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Abstract

The detection of a secondary inorganic phosphate (Pi) resonance, a possible marker

of mitochondrial content in vivo, using phosphorus magnetic resonance spectroscopy

(31P-MRS), poses technical challenges at 3 Tesla (T). Overcoming these challenges is

imperative for the integration of this biomarker into clinical research. To evaluate the

repeatability and reliability of measuring resting skeletal muscle alkaline Pi (Pialk) using

with 31P-MRS at 3 T. After an initial set of experiments on five subjects to optimize

the sequence, resting 31P-MRS of the quadriceps muscles were acquired on two visits

(�4 days apart) using an intra-subjects design, from 13 sedentary to moderately

active young male and female adults (22 ± 3 years old) within a whole-body 3 T MR

system. Measurement variability attributed to changes in coil position, shimming pro-

cedure, and spectral analysis were quantified. 31P-MRS data were acquired with a
31P/-proton (1H) dual-tuned surface coil positioned on the quadriceps using a pulse-

acquire sequence. Test–retest absolute and relative repeatability was analyzed using
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the coefficient of variation (CV) and intra-class correlation coefficients (ICC), respec-

tively. After sequence parameter optimization, Pialk demonstrated high intra-subject

repeatability (CV: 10.6 ± 5.4%, ICC: 0.80). Proximo-distal change in coil position along

the length of the quadriceps introduced Pialk quantitation variability (CV: 28 ± 5%),

due to magnetic field inhomogeneity with more distal coil locations. In contrast, Pialk

measurement variability due to repeated shims from the same muscle volume (0.40

± 0.09mM; CV: 6.6%), and automated spectral processing (0.37 ± 0.01mM; CV:

2.3%), was minor. The quantification of Pialk in skeletal muscle via surface coil 31P-

MRS at 3 T demonstrated excellent reproducibility. However, caution is advised

against placing the coil at the distal part of the quadriceps to mitigate shimming

inhomogeneity.

K E YWORD S

31P-MRS, mitochondria, mitochondrial biomarker, muscle energetics, muscle MR spectroscopy,
repeatability

1 | INTRODUCTION

Since its early development in the 1970s, phosphorus magnetic resonance spectroscopy (31P-MRS) has been integral to the study of skeletal mus-

cle bioenergetics. A typical 31P-MRS spectrum displays six prominent peaks corresponding to the three phosphate groups of adenosine triphos-

phate (ATP; β-ATP, α-ATP, and γ-ATP), phosphocreatine (PCr), the phosphodiesters (PDE) glycerophosphoethanolamine (GPE) and

glycerophosphocholine (GPC), and inorganic phosphate (Pi). The advent of ultra-high field (>7 Tesla) whole-body scanners has reignited interest in

the field of muscle bioenergetics, particularly in exploring skeletal muscle metabolites with low in vivo concentration (<1mM). Notably, com-

pounds such as nicotinamide dinucleotide (NAD+) and an alkaline Pi resonance (Pialk) have garnered attention for their potential utility as markers

of redox balance and mitochondrial content, respectively.

Early work in the field of 31P-MRS identified a well-resolved Pi resonance in isolated mitochondria1,2, which was later detected in perfused

liver3–5 and isolated heart6,7 (i.e., organs rich in mitochondria). Specifically, a discernible doublet Pi peak was observed, with the upfield peak

attributed to the cytosolic compartment (Picyt), and the downfield more alkaline peak (Pialk) attributed to the mitochondrial matrix1,3,4,6–8. Carefully

controlled experimental conditions ex vivo demonstrated that the signal amplitude of Pialk increased in response to mitochondrial swelling, and

that its chemical shift varied according to the pH of the mitochondrial matrix1–5. Together, these studies conducted at ultra-high magnetic field

ex vivo established the mitochondrial origin of an alkaline (�7.4–7.5) Pi pool9,10.

In 2010, Kan et al, (2010) detected Pialk in vivo in resting human soleus and tibialis anterior (TA) muscles using a 7 T scanner11. This finding

was then confirmed in the quadriceps muscles12–14. Importantly, several results in vivo corroborated the possible mitochondrial origin of Pialk. For

instance, expressed as Pialk/Picyt, a significantly lower ratio was documented in the TA (Pialk/Picyt: 0.07; �70% slow oxidative fibers) as compared

to the soleus (Pialk/Picyt: 0.11; �90% slow oxidative fibers)11, thus suggesting a greater mitochondrial content in the soleus, consistent with

in vitro findings15–17. Similarly, aerobically trained athletes exhibited a higher Pialk/Picyt ratio (0.07) in the quadriceps muscle than recreationally

active adults (0.03)13. [Pialk] further correlated (r = 0.68) with the maximal rate of oxidative ATP synthesis (Qmax) as measured by 31P-MRS in

obese-to-sedentary patients, as well as lean active adults12. Together, these data suggest that Pialk is a candidate biomarker for quantifying mito-

chondrial content in the skeletal muscle.

