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Abstract

Purpose—The study was undertaken to demonstrate that there are more than one component in 

the extracellular inorganic phosphate 31P signal (Piex) acquired from human head using non-

localized 31P MRS.

Methods—Outer-volume-suppression (OVS) saturation and 1D/2D 31P chemical shift imaging 

(CSI) were utilized to reveal the presence of an additional component in the Piex signal.

Results—67% of the head extracellular Pi signal was attenuated upon OVS saturation of the 

peripheral meningeal tissues, likely reflecting elimination of the Pi signal in the meningeal fluids 

(the blood and CSF). Localized 1D/2D CSI data provided further support for this assignment. 

Upon correction for the meningeal contribution, the extracellular Pi concentration was 0.51 ± 0.07 

mM, while the intracellular Pi was 0.85 ± 0.10 mM. The extracellular pH was measured as 7.32 

± 0.04 when using OVS, as compared to 7.39 ± 0.03 when measured without OVS (N = 7 

subjects).

Conclusions—The extracellular Pi signal acquired from the human head using non-localized 
31P MRS contains a significant component likely contributed by peripheral blood and CSF in 

meninges that must be removed in order to use this signal as an endogenous probe for measuring 

extracellular pH and other properties in the brain.
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INTRODUCTION

Several recent high field 31P MRS studies in brain have detected two distinct inorganic 

phosphate (Pi) signals and assigned those to intra- and extracellular Pi (1–4). This 

observation holds great promise not only because it allows more reliable measurement of 

ATP energy consumption using the identified intracellular Pi signal (Piin) rather than a 

mixed signal (1–4), which is undistinguishable at lower field, but also because of the 

potential value of the extracellular Pi signal (Piex) as an endogenous probe of the 

extracellular space (ECS). Such measurements in humans have been challenging technically 

but are critical for understanding normal brain processes as well as the pathophysiology of a 

variety of brain conditions and diseases such as tumors and traumatic brain injury (TBI) (5–

14).

A question arises, however, as to whether the extracellular Pi signal observed by the 

conventional pulse-and-acquire (PA) 31P MRS solely reflects Pi in the interstitial fluid (ISF) 

that bathes the neurons and glial cells. The possibility of presence of a Pi
ex component in 

addition to the ISF contribution is raised because the Pi
ex/Pi

in ratio obtained from 

quantitative 31P MRS data (1) predicts an 40% higher Pi concentration than the documented 

value (0.5 – 1.0 mM) for the ISF (15), given the assumption of a normal ECS volume 

fraction of 20% (16, 17). A likely source for the unaccountable Piex component could be the 

peripheral meningeal tissue, a layered structure under the skull enclosing the brain soft 

tissue, which is filled with Pi-containing fluids including cerebrospinal fluid (CSF) in the 

subarachnoid space and superficial venous blood flowing in the large sagittal and transverse 

sinuses.

Thus, the aim of the present work is 1) to evaluate whether a meningeal Pi component 

contributes to the Pi
ex signal acquired using a non-localized pulse sequence, and 2) to 

evaluate whether such a meningeal Pi component alters the measurement of extracellular pH. 

Given the peripheral location of the meninges relative to the parenchymal tissue of interest, 

we used an outer-volume-suppression (OVS) method to reduce contributions from potential 

meningeal components to the Pi
ex signal. Finally, localized 1D and 2D 31P CSI methods 

were used to validate the OVS observations because of their capacity to differentiate 

meningeal from parenchymal tissues.

METHODS

Human Subjects

The protocol was approved by the Institutional Review Board of the University of Texas 

Southwestern Medical Center. Prior to the MRSI study, informed written consent was 

obtained from all participants. Eleven subjects (7 males and 4 females), aged 41.1 ± 13.8 yr, 

BMI 25.4 ± 2.6, resting heart rate 67.7 ± 10.9, and peripheral capillary oxygen saturation 
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(SpO2) 97.3 ± 2.1%, participated in the study. All subjects were in good general health with 

no history of peripheral vascular, systemic, myopathic, cancer, psychiatric or 

neurodegenerative diseases. Heart rate and blood oxygen saturation levels were monitored 

during the scan. The study was well-tolerated by all subjects.

