (124). Their results showed 
significantly improved measurement reproducibility in 20-s 
data acquisition, demonstrating the potential of this new 

MT encoding strategy. The MRF method developed in this 
study used spectrally selective excitation to acquire signals 
from PCr and γ-ATP separately. While this approach allows 
spatial encoding using imaging methods rather than the 
more time-consuming MRSI methods, it has the limitation 
of quantifying CK rate only. An MRF-based spectroscopic 
method that can accurately quantify both CK and ATP 
synthase activities with high efficiency remains to be 
expected.

31P-MRS with spatial localization and metabolic 
mapping by 31P-MRSI

Due to the low SNR nature of 31P-MRS, many early studies 
used SVS techniques to acquire spectra from a 3D cuboid 
volume. The development of SVS techniques provides the 
opportunity for in vivo assessment of tissue metabolism from 
a volume of interest that is not limited to the body surface. 
However, whether the selected voxel is representative of 
the tissue or a specific pathology can be questionable. This 
can be especially problematic in delineating a focal lesion, 
in which a misplaced voxel will not be of diagnostic values. 
Further, the limited spatial information provided by a large 
spectroscopic voxel cannot adequately capture the metabolic 
heterogeneity in the tissue. MRSI methods, including 
spectrally selective imaging methods, were developed to 
enable metabolic mapping in the tissue.

Single voxel 31P-MRS

The selection of a 3D cuboid voxel can be achieved using  
either single- or multi-acquisition approaches. The 
single-acquisition techniques include the Point RESolved 
Spectroscopy (PRESS) and the STimulated Echo 
Acquisition Mode (STEAM) methods (47-49). The PRESS 
technique uses sequential 90°-180°-180° RF pulses in the 
presence of three slice selective gradients in orthogonal 
planes to acquire the spin-echo from a 3D voxel, while a 
STEAM sequence uses three 90° RF pulses to acquire a 
stimulated-echo from a 3D voxel. Although the SNR of a 
spin-echo is better than that of a stimulated-echo, the long 
TE resulting from two 180° pulses in a PRESS sequence 
is not suitable for imaging short T2 species such as ATP  
(~25 ms at 7T). In contrast, the second 90° pulse in a STEAM 
sequence stores the magnetization in the longitudinal 
direction, leading to a shorter effective TE. However, the 
SNR of a stimulated-echo is only about half the SNR of a 
spin echo (140). Because of these limitations, neither PRESS 
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nor STAEM are widely used in 31P spectroscopy.
The Image-Selected In vivo Spectroscopy (ISIS) 

technique is a free induction decay (FID)-based, multi-
acquisition technique that provides better SNR (50). In 
addition, the minimal time delay between spin excitation 
and signal acquisition is also more favorable for acquiring 
signals of short T2 species. Prior to data acquisition, a set 
of selective inversion pulses and gradients are employed to 
align longitudinal magnetization in either the positive or 
the negative directions. The addition and subtraction of 
the spectra acquired with different sets of gradients allow 
the signals from the localized voxel to coherently add while 
those outside the voxel to completely cancel. A 3D ISIS 
sequence requires a minimum of eight acquisitions. Because 
spectra are acquired immediately after the excitation 
pulse, ISIS is a preferred method for detecting short T2 
metabolites and is a more popular method for 31P-MRS 
(141-146). A voxel size of ~75 mL in human liver has been 
reported at 7T (145). On the preclinical scanner, a voxel 
size of 200 to 300 μL has been achieved in mouse heart 
at 9.4T (144). However, a major limitation of ISIS is its 
susceptibility to motion artifacts because of the multiple 
acquisition scheme.

Spectrally selective imaging methods

Spectrally selective imaging methods were developed to 
provide spatial mapping of a single phosphate metabolite 
without the prohibitively long acquisition time required by 
MRSI. Since changes in PCr and Pi during a perturbation 
protocol are closely associated with mitochondrial function, 
these two metabolites are frequently the focus of spectrally 
selective 31P imaging studies. 