However, ultra-high magnetic field scanners are rather scarce, which somewhat limits the translational impact of these findings. Although 3 T

MR scanners are more broadly available, the short longitudinal relaxation time (T1 < 1.5 s)1,2,8,11, low concentration of Pialk in resting human skele-

tal muscle (<1mM), and close resonance proximity with the cytosolic Pi peak (�0.4 ppm) present a significant challenge to detect this metabolite

at lower magnetic field. A necessary first step is to establish the methodology for a reproducible quantification of Pialk paving the way for its

potential implementation in clinical trials in the future.

The primary objective of the current study was two-fold: (1) to assess the intra-subject absolute and relative repeatability of [Pialk] in the rest-

ing quadriceps of sedentary young adults, utilizing surface coil 31P-MRS at 3 T, and (2) to evaluate the impact of changes in coil location, shimming

optimization, and automated spectral processing on the measurement variability of [Pialk]. Using optimized parameters for its detection, we show

that: (1) [Pialk] has a medium-to-strong absolute (i.e., low coefficient of variation) and relative (i.e., high intra-class coefficient of correlation)

repeatability when measured at two separate time points separated by 7 days and (2) that shimming optimization and spectral processing mini-

mally influence signal variability, but that coil placement is an important determinant in the variability of Pialk quantification.
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2 | METHODS

2.1 | Participant characteristics

Following informed consent, 18 healthy young adults were enrolled for this study. Five (four males and one female) completed a set of experiments

to optimize the sequence for Pialk detection. After which, 13 (seven males and six females) completed the test–retest repeatability

experiments. Participants were sedentary to moderately active, i.e. not engaged in structured physical activity more than three times a week, as con-

firmed by accelerometry. Habitual physical activity was characterized using uniaxial accelerometry (GT3X, Actigraph, Pensacola, FL) instrumented on

the non-dominant wrist for seven days. All participants were non-smokers free from diabetes, and any known cardiovascular, peripheral vascular,

neuromuscular, or pulmonary diseases, and not taking any medications known to alter metabolism. For the female participants, all tests were con-

ducted within the first 7 days of the early follicular phase as sex hormones (i.e., estrogen and progesterone) are at their most stable during this period.

The study was approved by the Institutional Review Board at the University of Massachusetts Amherst. All experimental trials were performed in a

thermoneutral environment at the same time of day, with the subjects fasted overnight and having refrained from strenuous exercise for the past

24 hours. A comprehensive fasting blood panel was collected for complete blood cell count and lipid panel on the first experimental visit.

2.2 | T1 characterization and sequence optimization

A critical step in assessing the repeatability of Pialk quantification at 3 T is to first optimize the sequence parameters to ensure that this metabolite

can be detected at this field strength. For the following optimization scans, a custom-built 31P/1H surface circular coil (80 mm single loop 31P coil

surrounded by a 100 mm 1H coil loop) with linear polarization was positioned mid-thigh above the right quadriceps muscle (Figure 1.) and scans

performed within the bore of a 3 T whole-body MR scanner (Skyra, Siemens Healthineers, Erlangen, Germany). A set of 31P progressive saturation

experiments were then performed on three participants [repetition time (TR) = 550–2500 ms; 550, 1000, 1500, 2000, 2500 ms for a total of five

points] using a pulse-acquire sequence with a 100 μs hard pulse and the following parameters: receiver bandwidth = 4 kHz, 2048 data points,

nominal flip angle = 80�, 120 averages per spectrum, 1H decoupling WALTZ-4 at 50%, i.e., 240 ms. Due to the short T1 of Pialk and specific

absorption rate (SAR) limit with the decoupling pulse, a second set of 31P progressive saturation experiments was performed on two participants,

at shorter TR (TR = 300, 500, 700, 900, 1100, 1300, 1500 ms) without 1H decoupling to better characterize the longitudinal relaxation time (T1)

of Pialk at shorter TR. Additional experiments on these five participants were also conducted with varying pulse duration (100–300 μs), nominal

flip angle (50–90�), and 1H decoupling duration (96–288 ms).

