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Abstract

Concentrations of the key metabolites of hepatic energy metabolism, adenosine tri-

phosphate (ATP) and inorganic phosphate (Pi), can be altered in metabolic disorders

such as diabetes mellitus. 31Phosphorus (31P)-magnetic resonance spectroscopy

(MRS) is used to noninvasively measure hepatic metabolites, but measuring their

absolute molar concentrations remains challenging. This study employed a 31P-MRS

method based on the phantom replacement technique for quantifying hepatic 31P-

metabolites on a 3-T clinical scanner. Two surface coils with different size and geom-

etry were used to check for consistency in terms of repeatability and reproducibility

and absolute concentrations of metabolites. Day-to-day (n = 8) and intra-day (n = 6)

reproducibility was tested in healthy volunteers. In the day-to-day study, mean abso-

lute concentrations of γ-ATP and Pi were 2.32 ± 0.24 and 1.73 ± 0.26 mM (coeffi-

cient of variation [CV]: 7.3% and 8.8%) for the single loop, and 2.32 ± 0.42 and 1.73

± 0.27 mM (CVs 6.7% and 10.6%) for the quadrature coil, respectively. The intra-day

study reproducibility using the quadrature coil yielded CVs of 4.7% and 6.8% for γ-

ATP and Pi without repositioning, and 6.3% and 7.1% with full repositioning of the

volunteer. The results of the day-to-day data did not differ between coils and visits.

Both coils robustly yielded similar results for absolute concentrations of hepatic 31P-

metabolites. The current method, applied with two different surface coils, can be
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readily utilized in long-term and interventional studies. In comparison with the single

loop coil, the quadrature coil also allows measurements at a greater distance between

the coil and liver, which is relevant for studying people with obesity.
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absolute quantification, hepatic adenosine triphosphate, hepatic inorganic phosphate,
reproducibility of 31P-MRS, surface coil

1 | INTRODUCTION

The application of 31phosphorus (31P)-magnetic resonance spectroscopy (MRS) methods for measurements in the liver at clinical field strengths

offers novel insights into energy metabolism. 31P-MRS enables the detection of key metabolites such as adenosine triphosphate (γ-, α-, and

β-ATP) and inorganic phosphate (Pi), as well as grouped phosphomonoesters (PMEs) and grouped phosphodiesters (PDEs).1–23 Changes in their

hepatic concentrations have been implicated in several diseases such as hepatocellular carcinoma,1 liver cirrhosis,1–6 and lymphoma,7 but also in

type 1 diabetes mellitus (T1DM),8–10 type 2 diabetes mellitus (T2DM),10–16 and other diseases.17–19

Qualitative MRS studies express the intensities of hepatic 31P-metabolites as relative ratios compared with a reference metabolite. Mostly,

the ATP signal is used as reference and studies report relative ratios of PME/ATP, PDE/ATP, PME/PDE, and Pi/ATP,
1,2,7,20–22 or ratios of single

metabolites relative to the total 31P-metabolite signal.3,11,23 Assuming a certain concentration for the reference metabolite, for example, a γ-ATP

concentration of 2.5–2.65 mmol/L [mM] based on liver biopsy data,24 ratios can be converted to absolute concentrations.25–28 The major draw-

back of this procedure is the variability of the reference metabolite. In that regard, it was previously shown that both hepatic γ-ATP and Pi

decrease by approximately 37% in people with alcoholic hepatitis4 and 25% in people with T2DM,13 an effect that would have been missed when

using ATP as reference. In order to measure tissue concentrations in absolute terms, it is necessary to normalize the obtained signals in a calibra-

tion measurement of a phantom with known concentration employing a so-called phantom replacement experiment.29 Typically, a 2–5 L phantom

containing monopotassium phosphate (KH2PO4) is measured with the identical protocol and setup as in vivo to take into account several method-

ological and coil-specific factors, such as coil loading, coil sensitivity, inhomogeneity of the excitation field B1 and the excitation pulse profile to

obtain absolute concentrations.4,29–32

The majority of people with T2DM are characterized by overweight or obesity, making the measurement of hepatic 31P-metabolites challeng-

ing because of the large distance of the region of interest (liver) from the coil and the limited sensitivity of standard single loop coils. It was

reported earlier that obesity is the strongest predictor of failed data acquisition for T2DM and that every unit increase in body mass index (BMI)

lowered the amount of successful 31P-MRS by 14%.11 One possibility to counter this trend is the utilization of coils with improved coil design.

For example, quadrature coils consist of multiple coil loops and in theory increase the signal-to-noise ratio (SNR) by a factor of
ffiffiffi

2
p

and simulta-

neously halve the necessary transmission power.33

For longitudinal cohort studies like the German Diabetes Study (GDS), which investigates the course of diabetes and its subtypes (endotypes)

as well as its comorbidities for 20 years,34,35 liver ATP and Pi are quantified repetitively over a long period of time and thus consistency of values

over decades is mandatory. So far, a multipurpose standard single loop coil was used for this purpose in this study. To reduce missing values due

to obesity and still guarantee continuity of the measured values, a newly designed quadrature coil was tested and the obtained values were com-

pared with the outcome of the previously used single loop coil. Furthermore, the reproducibility using the new coil was assessed within a single

session (intra-day repeatability and reproducibility) and between sessions on different days (day-to-day reproducibility). The latter is important for

calculating the sample size in longitudinal studies.