MRS Protocol

All subjects were positioned head-first and supine in the MRI scanner (7T Achieva, Philips 

Healthcare, Best, The Netherlands), with the back of the head positioned on the center of the 

detection RF surface coil (Philips Healthcare, Best, The Netherlands). The coil was a half-

cylinder-shaped, double-tuned 1H/31P quadrature TR coil consisting of two tilted, partially 

overlapping 10 cm loops. Axial, coronal, and sagittal T2-weighted turbo spin echo multi-

slice images were acquired for 1H shimming and 31P MR MRS slice planning. Typical 

imaging parameters included field-of-view 180 × 180 mm2 (FOV), repetition time (TR) 2.5 

s, echo time (TE) 80 ms, turbo factor 15, in-plane spatial resolution 0.6 × 0.7 mm2, slice 

thickness 8 mm, gap 2 mm, number of acquisitions (NA) one, and acquisition time 2.1 min. 

Second order 1H-based automatic volume shimming was applied prior to 31P spectral 

acquisitions.

Quantitative non-localized 31P MR spectra were acquired as described previously (Ren et al 

(1)) using TR = 30 sec, number of acquisition (NA) 16, flip angle 55o, sampling points 

4096, spectral width 4 kHz, and a block-shaped excitation pulse with B1 = 59 µT and pulse 

width 0.22 µs. The dead-time (DT, a delay following readout pulse and prior to data 

sampling) was set to 0.50 ms to filter out major broad baseline signals from the membrane 

phospholipids and the bones of the skull. For outer-volume-suppression (OVS), four 31P 

saturation slabs with varying orientation were placed over the posterior meningeal and skull/

scalp tissues, as guided by the T2w images. The saturation slabs were generated by a time 

and magnitude-modulated sine-shaped pulse with nominal B1max 46 µT, duration 1.8 ms, 

and inter-pulse delay 2 ms, and applied immediately prior to the excitation pulse. Cares were 

taken to minimize potential spillover effect by placing the OVS slabs’ inner edge close to the 

meninges-brain boundary to avoid large partial volume effect from over subscription of the 

inner brain tissues. A soft cushion pad (~ 3 cm thick) was placed under the neck to keep 

neck muscle away from the sensitive region of the coil and thus to avoid potential muscle 

contamination. The non-localized 31P MRS data were acquired for seven subjects with OVS 

saturation on and off under otherwise identical acquisition conditions. The scan time was 16 

mins for each measurement.

1D multi-slice MR spectra were acquired with slices arrayed in head-feet (HF) and anterior-

posterior (AP) directions, respectively. The 31P MRS parameters were sampling points 1024, 

spectral width 4 kHz, slice thickness of 2.0 cm, slice number 10, TR 2 sec, and NA 32. The 

scan time was 22 mins, and this experiment was conducted on two subjects.

Single slice 2D multi-voxel MR spectra were acquired with in-plane (AP-RL) resolution of 

1.0 × 1.0 cm2, data matrix 16 × 15, sampling points 1024, spectral width 4 kHz, TR 2 sec 

and NA 4. The scan time was 32 min, and this experiment was conducted on two subjects.

Ren et al. Page 3

Magn Reson Med. Author manuscript; available in PMC 2019 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



31P Spectral Analysis

The time-domain 31P data were zero-filled to 8 k (for non-localized MRS) or 2 k (for 1D and 

2D MRS), and applied by a line-broadening factor of 6 Hz (for non-localized MRS) or 9 Hz 

(for 1D and 2D MRS) prior to Fourier transformation. The frequency-domain 31P spectra 

were phased and baseline corrected, and each of the sharp metabolite signals (including PE, 

PC, GPE, Piex, Piin, GPC, PCr, NAD/NADH, α-, β- and γ-ATP) was fitted by a Voigt 

lineshape (a combination of Gaussian and Lorentzian lineshape) using ACD software 

(Advanced Chemistry Development, Inc., Toronto, Canada). For the residual phospholipid 

signals (broad baseline “bumps” with a long tail) embedded at the base of sharp 

phosphosester signals, a two-component Voigt lineshape was used for the fitting. To reduce 

potential fitting error on the small Piex signal with OVS-on, a regional fitting (4.5 – 5.5 ppm) 

was performed with Piex linewidth constricted to no less than half and no more than twice 

that of Piin. No constriction or prior knowledge was applied to the fitting of the remaining 

large 31P signals. The intracellular concentration was evaluated using the γ-ATP signal as an 

internal concentration reference ([ATP]in = 3 mM) as described before (1, 2).

