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31P MR spectroscopic imaging (MRSI) is a versatile technique to study phospholipid

precursors and energy metabolism in the healthy and diseased human brain. How-

ever, mainly due to its low sensitivity, 31P MRSI is currently limited to research pur-

poses. To obtain 3D 31P MRSI spectra with improved signal‐to‐noise ratio on

clinical 3 T MR systems, we used a coil combination consisting of a dual‐tuned bird-

cage transmit coil and a 31P eight‐channel phased‐array receive insert. To further

increase resolution and sensitivity we applied WALTZ4 1H decoupling and continu-

ous wave nuclear Overhauser effect (NOE) enhancement and acquired high‐quality

MRSI spectra with nominal voxel volumes of ~ 17.6 cm3 (effective voxel volume ~

51 cm3) in a clinically relevant measurement time of ~ 13 minutes, without exceeding

SAR limits. Steady‐state NOE enhancements ranged from 15 ± 9% (γ‐ATP) and 33 ±

3% (phosphocreatine) to 48 ± 11% (phosphoethanolamine). Because of these

improvements, we resolved and detected all 31P signals of metabolites that have also

been reported for ultrahigh field strengths, including resonances for NAD+, NADH

and extracellular inorganic phosphate. T1 times of extracellular inorganic phosphate

were longer than for intracellular inorganic phosphate (3.8 ± 1.4s vs 1.8 ± 0.65 sec-

onds). A comparison of measured T1 relaxation times and NOE enhancements at 3

T with published values between 1.5 and 9.4 T indicates that T1 relaxation of 31P

metabolite spins in the human brain is dominated by dipolar relaxation for this field

strength range. Even although intrinsic sensitivity is higher at ultrahigh fields, we

demonstrate that at a clinical field strength of 3 T, similar 31P MRSI information con-

tent can be obtained using a sophisticated coil design combined with 1H decoupling

and NOE enhancement.
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1 | INTRODUCTION

In vivo phosphorus magnetic resonance spectroscopy (31P MRS) of living tissues enables monitoring of phosphorus‐containing compounds

involved in membrane synthesis and energy metabolism. In addition, from the chemical shift of the 31P resonances of some of these compounds,

intracellular pH and magnesium content can be determined.1 Recently, it was also shown that at a magnetic field of 4 T or higher the cellular redox

state of the brain can be determined from the nicotinamide dinucleotide (NAD(H)) resonances.2 31P MRS of the human brain can provide unique

information about various neurological diseases (eg,3-8). However, because of a lower sensitivity and the need for additional hardware, 31P MRS is

less frequently used than 1H MRS.9

Localized 31P MRS of the brain is commonly performed with surface or birdcage coils, integrated with 1H coils for MRI and shimming, and pulse

sequences to select a single voxel or multiple voxels.10-12 To make up for the lower sensitivity of 31P compared with 1H MRS, larger voxels and/or

longer acquisition times are usually employed. The intrinsic signal‐to‐noise ratio (SNR) can be improved by performing 31P MRS at a high main

magnetic field and by using dedicated receive coils. Most clinical sites do not have access to expensive ultrahigh field MR systems (≥ 7 T) and

therefore rely on adequate coil designs to optimize sensitivity. A phased array of receive coils encompassing the whole brain combined with a

homogeneous 31P volume coil for transmit can boost SNR, in particular in superficial brain areas, while maintaining a large field of view

(FOV).10,13,14 Such coil setups do not require high power adiabatic pulses for a homogeneous 31P excitation profile, but can be employed with

rectangular pulses with low radiofrequency (RF) power instead. As a result, RF power deposition remains well below maximum specific absorption

rates (SAR), which creates room for further spectral and sensitivity improvement by 1H irradiation techniques like 1H‐31P heteronuclear

decoupling and nuclear Overhauser effect (NOE) enhancement.

Broadband 1H decoupling can improve spectral resolution and sensitivity, in particular at field strengths of 3 T or below for which the attain-

able 31P resonance linewidths of metabolites are of the same order as the 1H‐31P J‐coupling constants.15 This J‐coupling results in splitting of 31P

resonances, which appears as a line broadening in in vivo 31P MR spectra and decreases spectral resolution. In 1H‐decoupled spectra, the 1H‐31P

J‐coupling is eliminated by saturating the coupled proton spins with high‐power broadband 1H irradiation pulses during 31P signal acquisition. In

this way, peak splitting is removed and spectral overlap is minimized, resulting in increased SNR and improved fitting accuracy.