Thus, we aimed (i) to compare the performance and stability of the same 31P-method to detect and quantify hepatic 31P-metabolites in molar

concentrations on a 3-T clinical scanner using two different coil designs, a single loop and a quadrature coil; (ii) to evaluate the day-to-day and

intra-day reproducibility of this method; and (iii) to assess the potential replacement of the single loop coil by the quadrature coil for its use in clin-

ical intervention and larger cohort studies.
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2 | MATERIALS AND METHODS

2.1 | Volunteers

Eleven volunteers (seven males/four females) aged 24 to 56 years, with a broad range of BMI (20.6–32.4 kg/m2), participated in this study

(Table 1). The study was approved by the local ethics committee and all volunteers gave their written informed consent before participation in the

study.

2.2 | Study design

Two surface coils with different coil geometry (single loop and quadrature) and from different manufacturers were used to determine absolute

values of 31P-metabolites and day-to-day reproducibility. Furthermore, the quadrature coil was used to determine the intra-day repeatability and

reproducibility of 31P-metabolites assessment and was compared with the intra-day reproducibility as determined for the single loop coil in an

earlier study.36 The study design is visualized in Figure 1.

2.2.1 | Day-to-day reproducibility

Eight volunteers aged 27 to 56 years, with a BMI range of 20.8–32.4 kg/m2, underwent 31P-MRS of the liver in three visits each within a week

(4 to 7 days, stated as V1–V3 in Figure 1A; Table 1). To achieve standardized physiological conditions, each volunteer was measured at the same

time of the day after a 4.5-h fast. Moreover, volunteers were requested to record their food intake before the first examination to replicate their

diet prior to the following measurement days. All participants were asked to refrain from strenuous exercise as well as from alcohol and caffeine

intake on the day preceding the examination. Volunteers were repositioned every time before switching the coil to enhance their comfort, secure

full repositioning, and reset scanner adjustments.

For the quadrature coil, long-term reproducibility was also tested in five out of the eight volunteers. These volunteers participated in a fourth

visit (Figure 1A, V4) after approximately 3 months (11 to 14 weeks after the third measurement) to reassess metabolite concentrations (Table 1).

2.2.2 | Intra-day repeatability and reproducibility

To assess the intra-day repeatability and reproducibility of the 31P-MRS measurements acquired with the quadrature coil, a subgroup of six

healthy volunteers (Table 1) aged 24 to 50 years, with a BMI range of 20.6–29.4 kg/m2, was examined several times within a day to judge meth-

odological variations (Figure 1B). The first five spectra were consecutively acquired to assess (a) repeatability without coil repositioning (n = 6,

Figure 1B, M1–M3); and (b) reproducibility of voxel replacement (n = 3, Figure 1B, M3–M5) to account for sensitivity of the method regarding

different placement of the volume of interest (VOI) while the volunteer was not moved. Next, two more measurements (n = 6, Figure 1B, M6–

M7) with full volunteer repositioning and “optimal” VOI placement, just as in M1-M3, were acquired to evaluate reproducibility with coil

repositioning. For this, the volunteers were asked to leave the scanner each time for a break of 5 min. Additionally, no markers for coil positioning

TABLE 1 Participants' characteristics. A total of eight volunteers participated in the three-visit day-to-day study. Longitudinal day-to-day and
intra-day repeatability and reproducibility were assessed in groups of n = 5 and n = 6, respectively. All values are reported as mean ± SD.

31P day-to-day variability liver

(3 visits)

31P day-to-day variability liver

(4 visits)

31P intra-day variability liver

(1 visit)

No. of volunteers 8 5 6

Sex (male/female) 7/1 4/1 2/4

Age (years) 37.1 ± 11.0 29.6 ± 2.1 34.2 ± 9.6

Weight (kg) 91.4 ± 17.4 85.8 ± 20.3 80.0 ± 21.1

Height (m) 1.83 ± 0.11 1.84 ± 0.13 1.77 ± 0.15

BMI (kg/m2) 27.3 ± 4.2 25.2 ± 3.8 25.3 ± 3.5

Coil used Single loop and quadrature Quadrature Quadrature

Data used for Day-to-day reproducibility + coil comparison Day-to-day reproducibility Intra-day repeatability and reproducibility

Abbreviation: BMI, body mass index.
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were used, to guarantee a full repositioning with new adjustments. Moreover, the same physiological standardization protocol as in the day-

to-day sessions was applied. Intra-day reproducibility of the single loop coil was previously reported by our group.36

2.3 | MR system and surface coils

All the examinations were conducted on a clinical 3-T MR system with the multinuclear option (bore diameter 60 cm, Philips Achieva dStream,

Best, the Netherlands) using two different surface coils (Figure 2C,F). The first coil was a vendor-provided flat 14-cm circular single loop 31P-

surface coil (transmit-receive coil; Philips Healthcare, Best, the Netherlands) and the second coil was a newly designed curved quadrature 31P-

surface coil (transmit-receive coil; RAPID Biomedical, Rimpar, Germany) with total 31P-loop size of 220 mm � 160 mm. Shimming, 1H decoupling,

and nuclear Overhauser enhancement (NOE) were performed by the 1H-body coil (transmit-receive birdcage coil; Philips Healthcare). To correct

for coil loading effects, both 31P-coils had notches where methylphosphonic acid (MeP)-filled glass spheres were positioned inside the housing.