To select the metabolite of interest (e.g., PCr) for 
imaging, a frequency-selective excitation pulse can be 
used without the presence of a slice-selective gradient 
(147,148). The subsequent image acquisition using phase- 

and frequency-encoding gradients is similar to that of 1H 
imaging. The implementation of this approach is relatively 
straightforward; however, the duration of the RF pulse 
needs to be sufficiently long to minimize the spillover 
effects. It is important that the B0 field within the sensitive 
volume of the coil is relatively homogeneous such that 
the resonance frequency of the metabolite is within the 
bandwidth of the RF pulse. Because of the relatively long 
T2 relaxation time of Pi and PCr (180 and 420 ms for Pi 
and PCr, respectively at 4.7T) (149), signal readout can use 
fast spin-echo methods such as the rapid acquisition with 
relaxation enhancement (RARE). An additional advantage of 
the RARE method is that it can further suppress the signal 
from unwanted metabolites (150,151). This is accomplished 
by selecting the time delay between the excitation pulse and 
the first refocusing pulse to generate a phase shift of π/2 
between the desired (on-resonance) and the unwanted (off-
resonance) species at the time when the refocusing pulse is 
applied, resulting in rapid dephasing of the signal from the 
unwanted metabolites.

A summary of the human studies using PCr imaging 
techniques is listed in Table 1. Shown in Figure 6 are maps of 
PCr distribution in human calf muscle acquired at 3T using 
spectrally selective 3D turbo spin-echo (TSE) method (75).  
In addition to PCr, maps of Pi (154) and PCr-to-ATP  
ratio (155) can also be acquired. An interleaved excitation 
scheme further enables simultaneous quantification of PCr 
and Pi, which allows the quantification of pH from the 
phase difference between PCr and Pi (156). Furthermore, 
MT has also been incorporated into this approach to allow 
the mapping of the CK reaction rate (147,148). Comparing 
to conventional MRSI methods, imaging techniques using 
spectrally selective approaches provide the opportunity 
for improved spatial resolution with reduced imaging 
time, which enables dynamic metabolic mapping during a 
perturbation protocol. However, the voxel size is still an 
order of magnitude larger than that of 1H-MRI, even at 

Table 1 A summary of PCr imaging studies in humans

Reference Study Field strength Organ Voxel size (mm3) Acquisition time

Greenman et al. (152) 3D PCr, resting-state 4T Heart 12.5×12.5×25 9 min 40 s

Greenman et al. (151) 2D PCr, resting-state 3T Skeletal muscle 4.68×4.68×25 4 min

Greenman et al. (153) 2D PCr, dynamic 3T Skeletal muscle 15×15×25 6 s (temporal resolution)

Parasoglou et al. (75) 3D PCr, resting-state 3T Skeletal muscle 4.6×4.6×25 10 min

Parasoglou et al. (104) 3D PCr, dynamic 3T&7T Skeletal muscle 9.2×9.2×50 (3T), 8×8×25 (7T) 24 s (temporal resolution)
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Figure 6 Representative PCr concentration maps of healthy human calf muscle (A) and corresponding 1H anatomical slices (B) acquired 
using spectrally selective 3D TSE imaging method. Reproduced with permission from Parasoglou et al. (75). TSE, turbo spin-echo.

high-field scanners. Hence, these techniques have not been 
applied to preclinical studies because of the requirement of 
much higher spatial resolution for imaging small animals. 

31P-MRSI methods

MRSI, also known as chemical shift imaging (CSI), 
combines conventional MRI and spectroscopic methods 
to enable the acquisitions of spectra from multiple voxels 
simultaneously. MRSI using Fourier-transform approach 
was proposed in the early 1980s (157,158). In a classical 
MRSI sequence, the FID signal is acquired without a 
frequency-encoding gradient such that the readout can 
be used for chemical-shift encoding. Spatial encoding 
is achieved using a combination of slice-selective and 
phase-encoding gradients. Hence, a 2D MRSI sequence 
samples the k-t space with two orthogonal phase-encoding 
directions (Figure 7). The dwell time of signal sampling 
determines the spectral bandwidth, while the duration 
of sampling (Ts) determines the spectral resolution. The 
additional phase-encoding directions and the need for a 

large number of signal averages render MRSI acquisition 
extremely time consuming. As a tradeoff, MRSI data are 
frequently acquired at low spatial resolution with as few as 8 
phase encoding steps in one dimension (159-161). 