NOE enhancement is achieved by the saturation of proton spins near 31P nuclei by applying low‐power proton irradiation at the water fre-

quency prior to 31P signal acquisition. As a result of cross‐relaxation, polarization will be transferred from the saturated protons to the 31P nuclei

of metabolites, which leads to an increase of the 31P signal.16

In this study we evaluated the benefits of using a volume transmit and phased array receive setup at 3 T to perform 31P MRSI with 1H

decoupling and 1H‐31P NOE. As there are only limited data available on the effect of 1H decoupling on signal linewidth, on signal enhancement

due to 1H‐31P NOE, and on T1 relaxation times of 31P spins in the brain at 3 T, we performed spatially resolved 3D 31P MRSI to determine the

value of these variables for the resonances of all phosphorylated metabolites in the healthy human brain that can be detected. In addition, we

investigated if we could determine the redox state of the brain from the 31P resonances of the oxidized and reduced form of nicotinamide adenine

dinucleotide (NAD+ and NADH, respectively) at 3 T. Finally, we compared our results with those reported for other field strengths and discuss to

what extent our 31P MRSI methodology at 3 T can compete with reported 31P MRSI at ultrahigh fields.
2 | EXPERIMENTAL

In total, 12 volunteers participated in this study, which was conducted with the approval of the institutional review board of Radboud University

Medical Center, Nijmegen. Age and gender of the volunteers are reported below.
2.1 | Data acquisition

31P MRS experiments were performed on a Magnetom Prisma Fit 3 T MR system (Siemens Healthcare, Erlangen, Germany) with a customized coil

setup as previously described.14 Briefly, this setup consists of an in‐house‐built eight‐channel 31P receive head‐array coil (inner diameter 23 cm,

element size 10 x 20 cm) combined with a commercially available quadratureTx/Rx 1H/31P birdcage coil (RAPID Biomedical, Würzburg, Germany).

With this setup the 1H‐31P volume coil generates a homogeneous transmit field while 31P signals close to the elements are received with a high

sensitivity by the eight‐channel array insert. In order to allow active detuning at the 31P frequency in both the transmit and receive coils, small

adjustments were made to the commercial birdcage coil by the manufacturer. 31P transmit pulse calibration was performed by means of
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maximizing PCr signal intensity in a series of slice‐selective pulse‐acquire experiments with an incremental flip angle (TR = 15 seconds) covering

the brain cortex.

Whole brain 3D 31P MRSI FID datasets were acquired with and without NOE or 1H decoupling pulses in six volunteers (male/female: 2/4,

mean age: 31.3 ± 7.3 years). TR was set to 2000 ms. 31P spins were excited by a rectangular‐shaped excitation pulse (duration: 500 μs) with a

flip angle of 40°. Dead time between the end of excitation and the start of FID acquisition was 100 μs, accommodating phase‐encoding gradients

in three dimensions. FIDs (1024 data points, 512 ms) in a 10 x 10 x 10 matrix were averaged four times using Hamming‐weighted k‐space sam-

pling. The FOV was centered on the brain midline and aligned parallel to the tangent to the anterior and posterior commissure. FOV dimensions

were 260 x 260 x 260 mm3, resulting in nominal voxels of 17.6 cm3. This corresponds to an effective spherical voxel size of 51 cm3, which is

defined as 64% of the point spread function area.17 The total measurement time was 13 minutes 8 seconds per dataset.

For NOE and 1H decoupling the proton frequency was centered on the water resonance. For steady‐state 1H‐31P NOE experiments, contin-

uous wave (CW) irradiation was applied quasicontinuously (30 pulses, pulse duration 47.7 ms, interpulse delay 1 ms) prior to each 31P excitation

pulse, with a duration of 1440 ms and a γB1 of 35 Hz. Proton decoupling was applied during the first 256 ms (50%) of the acquisition window and

was achieved with a WALTZ4 decoupling scheme (γB1 of 250 Hz, decoupling bandwidth of 625 Hz).