While the MeP reference of the single loop coil was provided by the manufacturer and located in a sealed cavity in the center of the 140 mm

loop, the MeP (98%, Sigma-Aldrich, Schnelldorf, Germany) references of the quadrature coil were custom made using two 530 μL spheres,

whereas one is placed in the center of each 31P-loop (the positions are highlighted in red in Figure 2C,F).

2.4 | Acquisition and localization of the 31P-signal in human liver

First, scout images in three orientations were acquired (five slices of 15 mm thickness, 10 mm gap, field of view [FOV] 450 � 450 mm2) followed

by transverse T2-weighted images acquired with multislice 2D single-shot turbo spin echo (repetition time [TR]/echo time [TE] 883/80 ms;

23 slices of 6mm thickness, 1mm gap, FOV 450 � 378 mm2). After verification of correct coil positioning on the right lateral lobe of the liver, 31P-

MRS acquisition was planned by carefully placing a 60 � 60 � 60 mm3 VOI within the liver tissue, avoiding immediate proximity to the lung, gall-

bladder, and abdominal muscle. Liver spectra were acquired using a 3D-localized image-selected in vivo spectroscopy (ISIS)37 sequence with a

5.43 or 3.83 ms hyperbolic secant (HS) adiabatic half passage pulse for excitation (excitation bandwidth 1.15 or 1.63 kHz) for the single loop and

quadrature coil, respectively, TR 6 s, number of signal averages (NSA) 128, total acquisition time 13 min, sample points (N) 2048, spectral band-

width (BW) 3 kHz, excitation pulse center �1.0 ppm, broadband decoupling (WALTZ-4) with offset frequency �100 Hz and B1 amplitude 7 μT,

continuous wave (CW) NOE with mixing time 3500 ms, offset frequency �100 Hz, and B1 amplitude 0.5 μT. The duration of the HS inversion

pulse for slice selection was 5.66 and 4.0 ms, while the HS inversion bandwidth was 2.25 and 3.18 kHz for the single loop and quadrature coil,

respectively. No respiratory triggering was used. Shimming typically reached a linewidth of �30 Hz for both coils.

Spectra of the external reference MeP spheres were acquired to account for coil loading in separate scans using a pulse-acquire sequence

with the identical HS adiabatic pulse of the corresponding coil for excitation, TR 8 s, NSA 16, total acquisition time �2 min, N 8192, BW 6 kHz,

F IGURE 1 Study design. S, standardization protocol including measurement at the same time of the day and 4.5-h fasting after standard
meal. (A) Day-to-day reproducibility study: hepatic 31P-metabolites were measured with 31P-MRS at each visit V1–V4 (V1–V3 within 1 week
using both single loop and quadrature coils, V4 after 3 months using only the quadrature coil). (B) Intra-day repeatability/reproducibility study
(quadrature coil only): M1–M5, five consecutive 31P-measurements to evaluate (i) repeatability of the method without coil repositioning (M1–
M3); and (ii) sensitivity of the method regarding different volume of interest (VOI) placement (M3–M5). M6 and M7 denote additional
measurements to evaluate reproducibility of the method with coil repositioning; just as for M1–M3, the most optimal VOI position was sought.

4 of 15 JONUSCHEIT ET AL.
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F IGURE 2 In vitro setup to determine correction factors for absolute quantification. The volume of interest (VOI) was shifted in all
dimensions to compensate for different placements in the liver. For the single loop coil setup the phantom was placed upright on the coil (A, B),
while it was laid down for the quadrature coil setup due to its curved housing (D, E). (C, F) Schematic overview of both 31P-coil designs including
coil orientation for (C) flat circular single loop, and (F) curved quadrature coil. Reference cavities are visualized as crosses. Red crosses highlight
the location of the MeP spheres in the coil, the black cross symbolizes a sphere filled with water. All displayed dimensions are expressed in
mm. (G, I) Offset profile of both coils to account for imperfect placement of the VOI in the central position of the coil. (H, J) Depth profile of both
coils to account for variations in distance between VOI and the central coil reference. MeP, methylphosphonic acid; SC, single loop coil; QC,
quadrature coil.

JONUSCHEIT ET AL. 5 of 15
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no proton decoupling, NOE, or localization. Shim voxel size was adjusted to the position of the external reference and varied in size for the two

coils (single loop 80 � 80 � 80 mm3, quadrature coil 130 � 80 � 80 mm3). All details of the acquisition procedure are listed in Table S1.38

2.5 | 31P-MRS in vitro measurements and correction factors for absolute quantification

In order to enable absolute quantification of 31P-metabolites in the liver, an in-house mixed phantom containing 50 mM dipotassium phosphate

(K2HPO4) (Sigma Aldrich) and 0.1 mM gadolinium-diethylenetriaminepentaacetic acid (Gd-DTPA) (Sigma Aldrich) was measured as matching phan-

tom (cylindrical phantom, volume 3 L, diameter 16 cm, height 19 cm, T1 10.36 s).36 The phantom was placed in a similar position inside the scan-

ner as the liver and spectra were acquired with the same geometries and parameters as used for the in vivo protocol (Figure 2A,B,D,E).

