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The main problem in 31P magnetic resonance spectroscopy is a low signal-to-noise ratio 
(SNR) of spectra acquired with clinical magnetic resonance imaging (MRI) scanners. Using 
spin-spin phosphorus-proton (31Р—1Н) decoupling and heteronuclear Overhauser eff ect and 
taking into account the eff ect of the longitudinal relaxation time Т1 on the SNR, the method 
for localization and excitation of the region of interest (Image Selected in vivo Spectroscopy 
pulse sequence) was optimized to increase the SNR in the 31P magnetic resonance spectra of 
the human brain to ∼50% without increasing signal acquisition time. 
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31Р magnetic resonance spectroscopy (MRS) is a uni-
que method for in vivo studies of energy and lipid exchange 
in human organs and tissues. The method is highly effi  cient 
in studies of exchange processes in health and in disease 
including analysis of brain energy metabolism disturbance 
under ishemic injury and reperfusion,1 deviations of phos-
pholipid profi les in tumors,2 and the response of energy 
metabolism to neurostimulation in local brain zones.3,4

Magnetic resonance spectroscopy on 31P nuclei off ers 
a number of advantages over 1H MRS that is traditionally 
used for in vivo studies of human metabolism. These in-

clude a wide range of chemical shifts and no need to sup-
press the signal of water. However, the application of 
31Р MRS is essentially complicated by a low sensitivity of 
the method. The magnetic susceptibility of phosphorus 
nuclei is by a factor of 2.5 lower than that of protons, thus 
being a key problem in in vivo 31P MRS, viz., the need to 
increase the region of interest and the spectral acquisition 
time in order to achieve reasonably high values of the 
signal-to-noise ratio (SNR).

The highest SNR values in the 31P magnetic resonance 
spectra of the human brain are obtained for signals of the 
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phosphate groups of the participants of energy metabolism, 
namely, phosphocreatine (PCr, chemical shift δ 0) and 
ATP (β-ATP, δ ~–16.7; α-ATP, δ ~–7.6; γ-ATP, δ ~–2.6). 
The resonance line of γ-ATP overlaps that of β-adenosine 
diphosphate (β-ADP) while the peak of α-ATP overlaps 
the lines of α-ADP, nicotinamide adenine dinucleotide 
(NAD(H)), and uridine diphosphate glucose (UDPG). 
The spectrum also exhibits signals for inorganic phosphate 
(Pi, δ ∼4.7) and participants of lipid exchange, viz., phos-
phomonoesters (PME, δ ∼6.4) and phosphodiesters 
(PDE, δ ∼3.5). Low intensity of the Pi signal deteriorates 
the quality of in vivo pH measurements since the most 
accurate method for the determination of the local intra-
cellular pH values from 31P magnetic resonance data is to 
evaluate the shift, δ, of the Pi signal relative to the PCr 
signal.5 This also complicates a separate analysis of 
the intensities of the signals of phosphoethanolamine 
(PE, δ ∼6.7) and phosphocholine (PC, δ ∼6.2) contribut-
ing to the PME peak, as well as quantitative processing of 
the signals of glycerophosphoethanolamine (GPE, δ ∼3.7), 
glycerophosphocholine (GPC, δ ∼3.0) and unidenti-
fi ed phosphodiesters (GPX, δ ∼2.8) contributing to the 
PDE peak. 

The sensitivity improvement methods for 31P nuclei 
are based on irradiation of the system under study with 
radiofrequency (RF) pulses at the resonance frequencies 
of both phosphorus nuclei and protons. These are proton 
decoupling6 and the nuclear Overhauser eff ect (nuclear 
Overhauser enhancement, NOE).7 The former makes use 
of spin-spin coupling between phosphorus nuclei and 
protons which causes the excited energy levels of 31P nu-
cleus to split. Correspondingly, the 31Р resonance signal 
becomes split into a multiplet with weaker components. 
Irradiation at the proton frequency when detecting the 31Р 
signal suppresses the 31Р—1Н spin-spin coupling and, 
therefore, the splitting, thus enhancing the signal detected. 
In the case of the NOE, one deals with direct dipole-dipole 
coupling between 31P nuclei and protons. This makes it 
possible to increase the population diff erence between the 
low- and high-energy levels of 31P nuclei and thus to in-
crease the number of 31P nuclei involved in the formation 
of the resonance signal owing to irradiation at the proton 
resonance frequency.