T1 relaxation times of all observable 31P metabolites were assessed with a 2D MRSI slice‐selective FID progressive saturation experiment in six

volunteers (male/female: 3/3, mean age: 32.0 ± 5.4 years). The pulseTR was changed in each experiment according to the following scheme: 550,

1000, 18 000, 9000, 2000, 5000 ms, with a fixed 90° flip angle. The acquisition matrix contained 8 x 8 voxels with a nominal size of 37.5 x 37.5 x

70 mm3. For better SNRs, experiments with a TR of 550 and 1000 ms were averaged 32 and 16 times, respectively; all of the other experiments

consisted of eight averages.

2.2 | Data postprocessing

FIDs of each receive element were combined in the time domain using the Brown combination.18 3D 31P MRSI data were Hamming‐filtered and

zerofilled to a 16 x 16 x 16 matrix before Fourier transformation. All data were evaluated with the software package syngo.via (Siemens

Healthcare) and included postprocessing (zerofilling, phase correction, baseline correction and filtering [159 ms exponential filter]) and automatic

peak fitting in the time domain. Prior knowledge for fitting of 1H‐decoupled and nondecoupled 31P MR spectra included the chemical shifts, rel-

ative peak heights of multiplets and 31P‐31P J‐coupling constants of the well‐resolved resonances of 12 metabolites, as described elsewhere.1,19

The chemical shifts of the NADH and NAD+ resonances were fixed and related to the α‐ATP chemical shift. For NAD(H), linewidths were used as

fitted for α‐ATP. Immobile phosphates (imP) were fitted with an additional peak at 2.25 ppm. In order to compare metabolite linewidths at half

height, all 31P resonances in nonfiltered spectra—acquired with and without 1H decoupling—were fitted as singlets with a Gaussian shape.

Signal enhancement by the steady‐state 1H‐31P NOE was evaluated per volunteer in 20 different voxels of two transversal partitions of the 3D

dataset covering the occipito–temporal–parietal (OTP) cortex of the brain. Per metabolite the enhancement was calculated as the percentage

increase of the peak integral obtained with and without NOE or 1H decoupling:

η ¼ Senhanced − Snative
Snative

·100%

Averaged voxel values per volunteer were combined to obtain a mean enhancement (± standard deviation [SD]) for all six volunteers. In addition,

average linewidths of all metabolite signals and SNR of PCr and α‐ATP were calculated from the same voxels. Linewidth was defined as the full

width at half signal maximum. SNR was determined as the peak height divided by the SD of the noise.

Tissue pH was calculated from the difference in chemical shift (δppm) between the PCr and Pi resonance, according to:

pH ¼ pKa þ Log
δppm − δað Þ
δb − δppmð Þ

� �

with phosphoric acid dissociation constant pKa = 6.73, and 31P limiting shifts δa = 3.275 and δb = 5.685 ppm.20 From all 1H‐decoupled datasets we

selected 21 voxels to measure δppm between the resonance of PCr and of both intracellular (Piin) and extracellular (Piex) inorganic phosphate. Intra‐

and extracellular pH values were calculated and presented as mean values (± SD).

T1 relaxation times of all 31P metabolites were calculated in a large voxel centered in the occipital and parietal cortex. Signal integrals at dif-

ferent TRs were fitted with a nonlinear fitting routine in Matlab (The MathWorks Inc., Natick, MA, USA) to the monoexponential function

M tð Þ ¼ M 0ð Þ 1 − e
−t
T1

� �

describing progressive saturation. M(t) is the signal intensity at time TR and M(0) at infinite TR. Fitted T1 values are reported only in cases where

the goodness of fit (R2) was larger than 0.7.
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3 | RESULTS
3.1 | Spectral resolution and 1H decoupling

In 31P MR spectra from voxels obtained of the human brain by 3D 31P MRSI at 3 T with an eight‐channel receive array, peaks can be observed for

ATP, phosphocreatine (PCr), phosphodiesters (PDE), inorganic phosphate (Pi) and phosphomonoesters (PME) (Figure 1A). In these spectra, individ-

ual PDE and PME peaks are not well resolved due to 1H‐31P J‐coupling. By applying WALTZ4 1H decoupling with the brain volume coil at the 1H

frequency during the 31P acquisition time this coupling can be removed, eliminating the 1H splitting of the 31P peaks and resulting in higher peak

intensities15 (Figure 1B). The 1H‐decoupled 31P spectra from MRSI voxels showed well‐resolved signals of phosphoethanolamine (PE),

phosphocholine (PC), glycerophosphoethanolamine (GPE) and glycerophosphocholine (GPC) as well as a better resolved doublet for α‐ATP and

for the multiplet consisting of the oxidized and reduced form of nicotinamide adenine dinucleotide (NAD+ and NADH, respectively). The 1H

decoupling did not generate additional noise in the 31P spectra and could be performed within SAR limits at the applied experimental conditions.14