Spectra were acquired while the distance between the VOI and central coil reference (y-distance) varied, ranging from 6 to 10 cm in 1 cm

steps (Figure 2H). In each of these steps, nine different frequency offsets corresponding to the position of the prominent 31P-metabolites were

set to be able to correct for the pulse profile (Figure S1). Additionally, to account for imperfect placement in the central position of the coil of the

VOI, further spectra with positions towards the edge of the coil, ranging from �3 to 3 cm in 1 cm steps, were acquired (Figure 2G). In the final

quantification table, these profiles allow to correct the in vivo spectrum resonances regarding offset frequency for each individual peak and x-, y-,

and z-distance for each volunteer and metabolite.

Because of the different size and geometry of the quadrature coil, spectra for distance correction ranged from 8 to 13 cm (1 cm steps) and

VOI placement towards the edge of the coil from �5 to 5 cm in steps of 1 cm, respectively (Figure 2I,J).

2.6 | Quantification procedure using the phantom replacement method

Absolute quantification of 31P-metabolites in molar concentration was achieved using the phantom replacement method as introduced by

Meyerhoff et al.29 For correction of coil loading, the signal from the small glass sphere(s) containing MeP located in the coil housing was used.

In summary, corrections were applied for coil loading, T1 relaxation times, the excitation profile of the adiabatic pulse, and B1 inhomogeneities

of the surface coil in all three spatial directions. The final concentration cij (in mM) of each corresponding 31P-metabolite i of volunteer j can be

obtained by the following equation36:

cij ¼ Aij

Aph
�A

ph
ref

Aj
ref

�cph � fiT1
� fioffset � fB1,xyz � fliver lipid content

Aij represents the fitted peak area of a 31P-metabolite in the liver of a volunteer, Aph is the fitted peak area of the K2HPO4 phantom, which is

corrected for T1 and temperature, Aph
ref denotes the fitted peak area of the MeP reference in the phantom measurement, Aj

ref is the fitted peak area

of the MeP reference in a volunteer measurement, cph represents the known concentration of K2HPO4 in mM (50mM), fiT1 is referred to the cor-

rection factor for the corresponding T1 relaxation time of the 31P-compound, fioffset is the correction factor accounting for signal intensity of the

different chemical shifts of the metabolites due to the nonuniform excitation pulse profile, fB1,xyz denotes the correction factor for the distance

between the center of the coil to the center of the voxel in all three spatial directions, and fliver lipid content represents the correction factor for the

amount of liver lipid content.

T1 relaxation times of the 31P-metabolites in the liver were corrected by using the reported values at 3-T by Schmid et al.27 A correction for

hepatic lipid content was not applied in this study. As volunteers were scanned within a short time period when they did not change their nutri-

tional behavior, we assumed that the hepatic lipid content was the same in each session and did not influence reproducibility.

2.7 | Data processing

In line with best practice,38,39 all spectra were reviewed regarding quality and were processed in a blinded fashion to the origin of the spectra (vol-

unteer and session no.). To ensure good data quality, all spectra were analyzed regarding SNR using the definition39 SNR¼ Signal
σNoise

. After application

of a 15 Hz Gaussian filter, the signal was defined as the fitted amplitude of the metabolite of interest and noise (σ) as standard deviation (SD) of

the spectrum between 10 and 20ppm both in the frequency domain using a custom written MATLAB script (MathWorks Inc. R2021a, Natick,

MA, USA). Two quality criteria were applied: SNR of γ-ATP less than 4 and SNR of Pi less than2.5 as marker for low spectral quality. Moreover, to

account for potential signal contamination from abdominal skeletal muscle, the phosphocreatine (PCr) to γ-ATP peak ratio was calculated and

spectra with PCr/γ-ATPmore than0.5 were excluded.

Spectra were processed using Java magnetic resonance user interface (jMRUI) software.40,41 All spectra were apodized with a Gaussian line

shape of 15 Hz, manually zero order-phased and frequency adjusted by setting the γ-ATP resonance to �2.48 ppm. Peak fitting was performed using

6 of 15 JONUSCHEIT ET AL.
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the advanced method for accurate, robust, and efficient spectral fitting (AMARES)42,43 algorithm in jMRUI. Twelve peaks were quantified to account

for 11 hepatic metabolite resonances and one additional peak to additionally account for potential PCr contamination from abdominal muscles.

Chemical shift assignment was adapted from previous publications44,45 and a custom-created prior knowledge file was used for fitting (Table S2).

The external reference spectra were processed using a 20 Hz Gaussian line shape apodization and manual zero order phasing. Next, the reso-

nance of MeP was fitted as a single Gaussian peak, whereas amplitude, linewidth, and frequency were not constrained (set to “estimated”).