Both methods have been well studied theoretically and 
are widely used in nuclear magnetic resonance (NMR) 
spectroscopy. However, unlike NMR spectroscopy, ap-
plication of these approaches in localized in vivo 31P 
magnetic resonance spectra requires optimization from 
the standpoint of time cost, fi rst of all, because the subjects 
are humans. Such recording parameters, as the repetition 
time (TR) and the number of signal averaging (NSA) 
provide a SNR gain through longer duration of the study. 
By increasing the SNR using other procedures one can 
decrease the TR and NSA values and, therefore, make the 
overall procedure less time-consuming.

The aim of this work is to obtain high-SNR 31P mag-
netic resonance spectra at minimum data acquisition time. 
Thus the study is to a great extent methodological, that is, 
it presents the scenarios for choosing parameters of 31P MR 
spectra that are optimal for clinical practice.

Experimental

Volunteers. Eleven (six male and fi ve female) healthy subjects 
(age range 18—50 years) were enrolled in the study. All of them 
passed a standard diagnostic magnetic resonance imaging (MRI) 
examination on a Philips Achieva 3.0 T system, including Т2-, 
Т1-, diff usion-weighted, and fl uid attenuation inversion—re-
covery (FLAIR) images. The absence of structural abnormalities 
according to the MRI data served as the study entry criterion.

31Р magnetic resonance study. Spectroscopic study was carried out 
using a transmit-receive head RF 31P/1H bird cage coil (Rapid Bio-
medical, Germany). The 31P MR spectroscopy voxel was posi-
tioned using the 3D survey images and a set of 2D axial images. 

Taking account of the chemical shift displacement artifact 
(CSDA) for all metabolites,8 the spectroscopic volume of inter-
est (voxel) of size 80Ѕ60Ѕ60 mm was located in such a manner 
that it will be maximally immersed into the brain tissue. To take 
account of the CSDA, voxel positioning is performed using the 
parameters "Reference metabolite" and "shifted metabolite dis-
played". In this case, two frames are shown, one corresponding 
to the voxel of the reference metabolite and the other correspond-
ing to the voxel of the metabolite with a known δ value. Therefore, 
signals appeared between the resonance lines chosen will be 
detected from the voxels located between the two frames. 
Positioning was performed in such a manner that the frames for 
PE and β-ATP (these metabolites correspond to the outermost 
lines in the 31P spectrum of the human brain) be within the brain 
tissue. An example is shown in Fig. 1.

The STEAM and PRESS pulse sequences (PS) traditionally 
used in 1H MRS are not employed in 31P MRS since in the lat-
ter case the echo signal is detected the time TE after application 
of the excitation radiofrequency (RF) pulse. Owing to short re-
laxation times Т2 of 31P signals the echo signal appears to be 
much weaker than the free induction decay (FID) signal.9 
Therefore, voxel localization was performed using the Image 
Selected in vivo Spectroscopy (ISIS) PS with the following para-
meters: echo time (TE) 0.1 ms, number of spectral points 1024, 
spectral bandwidth (BW) 4000 Hz; the number of dummy scans 
necessary to attain the equilibrium magnetization was 2. This PS 
is more effi  cient in the case of heteronuclear MRS.10

The fl ip angle (FA) of the total magnetization vector was 
chosen to be 35°. Theoretically, obtaining the maximum SNR 
requires that FA be set equal to the Ernst angle for each me-
tabolite. However, a large scatter of the T1 relaxation times11 
precludes the choice of a certain FA value for all metabolites 
while acquisition of a set of spectra at diff erent FA values elongates 
the study time, which is unacceptable in clinical practice. Our 
tests carried out using increased FA values equal to 45°, 60°, and 
90° were accompanied by a gradual decrease in the β-ATP signal 
intensity up to complete disappearance, probably, due to nar-
rowing of the bandwidth irradiated. That is why we decided to 
use a fl ip angle of 35°, at which the β-ATP signal intensity is high 
enough for reliable quantitative data processing and for variation 
of other parameters.
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To increase the SNR, the ISIS PS was modifi ed as follows: 
• by including broadband proton decoupling using the Waltz 

4 PS;12 the maximum RF fi eld strength (B1max) was 2.3 μT and 
the decoupling time was 237 ms;

• broadband proton irradiation over certain period of time 
before application of the 31P excitation pulse to implement the 
NOE using the Waltz 16 PS (see Ref. 13) at B1max = 2.84 μT.