For the 1H decoupled spectra of 20 voxels in the occipito‐temporal‐parietal (OTP) region of the brain (vide infra) of six volunteers we deter-

mined an average SNR for PCr of 51.4 ± 10.6 and for α‐ATP of 13.8 ± 1.8. Variations in SNR can be attributed to different distances between

voxels and coil elements. The high SNR achieved with the receive array coil also facilitated the observation of a small phosphate peak resolved

at about 0.4 to 0.6 ppm downfield from the intracellular Pi peak (Piin) (Figure 2), which has been assigned to extracellular phosphate (Piex).
20,22

From the chemical shifts of Piex and Piin in spectra of different voxels, we calculated a pH of between 7.3 and 7.5 and of ~ 7.0, respectively.

As a result of 1H decoupling, the linewidths of peaks of phosphates that are J‐coupled with protons are decreased. In Table 1 we present an

overview of the average fitted linewidths in native 31P MRSI data without 1H irradiation and in 1H‐decoupled spectra as determined for 20
FIGURE 1 Human brain 31P MR spectra acquired with 3D MRSI with and without 1H irradiation. Line broadening is applied with a 2 Hz
exponential filter. All spectra are from the nominal voxel shown in red in the inset of Figure 1C. The effective voxel size (~ 51 cc) is indicated
with a dashed circle. (A) Spectrum obtained without 1H irradiation. (B) Spectrum obtained with WALTZ4 1H decoupling during 50% of the
acquisition time. The PME peak is better resolved in phosphoethanolamine (PE) and phosphocholine (PC) and the PDE peak in
glycerophosphoethanolamine (GPE) and glycerophosphocholine (GPC). The individual resonances of α‐ATP and NAD(H) are also better resolved.
(C) Spectrum obtained with 1H CW pulses applied during 1440 ms before the 31P excitation pulse. A clear NOE enhancement is observed for most
31P resonances. Compare with Figure 1A. (D) Spectrum obtained with a combination of 1H CW pulses 1440 ms prior to 31P excitation, and
WALTZ4 1H decoupling during 50% of the acquisition time. The inset is an enlargement of the resonance region of α‐ATP and NAD(H). imP,
immobile phosphates; PME, phosphomonoesters; Pi, inorganic phosphate; PDE, phosphodiesters; PCr, phosphocreatine; NAD(H), nicotineamide
adenine dinucleotide



FIGURE 2 Inorganic phosphate resonances assigned to intracellular phosphate (Piin) and extracellular phosphate (Piex) and the calculated
corresponding pH values of these tissue compartments. The voxel location of the displayed 1H‐decoupled spectrum is indicated with a red square

FIGURE 3 NOE enhancement factors of 31P
metabolites at 3 T (red). For comparison, NOE

enhancement factors at 7 T, reported by
Lagemaat et al21 are displayed in blue. All
evaluated voxels (OTP region) are projected
on the T1‐weighted anatomical MR images
(right)

TABLE 1 Average linewidths (± SD) of fitted metabolites in 31P MRSI spectra in the brain at 3 T (Hz) without and with 1H decoupling. Voxel
locations of included spectra are indicated in Figure 3. The phosphocholine (PC) and phosphoethanolamine (PE) linewidths were linked in the prior
knowledge set, and are therefore equal. The same holds for glycerophosphocholine (GPC) and glycerophosphoethanolamine (GPE)

Native MRSI 1H‐decoupled

Linewidth (Hz) Linewidth (Hz)

PE and PC 22.8 (± 2.3) 14.6 (± 5.6)

Pi 15.5 (± 4.1) 15.5 (± 5.1)

GPE and GPC 22.6 (± 2.7) 10.8 (± 5.0)

imP 62.6 (± 17.6) 69.2 (± 12.3)

PCr 7.3 (± 2.9) 7.3 (± 2.8)

γ‐ATP 19.3 (± 1.6) 19.1 (± 2.5)

α‐ATP 17.2 (± 3.1) 12.3 (± 2.8)

β‐ATP 30.1 (± 7.0) 29.1 (± 4.1)