The small coverage of the k-space with low resolution 
MRSI gives rise to side-lobes in the spatial response 
function (SRF), which causes significant cross-voxel 
contamination and thus poor localization precision. These 
side-lobes can be reduced by applying a k-space filter that 
gives more weight to the center of k-space. However, 
applying the filter in post-processing reduces spatial 
resolution and SNR efficiency (162). Alternatively, weighted 
k-space acquisition has been proposed to improve the SRF 
without sacrificing spatial resolution and SNR efficiency 
(163-166). This strategy has been used in most of the 31P 
MRSI studies. Depending on the coil and field strength, 
k-space weighted 31P-MRSI can typically achieve a voxel 
size of 18 to 47 mL in liver with an acquisition time of 
~30 min (167,168). At 7T, Lei and colleagues were able to 
acquire 3D 31P-MRSI data from human brain with a voxel 
size of 7.5 mL in 7.85 min (73). The acquisition time can be 
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Figure 7 Schematics of a 2D MRSI pulse sequence (A) and the corresponding k-t space filling (B). Ts, acquisition time of a single FID.
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significantly prolonged in cardiac 31P-MRSI studies due to 
the requirement of triggering (169). 

Several approaches to accelerate MRSI acquisition have 
been proposed. Echo-planar spectroscopic imaging (EPSI) 
was initially developed for 1H-MRSI (170). The technique 
uses a rapidly oscillating readout gradient for simultaneous 
encoding of spectral and spatial information, thus reducing 
the acquisition time (Figure 8A). A major limitation of 
EPSI is the demand on strong, fast switching gradients 
with excellent eddy current performance to minimize 
the ghosting artifacts. The lower gyromagnetic ratio of 
31P nuclei requires even higher gradient amplitude and 
slew rate. An alternative to EPSI is to use non-Cartesian 
trajectories such as spiral (171) and rosette (172) for 
simultaneous encoding of spectral and spatial information, 
with reduced demand on gradient performance (Figure 8B). 
Due to the large spectral dispersion in 31P spectra, both 
EPSI and non-Cartesian encoding need to use temporal 
interleaves to increase spectral bandwidth in 31P-MRSI. 
The spectral bandwidth is therefore inversely proportional 
to the time delay (Td) between two consecutive temporal 
interleaves. 

Both EPSI and spiral MRSI have been attempted in 
31P-MRSI. The feasibility of using EPSI in mapping 31P 
metabolites was recently demonstrated by Korzowski and 
Bachert at 7T, achieving an effective volume of 4.05 mL 
with less than 12 min acquisition in human calf muscle, 
and an effective volume of 16.2 mL in less than 10 min 
in the brain (173). Using spiral acquisition, Valkovič 

and colleagues were able to acquire dynamic 31P-MRSI 
during exercise at 7T, albeit with reduced SNR (174). 
It is important to note that the acceleration achieved by 
EPSI and non-Cartesian MRSI is accompanied by SNR 
loss. This is because at the presence of a readout gradient 
the effective T2* is reduced while the signal bandwidth is 
increased. Although more signal averages can be performed 
with a fixed acquisition time, the SNR efficiency, i.e., 
SNR/ Acquisition time , is not improved comparing to 
conventional MRSI method (175). 

The excellent SNR efficiency of balanced steady-state 
free precession (bSSFP) has also been exploited in 31P-MRSI 
to achieve acceleration. Speck et al. developed a bSSFP-
based 31P-MRSI technique and demonstrated it in human 
skeletal muscles at 2T (176). In vivo results showed a 4 to 5 
fold acceleration with the same SNR compared to fast low 
angle shot (FLASH)-based MRSI methods. A multi-echo 
bSSFP MRSI method was applied to 1H and 31P to further 
reduce the acquisition time (177). However, bSSFP requires 
short TR to minimize the banding artifact. Given the large 
dispersion of 31P metabolites (~30 ppm), TR of less than  
10 ms still renders multiple null bands in the spectrum. The 
severe frequency-dependent spectral modulation constrains 
the flexibility of choosing acquisition parameters to avoid 
the resonances of interest falling in the null band, limiting 
the applications of this approach in both preclinical and 
clinical research (176). 