2.8 | Statistical analysis

Statistical analysis was performed with GraphPad Prism v. 9.5 for Windows (GraphPad Software, San Diego, CA, USA). All reported data for abso-

lute concentrations of 31P-metabolites are presented as mean ± SD or mean (95% confidence interval [CI]). To assess the intra-volunteer variabil-

ity, the coefficient of variation (CV), defined as the ratio of the SD to the mean, was calculated for all 31P-measurements. Bland–Altman analysis

was performed to assess the agreement between concentrations obtained for γ-ATP and Pi using both coils.

In order to test for significant differences in the estimated absolute quantification results obtained from the two different coils in the day-to-day

reproducibility study (three visits with both coils), an analysis of covariance (ANCOVA) for generalized linear mixed model46 (GLMM) with repeated

measures adjusted for both coil and visit was performed in SAS v. 9.4 for Windows (SAS Institute, Cary, NC, USA) with significance level α = 0.05.

3 | RESULTS

3.1 | ATP and Pi concentration

Valid results were obtained for ATP and Pi from all participants, on all occasions, except for one spectrum acquired during day-to-day measure-

ments with the single loop coil, which was excluded due to low SNR. The mean absolute concentrations of γ-ATP and Pi were similar for both

coils, amounting to 2.32 ± 0.24 and 1.73 ± 0.26 mM for the single loop and 2.32 ± 0.42 and 1.73 ± 0.27 mM for the quadrature coil, respectively

(n.s., Tables 2 and 3). Values are given as the mean ± SD of the three measurement days. The Bland–Altman comparison of inter-coil variability

shows a mean difference in concentration between both coils of �0.00522 ± 0.398 mM for γ-ATP and 0.000870 ± 0.233 mM for Pi (Figure 3).

Of the 23 compared pairs of values, 22 (95%) and 21 (91%) were within 2 SDs for γ-ATP of Pi, respectively. Taking into account data from the

fourth measurement, acquired approximately 3 months later, did not significantly change the results for γ-ATP (2.42 ± 0.45 mM) and Pi (1.76

± 0.31 mM). Even although the main focus of this study was on assessing γ-ATP and Pi, for completeness we also analyzed the other prominent
31P-metabolites glycero-phosphocholine (GPC), glycero-phosphoethanolamine (GPE), phosphocholine (PC), and phosphoethanolamine

(PE) regarding metabolite concentrations, CVs, and statistical differences between both coils (Tables S3–S5).

3.2 | Variability of ATP and Pi

The mean intra-volunteer CVs of the three sessions day-to-day reproducibility study of γ-ATP and Pi were 7.3% ± 3.1% and 8.8% ± 3.4% for the sin-

gle loop and 6.7% ± 3.3% and 10.6% ± 11.3% for the quadrature coil, respectively. Taking into account the fourth measurement after 3 months, the

TABLE 2 Estimated CVs and absolute concentrations of γ-ATP and Pi of the day-to-day and intra-day repeatability and reproducibility
studies of the 31P-MRS method including both coils.

No. of
volunteers

% CV intra-volunteer
± SD

Concentration, mM (mean
± SD)

γ-ATP Pi γ-ATP Pi

Single loop coil—three sessions (V1–V3) 8 7.3 ± 3.1 8.8 ± 3.4 2.32 ± 0.24 1.73 ± 0.26

Quadrature coil—three sessions (V1–V3) 8 6.7 ± 3.3 10.6 ± 11.3 2.32 ± 0.42 1.73 ± 0.27

Quadrature coil—four sessions (V1–V4) 5 6.5 ± 3.7 15.2 ± 8.6 2.42 ± 0.45 1.76 ± 0.31

Quadrature coil—single session without repositioning (M1–M3) 6 4.7 ± 2.2 6.8 ± 2.1 2.24 ± 0.28 1.62 ± 0.25

Quadrature coil—single session with different VOI placement (M3–M5) 3 7.4 ± 2.0 8.2 ± 2.7 2.24 ± 0.22 1.40 ± 0.18

Quadrature coil—single session with volunteer repositioning (M1, M6,

M7)

6 6.3 ± 5.3 7.1 ± 6.1 2.35 ± 0.32 1.69 ± 0.27

Abbreviations: CV, coefficient of variation; VOI, volume of interest.
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CVs were similar, with 6.5% ± 3.7% for γ-ATP and 15.2% ± 8.6% for Pi. For the intra-day reproducibility, the mean CVs of γ-ATP and Pi amounted to

(a) 4.7% ± 2.2% and 6.8% ± 2.1% in a single session without repositioning; (b) 7.4% ± 2.0% and 8.2% ± 2.7% in a single session with different VOI

placement; and (c) 6.3% ± 5.3% and 7.1% ± 6.1% in a single session with full repositioning of the volunteer, respectively (Figure 4). An overview of

individual obtained values for other prominent 31P-metabolites including the main CVs can be reviewed for both coils in Figure S2.

3.3 | Spectral quality

The mean SNRs of γ-ATP and Pi in the day-to-day study (three visits) were 8.2 ± 1.5 and 7.3 ± 2.3 for the single loop and 8.0 ± 1.5 and 6.8 ± 1.9

for the quadrature coil, respectively. The PCr signal, which indicates signal contamination from muscle, was low in all cases (18% ± 16% and 25%

± 12% of ATP signal intensity for the single loop and quadrature coil, respectively). Figure 5 shows representative 31P-MRS spectra with all

11 prominent hepatic 31P-metabolites.