The intra- and extra-cellular pH values were obtained from the chemical shifts of the 

corresponding Pi peaks (δPi, in ppm) referenced to PCr (δ = 0 ppm) using the following 

formula:

pH = pKa + log
δPi − δa
δb − δPi

[1]

A H2PO4
− ↔ H+ + HPO4

2- acid dissociation constant, pKa, of 6.73 along with 31P limiting 

shifts δa = 3.275 ppm (for acidic protonated species H2PO4
−) and δb = 5.685 ppm (for basic 

deprotonated species HPO4
2-) were used to calculate the pH values.

Estimate of Pi in interstitial fluid

Assuming that the volume of the cerebral tissue is composed of extracellular and 

intracellular spaces with a volume fraction of α and (1 - α), respectively, then the relative 

signal intensity of extra- and intracellular Pi intensity is governed by

ρ = β • α/(1 − α) [2]

where β denotes the ratio of extra- to intra-cellular Pi concentration ( = [Pi]ex/[Pi]in), and ρ 
denotes the ratio of Piex to Piin signal intensity. Assuming the extracellular space is occupied 

solely by the interstitial fluid (ISF), then one can estimate the ISF Pi concentration by

[Pi]ISF = ρ • (1 − α)/α • [Pi]in [3]
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Statistical Analysis

All data are reported as mean ± standard deviation, calculated using Matlab. The difference 

between two sets of data are considered to be statistically significant when p-value <= 0.05.

RESULTS

Outer-volume suppression (OVS)

Figure 1 shows two 7T 31P MR spectra, one with and another without OVS saturation (red 

versus blue trace), collected from the same posterior region of human brain at resting state. 

The OVS was generated by four 31P saturation slabs placed over the meningeal tissue close 

to the coil surface (Figure 1a, for clarity, only three OVS slabs are shown). The unintended 

OVS spillover effect (18 ± 5 %, N = 7) on the brain tissues was corrected by scaling both 

spectra to PCr as reference, which is the most abundant P-metabolite in the brain but 

virtually absent in the blood and CSF. As highlighted in Figure 1b, OVS saturation resulted 

in attenuation of the signal associated with extracellular inorganic phosphate (Pi
ex). This Pi

ex 

attenuation effect was observed in all seven subjects studied by OVS; the average Pi
ex signal 

attenuation (ΔS/S) was 67 ± 9% (Figure 2a, p-value = 0.01, N = 7). From the measured 

Pi
ex /Pi

in ratio in the OVS attenuated spectra, the extracellular Pi concentration was 

estimated at 0.51 ± 0.07 mM, assuming an extracellular volume fraction of 20% (16, 17).

In addition to attenuating Piex signal intensity, OVS saturation also led to a slight yet 

statistically significant upfield shift in the remaining Piex signal (Δδ = 0.06 ± 0.02, Figure 

1c), equivalent to a pH change (ΔpH) of 0.07 unit, from pH 7.39 ± 0.04 without OVS to pH 

7.32 ± 0.03 with OVS saturation (Figure 2b, p-value = 0.03, N = 7).

In addition to Pi
ex (Figure 1b), a 31P signal co-resonating with phosphoethylamine (PE) was 

also attenuated by OVS saturation. The spectral subtraction (off – on) showed that the 

attenuated peak has an asymmetric lineshape with a broad tail on the downfield side of the 

peak (Figure 1b). For the group of the subjects studied by OVS (N = 7), the average 

attenuation for this signal upon OVS saturation was 40 ± 7%.

1D Multi-slice 31P MRS

To investigate the basis of these OVS saturation observations, additional 1D CSI 31P MR 

spectra were collected from multiple slices in the brain along the anatomical direction of 

either head-to-feet (HF, Figure 3) or anterior-to-posterior (AP, Figure 4). Depending upon 

the anatomical locations, these brain slices differ in the meningeal volume fraction 

(consequently blood volume fraction) so might be expected to yield different 31P spectral 

patterns in the downfield region from Pi to phosphomonoesters (PME) (see discussion later).