Compared to simple repetitive irradiation at the proton 
resonance frequency, these pulse sequences are more effi  cient at 
lower RF energy transmitted.12 The modifi ed ISIS PS used in 
this work is shown in Fig. 2.

Our study on the SNR gain in the 31P spectra involved three 
sets of measurements. In the fi rst set, four spectra were recorded, 
(i) without proton decoupling and NOE, (ii) with proton decou-
pling only, (iii) with NOE only, and (iv) with both proton de-
coupling and NOE. For all spectra, the relaxation time delay, 
TR, was 2000 ms, the mixing time in the measurements with 
NOE was 1600 ms, and NSA was 128. The duration of the fi rst 
set was 17 min 4 s.

In the second set of measurements, a conventional ISIS PS 
without proton decoupling and NOE was applied to acquire three 
spectra with the parameters NSA = 64 and TR = 2, 3, and 4 s. 

Depending on the TR value, the spectrum acquisition time 
varied from 2 min 12 s to 4 min 24 s. The duration of the second 
set was 9 min 54 s.

The third set of measurements with proton decoupling and 
NOE was carried out using fi xed values of the parameters TR = 3 s 
and NSA = 64 (see Fig. 2). Spectral data were acquired at mix-
ing times equal to 0, 250, 500, 750, 1000, 1250, 1500, 1750, 2000, 
2250, and 2500 ms. The duration of the third set was 36 min 18 s.

The RF fi eld homogeneity in the region of interest was 
automatically adjusted before each set of measurements using 
fi rst- and second-order shim coils. Thus, all data sets to be pro-
cessed and compared were acquired at the same fi eld homo geneity 
accurate to thermal fl uctuations and small-amplitude involuntary 
movements of the volunteers, which was non-essential at such a 
large size of the spectroscopic voxel.

The large voxel size was specially chosen to make all reson-
ance lines in the spectra acquired using non-optimum parameters 
accessible to quantitative processing, like the lines in the spectra 
obtained using optimum parameters, because an exact com-
parison of the SNR is possible only in this case.

To optimize the conventional and modifi ed ISIS PS, the NSA 
value used in all sets of measurements was a multiple of 32 since 

Fig. 1. Spectroscopic voxel location in brain tissue. The red frame (closer to the back of the head) characterizes the volume from which 
the signal of the reference metabolite (PE) is detected, while the blue frame (closer to the forehead) displays the source of the β-ATP 
signal chemically displaced from the signal of the reference metabolite. For details, see text.
Note. Figures 1 and 2 are available in full color on the web page of the journal (http://www.link.springer.com).
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Fig. 2. A schematic of modifi ed ISIS pulse sequence; Inversion denotes application of inversion pulses in the presence of gradients 
along the X, Y, and Z; EX is the excitation pulse, and Signal regist ration is the signal acquisition time. Blue rectangles on the left and 
on the right of the red "pulses" Inversion and EX denote irradiation at the proton resonance frequency.
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this parameter should be a multiple of the number of phase cycles 
in the ISIS and Waltz 4 pulse sequences, i.e., 8Ѕ4.

Data processing. Spectra were processed using the Spectro-
view program incorporated into the Philips Achieva 3.0 Т 
software.

For each set of measurements, we determined the SNR 
values for each resonance line in the spectrum. In the fi rst set, 
the SNR values of the resonances from the proton decoupled 
spectra (SNRdec), from the spectra with the NOE (SNRNOE), 
and from the spectra recorded using both proton decoupling and 
NOE (SNRtotal) were normalized to the corresponding values 
for the spectra acquired without proton decoupling and NOE 
(SNRinit).

In the second set of measurements, for each volunteer and 
all signals we calculated the SNR gain (in %) upon an increase 
in TR from 2 to 3 and 4 s, as well as from 3 to 4 s.