4 | DISCUSSION

This study used a slightly modified version of an established 31P-MRS method, allowing robust absolute quantification of hepatic γ-ATP and Pi

concentrations within 15 min at 3-T with a quadrature coil. Results were compared with the results obtained with the previously used single loop

TABLE 3 Analytical results using a repeated measures ANCOVA for GLMM adjusted for both coil and visit for the metabolites γ-ATP and Pi
of the single loop and quadrature coil day-to-day reproducibility study (three visits). Estimated absolute concentrations of γ-ATP and Pi with 95%
CI are listed for each individual coil or visit and their individual differences are shown.

Effect

Concentration, mM (95% CI)

γ-ATP Pi

Least squares means

All spectra of SC coil 2.31 [2.10; 2.53] 1.73 [1.58; 1.87]

All spectra of QC coil 2.32 [2.11; 2.53] 1.73 [1.59; 1.87]

Visit 1 (SC and QC) 2.28 [2.05; 2.50] 1.68 [1.52; 1.83]

Visit 2 (SC and QC) 2.34 [2.12; 2.56] 1.77 [1.61; 1.92]

Visit 3 (SC and QC) 2.34 [2.11; 2.56] 1.75 [1.58; 1.91]

Differences of least squares means

SC–QC �0.00554 [�0.146; 0.135] �0.00066 [�0.131; 0.129]

Visit 1–Visit 2 (SC and QC) �0.0618 [�0.231; 0.108] �0.0899 [�0.247; 0.0671]

Visit 1–Visit 3 (SC and QC) �0.0591 [�0.232; 0.114] �0.0696 [�0.230; 0.0905]

Visit 2–Visit 3 (SC and QC) 0.00263 [�0.170; 0.175] 0.0203 [�0.140; 0.180]

Abbreviations: ANCOVA, analysis of covariance; CI, confidence interval; GLMM, generalized linear mixed model; QC, quadrature coil; SC, single loop coil.

F IGURE 3 Bland–Altman plots for intercoil variability of (A) γ-ATP, and (B) Pi concentrations. 22 out of 23 datapoints are within 2 SDs for γ-
ATP and 21 out 23 points for Pi. SC, single loop coil; QC, quadrature coil.
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F IGURE 4 Legend on next page.
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surface coil,36 and excellent agreement was found between the two coils. The consistency of measurements of absolute concentrations of metab-

olites in prospective studies over years to decades, like the GDS cohort,34 can be challenging because coil replacement during the study is inevita-

ble. If a new coil is introduced, the consistency of the results always needs careful validation. This is even more so when the coil geometry is

changed. By introducing a slightly larger quadrature coil, we aimed to increase the success rate of hepatic 31P-measurements in people with obe-

sity while making sure that the measured ATP and Pi concentrations were not affected. Measurements in people with obesity using the single

loop coil often fail, especially for a high distance between coil and VOI, which results in low SNR and therefore poor quality spectra.

Our results show that the absolute concentrations of ATP and Pi were very similar for both the single loop and quadrature coil and therefore

the quadrature coil can indeed replace the single loop coil. This shows the importance of the exact procedures in terms of phantom setup and

quantification of spectra, as this seems to be a more important source of variation than the coil used. Indeed, the range reported at different field

strengths in the literature is rather large, with 1.39–3.7 mM for γ-ATP and 1.18–2.8 mM for Pi
5,6,8,12,13,17,18,29–32,36,44,47–49 suggesting that differ-

ences in site-specific procedures introduce relevant biases. However, the values of this study are well in range with those concentrations reported

by other groups.6,13,18,31,32,36,48

In terms of quality of the measurement, the coils also performed very similarly. The mean intra-volunteer CVs for both coils were very similar

(7.3% and 6.7% for γ-ATP and 8.8% and 10.6% for Pi) and agree with the literature,1,11,32 which is the typical range for in vivo

MRS measurements. The larger coil element size in the quadrature coil was expected to introduce more noise; however, the quadrature geometry

should compensate for this by increasing the sensitivity and, therefore, also the signal. Indeed, the SNR results show a very similar outcome for

both coils with mean SNRs of γ-ATP and Pi of 8.2 and 7.3 using the single loop and 8.0 and 6.8 using the quadrature coil, respectively.

F IGURE 4 Results of the day-to-day (three and four visits) and intra-day repeatability and reproducibility study. For each study all obtained
metabolite concentrations are denoted as a single datapoint. Black bars indicate mean values of one visit or session. Metabolite concentrations
are presented in mM concentrations, quantified by the replacement method using a phantom with known concentration. (A) Results of the day-
to-day reproducibility study to assess absolute concentrations of γ-ATP and Pi with both coils. All volunteers underwent the same MR sessions
on three different days within a week (V1–V3). (B) Results of the day-to-day reproducibility study of the quadrature coil (V1–V3) with an
additional measurement approximately 3 months later (V4) to assess the long-term variability of γ-ATP and Pi concentration. (C) Results of the
intra-day repeatability and reproducibility study of the quadrature coil. Repeatability and reproducibility of measurements (i) without volunteer

repositioning; (ii) with volume of interest (VOI) repositioning; and (iii) with volunteer repositioning between measurements were assessed. SC,
single loop coil; QC, quadrature coil.