Abbreviations: ATP, adenosine triphosphate; imP, immobile phosphates; MRSI, magnetic resonance spectroscopic imaging; PCr, phosphocreatine; Pi, inor-

ganic phosphate
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nominal voxels in six volunteers (Figure 3). The average linewidth of PCr was 7.3 ± 2.9 Hz and did not change when 1H decoupling was applied,

whereas the linewidths of the 31P resonances for PE, PC, GPE, GPC and α‐ATP, of which the phosphates are coupled to protons, decreased by 8.2

(PE and PC), 11.8 (GPE and GPC) and 4.9 Hz (α‐ATP).
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3.2 | Signal enhancement by 1H‐31P NOE

Next to the use of a 31P receive array, the SNR can also be enhanced by the 1H‐31P NOE. An example of an NOE‐enhanced spectrum is displayed

in Figure 1C. We characterized typical NOE enhancement factors for all detectable metabolites at 3 T. When applying CW saturation at the water

frequency for 1.5 seconds prior to the acquisition, we observed average 1H‐31P NOE enhancements ranging from 48 ± 11% for PE and 33 ± 3%

for PCr to 15 ± 9% for γ‐ATP for selected voxels in the OTP region (Figure 3). The enhancement factor of total NAD(H) is reported, as the res-

onances of NAD+ and NADH are difficult to analyze separately without 1H decoupling. A complete overview of averaged values from six volun-

teers is presented in Table 2. A comparison of our NOE data with those previously obtained at 7 T shows that the enhancements are similar or

slightly higher21 (Figure 3). As we averaged voxels with an overlapping effective voxel size, reported SDs at 3 T are relatively small.

Because the combined coil setup allows application of rectangular 31P excitation pulses while preserving a homogeneous excitation profile, RF

power deposition is low. Therefore, we were able to apply WALTZ4 1H decoupling pulses in combination with CW 1H‐31P NOE pulses, without

exceeding SAR limits at a TR of 2 seconds.14 An example of a 1H‐decoupled spectrum with NOE enhancement is shown in Figure 1D.

In 1H‐decoupled 31P spectra with NOE enhancement (n = 4), we were able to separately assess the resonances for NAD+ and NADH (Figure 4).

From the integral of these metabolite resonances we determined an average cellular redox state NAD+/NADH of 5.7 ± 0.9 for the selected

voxels indicated in Figure 3. We also calculated the tissue concentrations of both metabolites using α‐ATP = 3.0 mM as an internal reference,22

and taking into account the number of contributing phosphate groups (1:2) as well as the determined NOE enhancements of α‐ATP (17%) and

NAD(H) (40%). We found tissue concentrations of 0.41 ± 0.03 and 0.07 ± 0.01 mM for NAD+ and NADH, respectively.

Proton irradiation by 1H decoupling also saturates proton spins of nearby 31P nuclei. At short TRs, this can also induce NOE enhancement.15,23

For PCr, a resonance that is not influenced in shape by decoupling, we observed a NOE enhancement of 17 ± 4% due to decoupling at a TR of

2 seconds, while the 31P signals of other metabolites did not show significant average enhancements.
3.3 | T1 relaxation times

Knowledge of T1 relaxation times of 31P spins is useful to understand their biophysical properties and to optimize pulse sequence TRs. However,

for the human brain at 3 T there is little 31P T1 data available. Therefore, we determined T1 values for 31P spins of phosphorylated compounds

observed in 31P spectra from an occipital voxel (inset, Figure 5) by saturation recovery experiments in six volunteers. Normalized data from all

volunteers and the curves of the corresponding averaged T1s are displayed in Figure 5. For PC and NAD(H) the fit of the recovery curves had

a poor quality (R2 < 0.7), probably because of their low SNR signals at short TRs, which are then difficult to fit properly next to the larger peaks

of PE and α‐ATP. Therefore, these T1 curves were not evaluated. T1 curves of all other metabolites were successfully fitted (for α‐ATP: n = 6; and

for Piex: n = 4) and resulted in the mean T1 relaxation times as presented in Table 3. Interestingly, the T1 values for Piin and Piex are significantly

different (Table 3).
TABLE 2 Overview of average steady‐state nuclear Overhauser effect (NOE) enhancements (% ± SD) in the occipito–temporal–parietal (OTP)
region of the brain at 3 T

Metabolite 1H‐31P NOE enhancement (%)