As shown in Figures 3 and 4, irrespective of the slice orientation, larger Piex/ Piin and PME/ 

Piin signal ratios, together with a wider inter-peak gap (Δδ) between Piex and Piin signals, 

and a higher raised spectral baseline in the Piex and downfield region, were observed for the 

slices with larger meningeal volume fractions. For example, in the multi-slice brain 31P 

spectra acquired along the AP direction (Figure 4), the signal intensity of the Piex in 

reference to Piin is increased by approximately fivefold from top to bottom slices. In parallel, 
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the center resonance frequency of the Piex peak is shifted downfield, from 5.22 ppm to 5.30 

ppm, corresponding to a media alkalization of 0.10 pH unit (from pH 7.35 to pH 7.45), 

while the Piin peak showed only a minor downfield shift, from 4.79 ppm to 4.82 ppm, 

corresponding to an intracellular pH change of 0.02 unit (from pH 7.96 to pH 7.98).

2D Multi-voxel 31P MRS

To further validate the findings by non-localized OVS and 1D multi-slice 31P MRS, we 

acquired multi-voxel 2D CSI 31P MR spectra in the posterior region of the brain (Figure 5), 

which permits regrouping of the spectral data from selected voxels in regions with similar 

anatomical features. To compare the 31P spectral difference between different anatomical 

regions, two summed spectra were generated from the multi-voxel dataset, each by 

combining the data from twelve voxels (Figure 5a), one from the peripheral region with a 

high meningeal volume fraction (Figure 5a, red trace), and another from the deeper cerebral 

region with a high parenchymal volume fraction (containing mainly neurons and glial cells) 

(Figure 5a, blue trace).

As compared in Figure 5a, when scaled to PCr, the summed 31P spectrum acquired from the 

peripheral region (red trace) yielded a Piex signal 4.5 fold larger than that from the deeper 

cerebral parenchymal region (blue trace), while there was virtually no difference in Piin 

signal intensity. As for Piex chemical shift, the meningeal region was shifted 0.13 ppm 

downfield from the inner cerebral region (5.37 ppm versus 5.24 ppm, Figure 5a, the 

highlighted region). In contrast, the difference in Piin signal was negligible between these 

two regions (meningeal 4.82 ppm versus cerebral 4.83 ppm).

As in the Piex region, similar signal differences were also detected in the downfield PME 

region, where the summed spectrum from the peripheral voxels yielded broader and larger 

signals compared to those from the deeper cerebral voxels (Figure 5a).

DISCUSSION

Sources of “hidden” Pi component

Supported by the localized 1D (“multi-slice”) and 2D (“multi-voxel”) 31P MRS data 

(Figures 3–5), we have demonstrated the presence of a previously unrecognized “hidden” Pi 

component, which accounts for about 2/3 of the total Piex signal, in the fully-relaxed brain 
31P MR spectrum acquired by a non-localized pulse sequence (Figure 1). These combined 

observations suggest that the “hidden” component in the Piex signal originates from the 

peripheral region of the brain, which can be effectively attenuated by OVS saturation (Figure 

1).

The phenomenon of the Piex signal attenuation by OVS cannot be simply a result of spectral 

artefact, given the consistency of the observation among all subjects and of the findings by 

different detection methods (Figures 1, 3–5). Is the phenomenon caused by MT effect? The 

short duration of the OVS pulse (1.8 ms) and a lack of post-OVS delay may argue against 

any significant MT effect that might exist between Piex and broad baseline signals of 

phospholipids. In fact, a previous off-resonance saturation (ORS) study by McNamara (18) 

showed that, even with a long-duration pulse two order of magnitude longer than the OVS 
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pulse used here, no obvious signal reduction occurs at the alkaline Pi component (Piex) in 

the human head, while the broad baseline signal from phospholipids and the bones of the 

skull was effectively diminished through MT effect. This implies that there is a lack of MT 

effect between Piex and broad baseline signals of phospholipids. Furthermore, ample data 

are available in literatures (1–4) to support the view that the Piex represents a metabolically 

inert pool; no measureable phosphoryl exchange MT effect occurs at Piex when the ATP and 