In the third set of measurements, the SNR values for each 
peak obtained at diff erent mixing times were normalized to cor-
responding values acquired at a mixing time of zero.

A statistical analysis was carried out using the Mann—Whit-
ney U-test incorporated into the STATISTICA 12 program at 
a signifi cance level of p < 0.05.

Results and Discussion

Typical spectra recorded at TR = 3000 ms and NSA = 64 
with and without proton decoupling and NOE are pre-
sented in Fig. 3. The same Gaussian and exponential 
apodization was applied to the spectra, so noise smooth-
ing was performed identically and diff erences between the 
residual noise in the spectra are accounted for by the 
signal intensities. Even a visual comparison suggests that 
application of the NOE and proton decoupling improves 
the SNR.

Results of the fi rst set of measurements. The results 
obtained in the fi rst set of measurements (see Tables 1 and 2) 

allow one to evaluate the eff ectiveness of proton decoupling 
and NOE. The data in Tables 1 and 2 demonstrate the 
eff ects of separate and combined application of proton 
decoupling and NOE. Averaging over all volunteers shows 
that both parameters improve the SNR for the metabolites 
studied (average SNR gain was about 24% for proton 
decoupling and about 26% for NOE), although the eff ect 
is not always statistically signifi cant.

Combined application of proton decoupling and NOE 
led to an average SNR gain of about 51%, which was sta-
tistically signifi cant for almost all metabolites.

Results of the second set of measurements. The SNR 
gain (in per cent) for all peaks in the 31P magnetic reso-

Fig. 3. Spectra acquired using conventional (a) and modifi ed (b) ISIS PS. The vertical scale for both spectra is normalized to the 
signal amplitude of PCr in spectrum a.
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Table 1. SNRdec/SNRinit and SNRNOE/SNRinit ratios for signals 
in the 31P magnetic resonance spectrum of the human brain*

Signal SNRdec/SNRinit SD SNRNOE/SNRinit SD

PCr 1.21** 0.16 1.20** 0.15
γ-ATP 1.11** 0.11 0.96 0.15
α-ATP 1.17 0.15 1.07 0.15
β-ATP 1.12** 0.10 1.01 0.23
Pi 1.25** 0.17 1.05 0.28
PE 1.75** 0.33 1.75** 0.41
PC 1.13 0.52 0.97 0.51
GPE 1.12 0.51 1.37 0.79
GPC 1.16 0.20 1.58 0.54
GPX 1.03 0.30 131 0.55
DN 1.59 1.12 1.55** 0.62

* SD is standard deviation; γ-, α-, β-ATP denote three resonance 
lines of ATP; GPE is glycerophosphoethanolamine; and DN 
stands for dinucl eotides.
** Statistically signifi cant gain (p < 0.05 according to Mann—
Whitney U-test).
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nance spectrum obtained at all TR values can be seen in 
Table 3. Clearly, the longer the time TR the larger the 
SNR. However, for some metabolites and pairs of the TR 
values being compared the SNR gain thus obtained does 
not exceed that obtained by increasing the NSA value at 
shorter times TR.

Results of the third set of measurements. Figure 4 pres-
ents the SNR for diff erent metabolites as a function of the 
mixing time. Noteworthy is a common trend, namely, an 

increase in SNR with increasing mixing time. The SNR 
values for the resonance lines of ATP, PC, GPC, GPX, 
and DN increase more slowly as the mixing times fall in 
the range of 1.25—1.75 s. The SNR values for PCr, Pi, 
GPE, and PE increase up to the mixing times of 2.25—2.5 s. 

Table 2. SNRtotal/SNRinit ratios for signals in 31P 
magnetic resonance spectrum of the human brain 

Signal SNRtotal/SNRinit SD

PCr 1.54* 0.29
γ-ATP 1.16* 0.25
α-ATP 1.26* 0.20
β-ATP 1.09 0.12
Pi 1.47* 0.21
PE 1.83* 0.34
PC 1.47* 0.31
GPE 1.67* 1.70
GPC 1.93 1.29
GPX 1.66 1.42
DN 1.58* 0.33

* Statistically signifi cant (p < 0.05 according to 
Mann—Whitney U-test).