PE 48 (± 11)

PC 26 (± 18)

Piex 20 (± 15)

Piin 22 (± 13)

GPE 36 (± 17)

GPC 33 (± 10)

imP 38 (± 9)

PCr 33 (± 3)

yATP 15 (± 9)

aATP 17 (± 7)

NAD(H) 40 (± 9)

bATP 14 (± 13)

Abbreviations: ATP, adenosine triphosphate; GPC, glycerophosphocholine; GPE, glycerophosphoethanolamine; imP, immobile phosphates; PC,

phosphocholine; PCr, phosphocreatine; PE, phosphoethanolamine; Piex, extracellular inorganic phosphate; Piin, intracellular inorganic phosphate; NAD(H),

nicotinamide adenine dinucleotide (oxidised and reduced)



FIGURE 5 31P signal intensity as a function of TR and fit to determine meanT1 times of 31P spins of nine metabolites in the human brain at 3 T.
Markers indicate data points from six volunteers, normalized to the fitted magnetization at thermal equilibrium (M0). Average fit of signal curves
are displayed in red, ± the standard deviation (blue area). The inset shows the voxel for which the T1 measurements were performed (red). n.u.,
normalized units

FIGURE 4 Example of the α‐ATP and NAD(H) region of an in vivo 31P MR spectrum obtained from a voxel in the occipital region of the human
brain at 3 T. The spectrum (black) was filtered with a 2 Hz exponential filter. Relative peak heights of NAD+ were fixed according to.19 Chemical

shift of the NAD(H) resonances were fixed with respect to the α‐ATP chemical shift. Linewidths of NAD(H) were equal to the linewidth of α‐ATP.
The fitting result is shown in red. The resonances of α‐ATP, NAD+ (blue) and NADH (green) could be spectrally resolved when NOE‐enhancement
and 1H‐decoupling were applied and prior knowledge of the NAD+ and NADH resonances was implemented in their fitting. The bottom line (black)
shows the fitting residue

PEETERS ET AL. 7 of 12
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FIGURE 6 T1 relaxation times of PCr as a
function of the main magnetic field strength
from 1.5 to 9.4 T in the occipito–temporal–
parietal (OTP) region of the human brain (left)
and from 1.5 to 7 T in the human tibialis
anterior and gastrocnemius muscle (right). For
convenience, we performed linear regression,
which is indicated by solid lines (brain:
slope = 0.006 s/T; and muscle:
slope = −0.456 s/T, P (slope ≠ 0) < 0.001)
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We compared the T1 relaxation times of this study to values obtained at field strengths from 1.5 to 9.4 T as reported by others24-34 (Table 3)

and concluded that all our T1 values are within the range that could be expected from these data. For example, for PCr we found an averageT1 of

2.66 ± 0.52 seconds (n = 6), while reported values range from 3.29 seconds at 1.5 T to 2.55 seconds at 9.4 T (Table 3).
4 | DISCUSSION

In this work we employed a custom‐built coil setup consisting of a double tuned 1H/31P birdcage transmit/receive coil and a 31P eight‐channel

receive‐array insert to demonstrate that, by combining 1H decoupling and 1H‐31P NOE enhancement, high quality whole‐brain 31P MRSI data

can be obtained in a clinically feasible measurement time of 13 minutes and within SAR limits. With this setup we determined the 31P resonance

linewidth decrease by 1H decoupling, 1H‐31P NOE enhancement and T1 relaxation times of 31P spins of metabolites in the OTP region of the

healthy human brain at 3 T. Previously, we reported that with this receive array coil, an average SNR gain factor of 1.4 can be obtained for the

whole brain, up to a factor of 3.2 in superficial brain areas.14 As a result of the improvements in linewidth and SNR we were able to determine,

at 3 T with 31P MRSI, the redox state of the brain from the NAD+/NADH ratio, and to observe a peak for Piex.