PCr resonances are saturated or inverted (1–4). Together all these data confirm that direct 

saturation of an outer-volume component rather than MT effect is likely the predominant 

mechanism responsible for the phenomenon of the Piex signal attenuation by OVS. We 

tentatively assign the primary source of the attenuated Piex component to blood serum Pi for 

the following reasons:

1. the presence of a sizable pool of blood flowing in the intravascular spaces 

embedded in the meningeal tissues (Figure 1a, 3b and 4b) are in the high 

sensitivity region of the 31P surface coil used for detection;

2. the presence of a high concentration of Pi in normal blood serum (1.29 ± 0.17 

mM (19), versus 0.85 ± 0.17 mM for Pi in the intracellular space (1));

3. a higher media pH in the blood than in the ISF (7.35 – 7.45 versus 7.24 ± 0.07 

(20)), which is compatible to the observation of an upfield change in the Piex 

signal upon OVS saturation (corresponding to a pH lowering from 7.39 ± 0.03 to 

7.32 ± 0.04) ; and

4. the consistency between the extracellular Pi concentration 0.51 ± 0.07 mM 

(estimated from the Piex intensity measured with OVS on) and the documented 

extracellular Pi levels in the ISF (0.61 mM (21), 0.5 – 1.0 mM (15)).

A secondary source for this “hidden” Pi component might be the CSF. The Pi level of the 

CSF is about one-half of that of blood serum (22). While ventricular CSF is relatively far 

from the most sensitive region of the surface coil, there is a small pool of CSF present in the 

fibrous subarachnoid space within the meninges which is close to the RF coil. If visible by 

the 31P detection, its contribution to the Piex signal is expected to be on the upfield side, as 

the CSF is less alkaline than the blood serum (CSF pH 7.33 versus blood serum pH 7.41 

(23)). However, the Piex signal attenuation induced by OVS of occurs on the downfield side, 

which argues against CSF as a significant contributor to the observed Piex signal.

Together with the observation of a 67% reduction in Piex signal area upon OVS saturation of 

meningeal tissues, another closely related finding is a concurrent 40% signal reduction in the 

region of PME co-resonating with PE (Figure 1b). Indeed, the PME signals appear to be 

much larger in the peripheral meningeal region than in the deeper cerebral region, as clearly 

revealed by localized 1D and 2D MRS data (Figures 3c, 4c and 5a). The phenomenon could 

be explained if high levels of PME are present in cortical tissues included in the selected 

slices and voxels due to partial volume effects. However, this appears to be in conflict with 

the finding of a previous localized 31P MRS study that reported a lower level of PME in the 

cortical grey matter than in the deeper cerebral tissues (24). Since the lineshape of the OVS-

attenuated signal at PE (Figure 1b, subtraction trace) appeared to be asymmetric with 

features similar to a typical membrane phospholipid signal due to chemical shift anisotropy 
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(CSA) effect (25), this signal could be attributed to a mobile membrane phospholipid 

component, which might be decayed out in the early localized 31P study (24).. Another 

possible explanation is that the mobile membrane phospholipid component that co-resonates 

with PE was contributed from the outer-volume tissues (such as meninges and scalp tissues).

An alternative source of the extra 31P signal under PME may be the blood 2,3-

diphosphoglycerate (DPG), a metabolite abundantly present in the red blood cells with a 

typical RBC concentration of ~ 5.3 mM (26), which is about 5-fold more abundant than Pi in 

normal blood serum. Though its chemical shifts depend on blood oxygenation (27), RBC 

2,3-DPG has been reported to be 100% visible in vitro by 31P NMR. Observation of blood 

2,3-DPG 31P signals have been reported in the PME and Pi region (5 – 7 ppm) in several 

cardiac 31P studies in vivo (28–33). In some cases, the 2,3-DPG signals can be resolved into 

two separate peaks (29, 33). However, a characteristic doublet resonance pattern was not 

present in our brain 31P spectra. This might be due to the blood pool size being small in 

brain posterior region as compared to in a typical heart. It may also be caused by line 

broadening and/or chemical shift dispersion due to variation in blood flow and oxygenation, 

and magnetic susceptibility anisotropy (MSA) of blood vessels/sinuses and the enclosing 

layer-structured meningeal tissues. Taken together, further studies are needed to evaluate 

whether blood 2,3-DPG or mobile membrane phospholipids or something else is the correct 

assignment to the OVS-attenuated signal at the resonance frequency of PE.