F IGURE 5 Top: single loop coil, bottom: quadrature coil. (A, C) Transversal slices of the liver showing coil placement and position of the
volume of interest (VOI). White dots within the coil housing show the position of the reference spheres. (B, D) Representative 31P-MR spectra
(apodization 15 Hz) of human liver at a field of 3-T. ATP, α-,β-,γ-adenosine triphosphate; GPC, glycero-phosphocholine; GPE, glycero-
phosphoethanolamine; NAD(P)H, nicotinamide adenine dinucleotide (phosphate); Pi, inorganic phosphate; PC, phosphocholine; PE,
phosphoethanolamine; PEP/PtdC, phosphoenolpyruvate/phosphatidylcholine; UDPG, uridine diphosphate glucose.
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A fourth measurement in five volunteers after approximately 3 months did not introduce additional variation, showing that basal concentra-

tions of γ-ATP and Pi remain stable in healthy volunteers and when using a simple standardization protocol.

One of the volunteers showed a large deviation in Pi and especially in γ-ATP concentrations using the quadrature coil compared with the

results obtained with the single loop coil. In the Bland–Altman analysis, the three most negative outliers for γ-ATP and the most negative point in

the Pi plot can be assigned to him. This may originate from difficulties with consistent coil positioning in this volunteer. Being very lean and having

a small waist circumference, the rigid, curved design of the quadrature coil did not fit to the volunteer's abdomen, and, during fasting, one of the

coil elements was always at a greater distance, with a large air gap between the coil and the body. This appears to be a disadvantage of the quad-

rature coil, which was intentionally designed to perform 31P-MRS in people with overweight or obesity, and reveals limitations for lean people

with a small waist circumference due to its geometry.

Methodological variation, for example, due to respiratory motion or differences in shim, was determined by the consecutive repetition of the

protocol (without repositioning). Intra-volunteer CVs of 4.7% for γ-ATP and 6.8% for Pi highlight that the method is highly reproducible and com-

parable with the literature.32

Robustness of the method for nonoptimal VOI placement was checked by purposely placing the VOI in a suboptimal position. In such cases,

we detected an increase in CVs to 7.4% and 8.2% for γ-ATP and Pi. These are the highest CVs detected in the intra-day measurements. Although

this variability is somewhat higher than with a consistent voxel position, it can still be acceptable for physiological studies and demonstrates that

the method can compensate for small deviations from the most ideal VOI placement.

The CVs after full repositioning of the volunteer were slightly higher with 6.3% and 7.1% for γ-ATP and Pi than without repositioning (4.7%

and 6.8%), but still below CVs of the day-to-day study (6.7% and 10.6%). Laufs et al.36 reported comparable intra-day CVs of 9% and 7% assessed

in five volunteers twice on different days with three scans including full repositioning. These values are of importance for sample size calculations

for interventional studies where volunteers enter the scanner on different days.

In the current study, only one out of 86 spectra had to be excluded due to low SNR. The excluded spectrum was acquired with the single loop

coil and excluded because of low SNR (γ-ATP < 4). It should be mentioned that no spectrum was excluded due to an inacceptable degree of

abdominal muscle signal contamination resulting in a prominent PCr resonance (PCr/γ-ATP > 0.5). To minimize muscle contamination, a gap

between abdominal muscle tissue and VOI was always maintained (Figure 5). Similarly, attempts were made to avoid the gallbladder as much as

possible, although this was not always possible because of the limited liver size and the voxel size that was used. It was reported earlier that the

resonance at �2.06 ppm originates mainly from the gallbladder, which is why it can be used for estimation of signal contamination.50,51 A voxel

size of 60 mm in each direction was applied to achieve a reasonable SNR within a scan time of approximately 13 min. Because a significant num-

ber of our cohort study in which this protocol is applied are overweight or obese, the big voxel size is necessary to compensate for signal loss due

to the high distance between coil and liver tissue, which would otherwise lead to noisy spectra. In terms of chemical shift displacement (CSD), the

chemical shift between γ-ATP and Pi amounts to �7.7 ppm, corresponding to �400 Hz at 3-T and will result in a CSD of �6.7 mm between these

two metabolites. As the center of the HS AHP excitation pulse is located between the two metabolites, the CSD will be lower in our experiments,

but in opposite directions. When planning measurements, care was taken that the voxel position was well within the liver for both metabolites.

Although small, it is important to note that the CSD is taken into account for the absolute quantification, as the in vitro measurements are per-

formed with the same settings as the in vivo measurements.