Table 3. Average SNR gain (SD) achieved upon increase in 
the parameter TR from 2 s to 3 s (I), from 3 s to 4 s (II) and 
from 2 s to 4 s (III) 

Signal SNR (%) (SD))

 I II III
 (threshold  (threshold  (threshold 
 18.1%) 13.4%) 41.4%)

PCr 33.0 (4.7)* 11.2 (3.7) 44.8 (9.4)*
γ-ATP 18.5 (5.7)* 17.1 (5.8) 27.5 (13.1)
α-ATP 16.4 (7.4) 16.7 (2.1) 29.6 (15.7)
β-ATP 15.9 (6.0) 17.2 (4.1) 32.1 (17.1)
Pi 35.3 (11.2)* 18.5 (6.6)* 44.1 (15.5)*
PE 30.1 (13.6)* 11.8 (10.2) 56.6 (19.2)*
PC 23.4 (7.1)* 14.1 (3.1) 42.1 (27.4)*
GPE 37.7 (17.9)* 20.2 (9.5)* 73.6 (28.4)*
GPC 29.3 (16.1)* 11.0 (8.8) 66.5 (31.0)*
GPX 15.0 (11.5) 11.3 (5.1) 37.9 (19.8)
DN 20.1 (5.8)* 19.4 (4.5) 22.3 (10.5)

* Statistically signifi cant gain (p < 0.05 according to Mann—
Whitney U-test) that exceeds the eff ectiveness threshold (for 
details, see text).
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Fig. 4. Relative changes in SNR for all metabolites detected in 31P magnetic resonance spectrum plotted vs. mixing time (τ). 
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The maximum SNR gain induced by the NOE was 
20—35% depending on the metabolite.

Analysis of the results obtained in the fi rst set of mea-
surements. From the data shown in Tables 1 and 2 it follows 
that proton decoupling and NOE applied separately reli-
ably improve the SNR only for certain signals in the 31P 
spectrum. Statistically signifi cant SNR gain for all reso-
nance lines in the 31P spectrum, except the signals of 
β-ATP and GPX, is achieved by combined use of proton 
decoupling and NOE. Although these two processes are 
implemented using the same hardware unit of a MRI 
scanner, namely, a RF coil operating at the proton reso-
nance frequency, they are separated in time, viz., irradia-
tion to implement the NOE precedes the application of 
the 31P excitation pulse while proton decoupling follows 
the detection of the FID; therefore, both of them can/
could and should be used in the same experiment. In this 
case, protons will be irradiated almost continuously, with 
only break after application of the Waltz 4 PS used for 
proton decoupling (see Fig. 2). 

Analysis of the results obtained in the second set of 
measurements. Often, it is impossible to vary the para meter 
NSA in MRS by a few units. This is related to the funda-
mental properties of pulse sequences. Appying certain 
excitation RF pulses in the prescribed order is insuffi  cient 
because of phase changes in the spin system after applica-
tion of each new RF pulse; as a result, dephasing occurs 
and the spectrum becomes inappropriate for processing.13 
The spin phase can be maintained constant using phase 
cycling, i.e., by systematically changing the phase of the 
excitation pulses and the signal receiver.13 The single-voxel 
ISIS PS (see Fig. 2) includes three inversion pulses and 
thus requires 23 = 8 phase cycles, i.e., at least eight NSA. 
The 2D ISIS PS includes one inversion pulse and thus two 
phase cycles are necessary. Four phase cycles are needed 
for optimum implementation of the Waltz 4 PS for proton 
decoupling.14 Thus, single-voxel spectroscopy requires 
at least 8•4 = 32 NSA while 2D spectroscopy needs 
2•4 = 8 NSA.

As a result, the minimum NSA increment appears to 
be large, which signifi cantly increases the duration of the 
examination procedure. Therefore, it is impossible to 
considerably reduce the study time by a slight decrease in 
the TR because this decrease should be large. In this con-
nection, a question arises as to how large will be the loss 
of the signal due to incomplete Т1 relaxation of 31P nuclei 
upon reducing the time TR.