Recently, a subspace based approach, called SPectroscopic 
Imaging by exploiting spatiospectral CorrElation (SPICE), 

Figure 8 Schematics of 2D EPSI (A) and spiral MRSI (B) sequences. Ts, acquisition time of a single temporal interleaf; Td, time delay 
between two consecutive temporal interleaves.
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has emerged as a promising technique for high-resolution 
MRSI (178). The technique takes advantage of a unique 
property of spectroscopic signals known as the partial 
separability (PS), which indicates that high-dimensional 
spectroscopic signals reside in a very low-dimensional 
subspace. Hence, a low-rank model that captures the 
spatiospectral correlation of the MRSI data can be used for 
high-resolution MRSI reconstruction from undersampled 
data. The potential of SPICE for accelerated data acquisition 
was initially demonstrated in 1H-MRSI, achieving 3D MRSI 
at 3 mm isotropic resolution in less than 10-min acquisition 
(179,180). Comparing to a 1H spectrum, a 31P spectrum 
contains fewer resonance peaks with large chemical shift 
dispersion. In addition, 31P spectra are not contaminated 
or distorted by signals from water and lipids. These unique 
properties make the application of SPICE to 31P-MRSI 
particularly promising because the rank of the model can be 

further reduced, allowing greater potential for undersampling 
and acceleration. Indeed, a recent dynamic 31P-MRSI 
study by Ma et al. achieved unprecedented spatial and 
temporal resolutions in both human subjects and laboratory  
animals (181). On a 3T whole-body scanner, 31P-MRSI 
of human calf muscle with a nominal spatial resolution of 
6.9×6.9×10 mm3 (0.47 mL) was achieved within 15 min 
acquisition (Figure 9A). On a 9.4T preclinical scanner, 
dynamic 31P-MRSI data were acquired from rat hindlimb 
with high spatial (1.5×1.5×1.6 mm3) and temporal  
(30 s) resolution (Figure 9B,C). These preliminary results 
demonstrate the potential of this approach to quantify 
metabolic heterogeneity in both patients and small animals.

Besides the fast MRSI methods described above, other 
fast imaging strategies commonly used in 1H-MRI such as 
parallel imaging (182-184) and compressed sensing (185) 
are also promising to be combined with MRSI techniques 

Figure 9 31P-MRSI using SPICE. (A) 1H images (left), PCr maps (middle), and a 31P spectrum (right) obtained from human calf muscle 
at 3T. The location of the spectrum is indicated by the red circle in PCr maps. (B) Anatomic 1H images and dynamic PCr images of rat 
hindlimb during ischemia/reperfusion obtained at 9.4T. (C) Dynamic spectra from two different spatial locations corresponding to the red 
circle (upper) and blue square (bottom) in (B). Reproduced with the permission from Ma et al. (181).
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to further accelerate the acquisition. These techniques have 
already been applied to imaging hyperpolarized carbon-13 
molecules (186,187). Compressed sensing has also been 
combined with spectrally selective 31P imaging to accelerate 
the imaging of PCr recovery kinetics in humans (188). With 
renewed interest in metabolic imaging, more translations of 
these promising techniques to 31P-MRSI will emerge in the 
near future.

Conclusions

31P-MRS/MRI/MRSI provides a powerful and versatile 
tool to probe energy metabolism in vivo. The development 
of advanced hardware system and novel acquisition/
reconstruction strategies in recent years brings enormous 
opportunities to 31P-MRS/I techniques to extend its 
application in both clinical and preclinical studies with 
improved sensitivity and efficiency. Improved 31P-MRS/I  
techniques will further enhance our understanding of 
underlying mechanisms of bioenergetics and physiological 
and pathological influences on energy metabolism in various 
organs and tissue types. 
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