It should be pointed out that, though major broad signals of the membrane phospholipids 

and the bones of the skull, which typical accounts for 80% of total brain phosphate signals 

with a linewidth in the order of 1 kHz (18), was filtered out in our study by setting the 

acquisition sequence DT to 0.5 ms, the residual narrower signals from motion less-restricted 

macromolecules or mobile phospholipids could filter through and showed as small broad 

“bumps” at the base of the sharp phosphoester signals (Figures 1, 3–5). These signals are 

featured with a long tail which may reflect the chemical shift anisotropy (CSA). Also, it 

should be noted that, due to the natural curvature of human skull, there was an inevitable 

partial volume effect in human brain 31P spectra when the OVS slabs were applied on the 

outer-volume tissues (meninges, skull and scalp). This led to a considerable reduction of 

brain MRS signals (18 ± 5%, N =7) as spillover side effect.

Potential implications

Despite the increasing trend of using localized technique with volume coil, conventional 

pulse-acquire sequence together with a surface coil is still the most practical or easiest way 

to measure low abundant P-metabolites (34–37). The multi-component nature of the brain 

Pi
ex signal as revealed by our 31P MRS data illustrates that one must be cautious when 

interpreting non-localized spectra for measuring energy metabolism and tissue pH. This is 

especially true at lower magnetic fields since the individual Pi components detected here at 

7T are technically difficult to detect at lower fields. Fortunately, with 31P OVS method 

becoming increasingly available in high field scanners, it can be used to obtain a true 

measure of intra- and extracellular Pi effectively eliminating contaminating 31P signals from 

blood. Contamination of PME signals may also have implications in studies of phospholipid 
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metabolites using 31P MRS since PME/PDE ratio is an indicator of altered phospholipid 

metabolism in aging and cancer (38, 39).

Perhaps equally importantly, the visibility of meningeal blood Pi signal may offer new 

opportunities for brain injury studies using 31P MRS. One might expect to see an increased 

Pi signal if blood accumulates in the meninges as result of head injury. Two potential spaces 

for blood build-up include the epidural space between the dura and the skull (typically it 

occurs in young adults, and males are more often affected than females (40)), and the 

subdural space between the dura mater and the arachnoid mater (chronic subdural 

hematomas are common in the elderly (41)).

Once the extracellular Pi signal is cleared of contamination by OVS or localized 31P MRS, it 

can be reliably used for measuring extracellular pH and Pi concentration. Such 

measurements established for normal healthy subjects could be useful for monitoring 

extracellular environmental changes under abnormal conditions, given that the extracellular 

space acts as a buffer to absorb the H+ ions released from energetically compromised cells 

and to cope with cell volume changes caused by cerebral edema following brain trauma or 

from nontraumatic causes such as ischemic stroke, cancer or brain inflammation (42, 43).

In conclusion, We have demonstrate the presence of a phosphate signal co-resonating with 

extracellular inorganic phosphate in brain 31P spectra acquired by non-localized MRS. The 

most likely source for this previously unrecognized phosphate signal is peripheral meningeal 

fluids, especially the venous blood. Mobile phospholipids and/or blood 2,3-DPG may also 

interfere the PME signal and the spectral baseline in the downfield region. These 

observations have implications in using the Piex signal as an endogenous probe of tissue pH 

and using the PME signal as a biomarker of phospholipid metabolism. When Piex and Piin 

cannot be resolved for example at low magnetic fields or in tissues of high heterogeneity, 

without taking into account of blood serum Pi contribution to the total Pi signal may lead to 

data misinterpretation. On the other hand, there may be new opportunities to use 31P MRS 

for studies of abnormal Pi levels due to alteration in CSF or blood volume change in cases 

such as head injury.
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FIG. 1. 
(a) 7T MR head images showing the location of superior sagittal sinus (SSS), transverse 

sinus (TS), and the 31P saturation slabs for outer-volume-suppression (OVS). The green box 

in the images represents the 1H shimming area. (b) Fully-relaxed 7T 31P MR spectra at long 

TR of 30 sec, acquired from resting human brain using a pulse-acquire sequence with (red 

trace) and without (blue trace) OVS saturation. Note the marked attenuation of the signals at 