To evaluate the loss, we carried out the second set of 
measurements. It is known that SNR ∼ √NSA.15 However, 
the larger the TR value the smaller the NSA value is needed 
to maintain the acquisition time. Our task is to determine 
whether the SNR gain due to the increased time TR will 
be high enough to compensate the loss originating from 
the decrease in NSA. On going from TR = 2 s to TR = 3 s 
the parameter NSA should be decreased by 33.3% and the 

SNR will automatically decrease ∼18.1%. This value acts 
as the eff ectiveness threshold. Namely, if, at the same NSA 
value, the SNR gain due to the increase in the time TR 
from 2 s to 3 s will exceed a value of 18.1%, the longer time 
TR is preferred. The eff ectiveness thresholds for the other 
two cases are obtained analogously. They are equal to 
13.4% for the increase in the time TR from 3 s to 4 s and 
41.4% for the increase in TR from 2 s to 4 s.

In accordance with the reasoning described above the 
results of the fi rst set of measurements (see Table 3) show 
that the value TR = 3 s is more appropriate than TR = 2 s 
because the SNR gain exceeds the threshold value for most 
metabolites. The reason is that the time (5T1) necessary 
for complete relaxation of the metabolites detected in the 
31P magnetic resonance spectrum of the human brain 
(except ATP) is longer than TR = 2 s. The times Т1* of 
these metabolites are listed below.

 31P MRS metabolite Т1/s (see Ref. 11)
 PE 6.33±1.10
 PC 4.31±1.04
 Pi 3.70±0.46
 GPE 6.79±0.95
 GPC 5.82±0.88
 PCr 3.39±0.17
 DN 2.07±0.13
 γ-ATP 1.70±0.15
 α-ATP 1.35±0.14
 β-ATP 1.13±0.09

The shorter T1 the smaller the SNR gain with increas-
ing TR. Indeed, a small SNR gain for ATP found in this 
work agrees with the fact that the times T1 for the three 
resonance lines of ATP are shorter than those of other 
metabolites.

A comparison of the results obtained using TR = 4 s 
and 3 s shows that for most metabolites the SNR gain is 
insuffi  cient to compensate the loss due to the decrease in 
NSA. This statement is not valid for the peaks of Pi and 
GPE, being consistent with the fact that the times T1 for 
the signals of Pi and PDE are among the longest relaxation 
times. Noteworthy is that the SNR gain for PE and PC 
proved to be smaller than the eff ectiveness threshold equal 
to 13.4%, although it was close to this value. This can be 
explained by diffi  culties in processing of the (individual) 
signals of PE and PC and by a large scatter of the corre-
sponding Т1 values (see above).

The SNR gain for Pi is of great importance from the 
standpoint of determination of the intracellular pH be cause 
the range of changes in this parameter in living systems is 
narrow.16 Changes in pH in the brain due to non-damag-
ing eff ects, e.g., neural activation, are about 1%;17 there-
fore, they can leave undetected due to the low SNRPi value.

*The parameter T1 is the time corresponding to transition of a 
total of 63% of initially excited nuclei to the equilibrium ground 
state through T1-relaxation.
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A comparison of the results obtained for TR = 4 s and 
2 s demonstrates the effi  ciency of the longer TR for the 
peaks of lipids, PCr, and Pi, but not for the peaks of ATP 
and DN. It follows that TR = 4 s should be used to provide 
a maximum SNR for the peak of Pi and in the studies of 
lipid exchange. The effi  ciency of the longer TR for PCr is 
of less importance because this signal in the spectrum of 
the human brain has the highest SNR and quantitative 
processing of the corresponding resonance line presents 
no diffi  culties.

Eventually, the best repetition time is TR = 3 s. This 
contradicts the data reported in Ref. 18 whose authors 
state that the SNR at TR < 4 s remains too low without 
increasing the acquisition time. Unfortunately, no quan-
titative analysis of the results obtained in that study 
was reported. We have shown that an increase in TR 
from 3 to 4 s at the same acquisition time causes no 
high SNR gain for most metabolites. Moreover, energy 
metabolism alone can be analyzed using TR ≤ 2 s and 
not too large NSA values, thus reducing the study time. 
For instance, in a study of response of the visual cortex 
of the human brain in patients with schizophrenia to 
video stimulation,3 which required spectra acquisition 
within the shortest possible time (it was shortened to 
6 min), we revealed deviations in energy metabolism using 
TR = 1.2 s. Unfortunately, low intensity of the signal of 
Pi precluded reliable determination of changes in the in-
tracellular pH (pHint), which were expected to occur (see, 
e.g., Ref. 17).