The main objective of this study was the comparison between two different surface coils for assessing hepatic γ-ATP and Pi. However, it is

also possible to gain information about other prominent 31P-metabolites from the acquired spectra. This study used γ-ATP as ATP representative

for ATP concentration, although it should be noted that the γ-ATP signal contains a contribution of β-ADP.52 The only pure ATP resonance is the

β-ATP signal; however, due to the big chemical shift of the β-ATP resonance and the limited excitation pulse bandwidth, which resulted in low

SNR for β-ATP, it was not possible to reliably quantify this peak. The remaining prominent metabolites GPC, GPE, PC, and PE were also analyzed

between both coils and no significant differences were found between both individual visits and coils, except for a difference between the first

two visits for GPC and between both coils for GPE (Tables S3 and S4). Furthermore, the CVs of GPC and GPE were less than 10% in the

day-to-day study, whereas PC and PE showed more variations (CVs < 20%) (Table S5). Here, the trend also shows that the inaccuracy of the

determination of concentrations increases with larger chemical shifts from the excitation pulse center.

This study used jMRUI with the AMARES algorithm for data processing and peak fitting. Establishing custom prior knowledge files including

chemical shifts, linewidths, and line shapes allowed both a precise and highly reproducible fitting as well as a fast analysis (Figure 6). Consistent

analysis is important, because in the early beginning of employing absolute quantification in liver, the results reported diverged

significantly,6,29,30,44 which was found to be partly caused by differences in processing and quantification methods.25 Including fitting of the minor

resonances uridine diphosphate glucose (UDPG), nicotinamide adenine dinucleotide (phosphate) (NAD(P)H), PCr, phosphoenolpyruvate (PEP), and

phosphatidylcholine (PtdC) led to an almost flat residue (Figure 6, top section). PCr, fitted as peak 6, was always included in the fitting procedure

as an indicator for signal contamination from superficial muscle and was used as the basis for exclusion of spectra. Noticeable is a continuous

decrease of peak amplitude of the three ATP resonances from γ- to α- and especially β-ATP, which is caused by the limited excitation bandwidth

(1.15 and 1.63 kHz) of the HS adiabatic pulse of the single loop and quadrature coil and the fact that the center frequency was set in between the

metabolites of interest γ-ATP and Pi.
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This study has certain limitations:

1. For the day-to-day reproducibility study there was no randomization of the protocols and coils, which might lead to a bias if customization to

the measurements is needed. However, all the volunteers were familiar with MRS studies. Furthermore, all volunteers left the scanner after

the single loop coil measurement without markers, allowing for identification of the coil setup. Thus, positioning of the quadrature coil was

performed independently from the previous setup.

2. This study did not apply a correction for liver lipid content, which is usually performed for hepatic ATP measurements. However, the partici-

pants had a stable lifestyle without changes in meal pattern and physical activity during the short period of this study. Thus, hepatic lipid con-

tent will not affect the reproducibility and consistency of results under these conditions. Still, it might have influenced the spread of the

obtained data, especially in the case of the two obese volunteers.

F IGURE 6 Exemplary result of the advanced method for accurate, robust, and efficient spectral fitting (AMARES) fitting routine of a human
hepatic 31P-spectrum (quadrature coil). Graphs from bottom to top: original data, sum of fitting result, individual peak fitting (1,4,5: β-,α-,γ-
adenosine triphosphate [ATP], 2: uridine diphosphate glucose [UDPG], 3: nicotinamide adenine dinucleotide (phosphate) [NAD(P)H], 6:
phosphocreatine [PCr], 7: phosphoenolpyruvate/phosphatidylcholine [PEP/PtdC], 8,9: phosphodiester [PDE], 10: inorganic phosphate [Pi], 11,12:
phosphomonoester [PME]) and residue of the spectrum after fitting.
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3. The obtained absolute concentrations for both γ-ATP and Pi are slightly lower compared with previous data of our group.36 Lower absolute

concentrations may result from the absence of correction for liver lipid content or from a different duration of fasting before the measure-

ments. Nevertheless, dietary intervention studies revealed conflicting results on meal ingestion and fasting on ATP concentrations.16,23,53,54

4. A recent publication indicated that the absolute concentrations obtained using the phantom replacement technique can be biased when the

conductivity of the phantom does not match the in vivo situation.49 An acceptable range of conductivity of a phosphate phantom at 3-T field

strength was found to be between 0:39�0:58 S
m. The 50mM K2HPO4 phantom used in this study has an estimated conductivity of

appoximately 0:89 S
m, which may introduce a 20% bias. Correcting our results according to Purvis et al.49 would lead to concentrations of 2.78

and 2.08mM for γ-ATP and Pi, which is still in agreement with the literature.

In summary, 3D-ISIS 31P-MRS allows for robust measurement of hepatic γ-ATP and Pi concentrations within a reasonable time frame of

�13 min when a single loop or a quadrature coil is used. High reproducibility was shown for both day-to-day (CV < 11%) and intra-day studies

with full repositioning (CV < 8%). The similarity of the metabolite concentrations between both coils and visits shows the robustness of the

phantom-replacement method for obtaining absolute concentrations. This justifies switching between coils without introducing a coil-dependent

bias. The larger coil loops of the quadrature coil may increase the success rate of measurements in people with obesity and in those with BMI

values exceeding 32 kg/m2.
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52. Sedivy P, Dusilova T, Hajek M, Burian M, Krššák M, Dezortova M. In vitro 31P MR chemical shifts of in vivo-detectable metabolites at 3T as a basis set

for a pilot evaluation of skeletal muscle and liver 31P spectra with LCModel software. Molecules. 2021;26(24):7571. doi:10.3390/molecules26247571
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