As there is little data available onT1 relaxation times of 31P spin systems of brain metabolites at 3 T,28 we determined these times for nearly all

detectable metabolites in the 31P spectrum. To obtain spectra with good SNR, we performed progressive saturation experiments in a relatively

large MRSI voxel containing both white and gray matter. Our T1 times are comparable with those in a study performed at 2 T also using progres-

sive saturation.27 We compared our T1 values with those obtained at different field strengths (Table 3). Some variations inT1 values may occur due

to the use of different acquisition sequences, number of subjects, and data postprocessing.34,35 In addition, different localization procedures were

followed including the use of surface coils only.29,32 Nevertheless, no specific decrease for theT1 values of any of the human brain 31P metabolite

spins as a function of field strength is observed up to 9.4 T (Figure 6, Table 3). For example, the average T1 (± SEM) of PCr at 1.5–2.0 T is

3.0 ± 0.1 seconds, at 3.0–4.1 T it is 3.3 ± 0.5 seconds, and at 7.0–9.4 T it is 3.1 ± 0.3 seconds. And for α‐ATP spins the averageT1 is 0.9 ± 0.1 sec-

onds at 1.5–2.0 T and 1.1 ± 0.2 seconds at 7.0–9.4 T. A similar observation was made earlier,36 but a more recent report on PCr and ATP in human

and rat brain suggested a decrease in T1 from 4 to 16.4 T.29

These observations are in contrast to the reported T1 values of
31P spins of all phosphorylated metabolites for which resonances are observed

in 31P MR spectra of skeletal muscles. At 1.5 T these spin systems have longer T1 values than the corresponding spin systems in the brain, and

they decline significantly at increasing field strengths up to 7 T. For example, the reported T1 relaxation time of PCr in human calf muscle or tibialis

anterior is 5.0–6.9 seconds at 1.5–3 T and decreases to 3.5–4.0 seconds at 7 T (Figure 6).24,25,35,37-41

The T1 times of metabolite 31P spin systems are considered to be determined by dipolar and chemical shift anisotropy (CSA) relaxation mech-

anisms.1 As CSA relaxation is proportional to the square of the magnetic field strength and dipolar relaxation decreases as a function of the field

strength, it is generally assumed that in T1 relaxation of 31P spins in muscles that CSA becomes dominant from 1.5 to 7 T.35 This is clearly not the

case in the brain. In general, T1 relaxation of 31P spins is a complicated function of rotational correlation times, dipolar relaxation rates, CSA relax-

ation and chemical exchange rates.42 If we assume that the rotational correlation time is comparable for all metabolites, then dipolar relaxation is

most likely the dominant contribution to the T1 times of 31P spins in brain. Or a balance exists between decreasing dipolar and increasing CSA

relaxation rates between 1.5 and 9.4 T, resulting in virtually unaffected T1 values for this range of field strengths.

As T1s of polyphosphates (eg, ATP) are much shorter than those of monophosphates (PME, PDE) at 7 T, it was suggested that the mechanism

of 31P‐31P dipolar interactions rather than CSA is important in T1 relaxation of brain metabolite 31P spins at this field strength.31 In addition, trace
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amounts of divalent paramagnetic ions such as Mn2+ can form complexes with ATP, which could also contribute to the shorter T1 values of its

phosphates.1 Because the γ‐phosphate of γ‐ATP is in chemical exchange with those of PCr and Piin, the T1 relaxation times of each of these
31P components will be the fractional weighted average of the T1 values and relative tissue levels of the exchanging partners, which is different

between brain and muscle.

Because there is also limited quantitative steady‐state 1H‐31P NOE enhancement data available for 31P spins in the brain at 3 T, we also

determined these. The steady‐state NOE enhancement was largest for PME and PDE (up to ~ 50%), whereas the effect on ATP was the smallest

(~ 15%). Interestingly, NOE values at 3 T were comparable with those at 7 T, ie, for most evaluated metabolites we found similar to slightly higher

enhancements.21,32 Moreover, NOE enhancement of PCr in our study is comparable with the measured enhancement at 1.5 T (~ 30%).23 As these

NOEs depend on dipolar relaxation, this would imply that T1 values of 31P metabolites essentially remain the same between 1.5 and 7 T, as was

concluded above. In muscles, the 1H‐31P NOE enhancement of PCr decreases from 64–75% at 1.5–3 T to 35% at 7 T,38,43 indicating that in mus-

cles CSA is important. In confirmation we observed a decrease in 31P‐31P NOE of ATP phosphates in skeletal muscles from 3 to 7 T (unpublished

results). All these observations strongly indicate that CSA plays a dominant role in T1 relaxation of 31P metabolite spins in muscle but not in the

brain with increasing field strength.

NOE enhancement can increase the reproducibility of measuring 31P resonances,21 but, as for T1 relaxation times, has to be taken into account

in the quantification of metabolite ratios or tissue levels, in particular if NOEs are expected to be affected by changes in tissue condition.