Analysis of the results obtained in the third set of mea-
surements. The longer the time TR the longer the time of 
irradiation at the proton frequency before application of 
the excitation pulse at the 31Р frequency. During the ir-
radiation dipole-dipole coupling between 31P nuclei and 
protons causes the population diff erence between the 
excited and non-excited magnetic energy levels of 31P 
nuclei to increase. Therefore, a larger number of 31P nuclei 
contribute to the resonance signal after irradiation at the 
phosphorus resonance frequency compared to the ex-
periment without the preliminary step. This is the case for 
heteronuclear NOE.

The maximum theoretically achievable value of het-
eronuclear NOE equals half the ratio of the gyromagnetic 
ratios of proton and phosphorus nucleus,7 i.e., about 124%. 
However, since direct dipole-dipole coupling depends 
strongly on the internuclear distance (r), being propor-
tional to r–6, such a high enhancement cannot be actually 
attained. The NOE can be practically implemented using 
two fundamentally diff erent methods.7 The fi rst, non-
stationary NOE, involves a single inversion of proton spins 
followed by a mixing time before application of the 31P 
excitation pulse. In the second method, stationary NOE, 
the proton system is continuously irradiated during the 
mixing time with pulses whose power is proportional to 
the coupling constant. In both cases, the energy of the 

proton system is transferred to phosphorus nuclei by the 
cross-relaxation mechanism during the mixing time. 
However, in the case of non-stationary NOE this process 
begins to compete with spin-lattice (T1) relaxation as 
the mixing time increases. This is not a problem for 
stationary NOE since the population of the excited level 
of protons is maintained constant and the dipole-dipole 
coupling also occurs continuously. Therefore, theoretically 
one can expect that the population diff erence between 
the phosphorus energy levels, which governs the SNR, 
will monotonically increase until the equilibrium state 
is attained.

The plots of the results obtained in the third set of 
measurements (see Fig. 4) show that for most metabolites 
a noticeable SNR gain due to the NOE could not be ob-
served at mixing times longer than 1.5 s. The exceptions 
are PCr, Pi, PE, and GPE for which the SNR gain 
increas es to a mixing time of nearly 2.5 s. Since the NOE 
depends crucially on the internuclear distance, the diff er-
ence between the maximum achievable SNR gain corre-
sponding to the stationary state is determined by the 
structure of the phosphorus-containing molecule and by 
its solvability. The shorter the distance between the 31P 
nucleus and a water proton striving to be involved in the 
dipole-dipole coupling with this nucleus the more pro-
nounced the NOE.

The maximum mixing time is determined by the para-
meter TR. Assuming that TR = 3 s, signal acquisition 
after excitation at the 31P resonance frequency takes about 
0.5 s, so the mixing time is limited to nearly 2.5 s. This is 
suffi  cient to obtain the maximum SNR gain induced by 
the NOE for almost all metabolites.

Summing up, we have shown that proton decoupling 
and NOE should be used in combination. The time 
TR = 3 s is optimum for 31P MRS of the human brain.

Indeed, owing to low Т1-weighting of the spectra, one 
can reach the optimum SNR for most metabolites on the 
one hand and achieve a considerable SNR gain of 20—35% 
for diff erent metabolites due to the long NOE mixing time 
on the other hand. Other values of the parameter TR may 
also appear to be appropriate depending on the particular 
task. An increase in TR to 4 s and subsequent decrease in 
T1-weighting of the spectrum, as well as the mixing time 
increased to 3.5 s will contribute to the SNR gain for PCr, 
Pi, PE, and GPE; however, no positive eff ect will be at-
tained for other peaks. Therefore, it is advisable to use the 
value TR = 4 s for the most accurate determination of 
intracellular pH and for analysis of deviations in the 
phospholipid profi les. Of two TR values, 2 s and 4 s, 
the former is preferable if researchers are aimed at analyz-
ing energy metabolism alone. Indeed, this will lead 
to an increase in the SNR for the signals accessible to 
analysis of macroergic phosphates without loss of the 
SNR gain induced by the NOE and will not increase the 
study duration.
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