Piex and PE upon OVS saturation, while other metabolite 31P signals remain unchanged in 

reference to PCr at 0 ppm. Also note the asymmetric lineshape of the attenuated peak at PE 

(inset) as featured in typical membrane phospholipid signal due to chemical shift anisotropy 
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effect. (c) The fitted 31P MR spectra in the chemical shift region between -4.0 and 8.0 ppm 

(red trace: OVS on; blue trace: OVS off). Abbreviation: PE, phosphoethenolamine; PC, 

phosphocholine, GPE, glycerophosphoethanolamine; GPC, glycerophosphocholine; Piin and 

Piex, intra- and extracellular inorganic phosphate; PCr, phosphocreatine; ATP, adenosine 

triphosphate; NAD, nicotinamide adenine dinucleotide; UDPG, uridine diphosphate glucose; 

PME, phosphomonoester; PDE, phosphodiester; MM, macromolecules (likely from mobile 

membrane phospholipids).

Ren et al. Page 14

Magn Reson Med. Author manuscript; available in PMC 2019 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIG. 2. 
Plots of the brain Pi-to-γATP ratio (a) and pHs (b) with and without OVS saturation, 

measured for the group of subjects (N = 7 subjects). OVS saturation led to significant 

reduction in both extracellular pH (p-value = 0.03) and Pi signal intensity (p-value = 0.01).
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FIG. 3. 
(a) A brain sagittal T2w Image showing the planning of multi-slice 31P MRS w along HF 

direction (top to bottom). (b) Brain axial T2w Images acquired in the region of selected 

spectral slices with colored arrows indicating cerebral veins (CV, yellow), superior sagittal 

sinus (SSS, red), confluence of sinuses (CS, blue), and transverse sinus (TS, orange). (c) 1D 

multi-slice brain 31P MR spectra acquired along HF direction (from top to bottom) at 7T 

with a short TR of 2 sec and without OVS saturation. Note the decreasing trend of the ratio 

Piex-to-Piin from top to bottom slices. Abbreviation: PE, phosphoethenolamine; PC, 

phosphocholine, GPE, glycerophosphoethanolamine; GPC, glycerophosphocholine; Piin and 

Piex, intra- and extracellular inorganic phosphate; MM, macromolecules (likely from mobile 

membrane phospholipids); PCr, phosphocreatine; ATP, adenosine triphosphate.
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FIG. 4. 
(a) A brain axial T2w image showing the planning of multi-slice 31P MRS along AP 

direction (top to bottom). (b) Brain coronal T2w Images acquired in the region of selected 

spectral slices with colored arrows indicating superior sagittal sinus (SSS, red) and 

transverse sinus (TS, orange). (c) 1D multi-slice brain 31P MR spectra acquired along AP 

direction (from top to bottom) at 7T with a short TR of 2 sec and without OVS saturation. 

Note the increasing trend of the ratio Piex-to-Piin from top to bottom slices. Abbreviation: 

PE, phosphoethenolamine; PC, phosphocholine, GPE, glycerophosphoethanolamine; GPC, 

glycerophosphocholine; Piin and Piex, intra- and extracellular inorganic phosphate; MM, 

macromolecules (likely from mobile membrane phospholipids); PCr, phosphocreatine; ATP, 

adenosine triphosphate.
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FIG. 5. 
(a) Comparison of brain 31P MR spectra between peripheral meningeal tissues (bottom, red 

trace) and deeper parenchymal tissues (top, blue trace), showing their difference in Piex 

signal intensity and chemical shift. Both spectra were a sum of twelve selected voxels in 

selected region-of-interest (ROI) as illustrated in MR images on left panels (in yellow). (b) 
Brain 2D CSI 31P MR spectral data matrix acquired with in-plane resolution of 10 × 10 mm2 

and TR 2 sec. Abbreviation: PE, phosphoethenolamine; PC, phosphocholine, GPE, 

glycerophosphoethanolamine; GPC, glycerophosphocholine; Piin and Piex, intra- and 

extracellular inorganic phosphate; PCr, phosphocreatine; MM, macromolecules (likely from 

mobile membrane phospholipids); ATP, adenosine triphosphate.
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