Bymeans of 1H decoupling the linewidth of resonances of proton‐coupled phosphatesmeasured at 3 T decreased, roughly in agreement with the

value of the three‐bond 1H‐31P J‐coupling of the compounds involved.1 This decoupling also increased the SNR of the compound resonances. A

higher main magnetic field is commonly expected to improve spectral resolution and SNR. The field strength dependence of spectral resolution in
31PMRS of the brain has been studied in detail by Lu et al.29 The linewidth we find for PCr at 3 T (~ 0.14 ppm, 7.3 Hz) fits to the field strength depen-

dency presented in that study, in which the PCr linewidth in ppm is shown to decrease to ~ 0.1 ppm in the occipital brain region at 7 T. For the two

resolved 31P‐31P coupled resonances of α‐ATP, we find for each peak a linewidth of ~ 17 Hz at 3 T. At field strengths of 4 T or higher these are not

resolved anymore because the absolute linewidths exceed the 31P‐31P J‐coupling constant of 16–17 Hz.44 If we take a coupling constant of 16 Hz

into account, the total linewidth of the α‐ATP peak is ~ 33 Hz, which is in agreement with the data reported in Lu et al.29 Even although linewidths in

ppm, and thus spectral resolution, improve somewhat at 7 T and higher field strengths comparedwith 3 T,29 all resonances identified in spectra at 7 T

can also be separately assessed at 3 T using 1H decoupling. For example, resonances for PE, PC and GPE and GPC are well resolved, and we also

show that at sufficient SNR an additional phosphate peak can be detected at ~ 5.3 ppm. This Piex is assumed to arise from an extracellular compart-

ment (eg, blood) andmay be employed to assess brain diseases.20,45We observed that theT1 of Piin is shorter than that of Piex, which has been attrib-

uted to the involvement of Piin in chemical exchange with the γ‐ATP phosphate, which is subjected to efficient dipolar relaxation.31

It has been demonstrated that NADH and NAD+ can be separately quantified at 4 T using 1H decoupling, with the suggestion that this should

also be possible at 3 T.2 Indeed, we observed that the two 31P doublets of NAD+ can be analyzed separately from the 31P peak of NADH at 3 T

when employing 1H decoupling and NOE, even for MRSI with voxel volumes that are several times smaller than the detection volume employed in

the study at 4 T. With the assumptions of equal linewidths and fixed chemical shift difference between NAD+ and NADH, our calculated NAD+

and NADH tissue concentrations and redox ratios are comparable with those observed at 4 and 7 T.2,31 These concentrations, and that of Piex, can

be determined more accurately by measuring larger voxels for better SNR, as is commonly done in studies at higher fields.2,20 NAD(H) quantifi-

cation could be further refined by including resonances of uridine diphosphate glucose (UDPG), of which one phosphate co‐resonates with those

of the NAD(H) phosphates.46,47 However, larger voxels and/or longer measurement times than employed in the current 3 T study are needed for

proper detection of the UDPG signals.

A potential problem for quantitation of the GPC and GPE resonance at 3 T is a broad signal from immobile phosphates centered at ~ 2.25 ppm.

This signal broadens at higher fields to become part of the spectral baseline, but its visibility may be of interest in certain conditions.48 As its

linewidth is much larger than that of the other 31P resonances, it is easy to separate it from these resonances by either fitting or filtering.

The increased intrinsic SNR of fields higher than 3 T is obviously an advantage, but the assumed additional benefit of shorter T1s and thus

faster repetition times does not seem to count for 31P MRS of the brain, at least up to 7 T. Additionally, NOE effects at 3 T are comparable with

those at 7 T.21,32 Furthermore, inhomogeneous 1H transmit fields may complicate the application of 1H‐31P NOE and 1H decoupling techniques

for the whole brain at higher fields, and SAR limitations may require longer repetition times for additional 1H irradiation. Therefore, we conclude

that when the best possible spatial resolution is not a premium requirement for localized 31P MRS, its performance at 3 T using a phased array

receive with 1H decoupling and NOE is an excellent and more accessible alternative to 31P MRS at 7 T and higher. Further improvements of
31P MRSI are expected to be possible, eg, by speeding up data acquisition using compressed sensing methods, and by advanced data

reconstructions.49,50
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