2.3 | Intra-subject repeatability

Participants reported to the laboratory on two separate visits during a 7-day period (mean ± SD; 4 ± 2 days). To assess the ‘test–retest repeatabil-

ity’ of [Pialk], participants were instructed to lie supine within the bore of a 3 T whole-body MR scanner (Skyra, Siemens Healthineers, Erlangen,

Germany) while resting concentration of phosphorylated compounds and intracellular pH were measured in the right quadriceps muscle.

F IGURE 1 Representative pictures of experimental setup and coil placement on thigh. Participants were instructed to rest supine, with the
quadriceps relaxed and coil positioned mid-thigh secured with coflex (A.). Representative image of coil placed at the mid-thigh (B.).
Representative image of the coil placed proximally (closer to locations 5 and 6 when assessing variability due to coil placement (C.)
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2.3.1 | 31P-MRS acquisition

Three-plane scout proton MR images were initially acquired to determine the position of the leg with respect to the surface coil and to

perform an automatic localized map shimming. Then, further optimization was performed via a manual shimming procedure [full width at

half maximum (FWHM) for 1H; Visit 1: 37.3 ± 5.4 and Visit 2: 37.2 ± 2.8 Hz; p > 0.05; for 31P; Visit 1: 11.8 ± 0.8 and Visit 2: 11.6

± 0.6 Hz; p > 0.05]. Unless stated otherwise, the 31P MR spectrum was obtained with the following parameters: TR = 1500 ms,

Bandwidth = 4000 Hz, 2048 data points, Nominal Flip Angle = 80�, 200 Averages, 1H decoupling WALTZ-4 at 50% i.e., 240 ms, hard pulse

100 μs.

2.3.2 | 31P-MRS analysis

Before signal fitting, the first time point of the free induction decay (FID) was corrected by adjusting the first order phase, and a 2 Hz Gaussian fil-

ter was applied to improve spectral resolution (e.g., to improve SNR without compromising spectral resolution). Relative concentrations of phos-

phocreatine [PCr], inorganic phosphate [Pi], phosphomonoester [PME], nicotinamide dinucleotide (NAD), and [ATP] were obtained by fitting their

signals using Lorentzian line shapes with a time-domain fitting routine using the AMARES algorithm18 incorporated into the CSIAPO software19.

Prior knowledge for AMARES was constrained for Lorentzian line-shapes with Pialk frequency between 120 and 159 Hz, and damping of the

FID decay to 0.003–0.09 KHz. Phase order was manually adjusted with a degree of tolerance of ± 3.6� for zero-phase order changes across the

spectrum. Linewidth and peak area were left unconstrained. Cytosolic and alkaline pH were calculated from the chemical shift difference between

PCr and the cytosolic and alkaline Pi signals, respectively. The resting concentrations were calculated assuming an 8.2 mM beta ATP

concentration20.

2.4 | Sources of measurement variability

2.4.1 | Coil position

In a subset of participants (n = 5), the coil was positioned on the quadriceps and moved along the length of the thigh in the distal-to-proximal

direction to measure resting metabolites in six different locations. Coil placement was determined relative to the total thigh length, with a stan-

dardized gap of 16.7% of the total thigh length between each coil placement location, with automatic and manual shimming performed after each

coil change (31P full width at half maximum < 15 Hz).

2.4.2 | Shimming optimization

Measurement variability from an advanced localized automatic shimming followed by manual optimization of the shimming (31P full width at half

maximum <12 Hz) was calculated based on 10 consecutive scans acquired in the same location of the quadriceps on the same participant (n = 1;

female; 23 yrs. old, 21.4 kg/m2,8909 steps/day). The surface coil was positioned mid-thigh and the shimming procedure reset for each scan. The

participant remained supine on the bed of the scanner throughout the entire procedure.

2.4.3 | Spectral processing and quantification

Analysis repeatability from post-processing of Pialk signal was estimated from one spectrum randomly selected in the dataset (n = 1) analyzed

20 times using a time-domain fitting routine21 and the AMARES algorithm18 incorporated into the CSIAPO software19 and with the same prior

knowledge for the metabolites of interest.

2.5 | Statistical analysis

Test–retest absolute and relative repeatability were analyzed using intra-subject coefficient of variation (CV) and intra-class correlation coeffi-

cients (ICC), respectively, as described previously22. Relative repeatability was defined as an individual maintaining his/her position, e.g., rank,

within a sample with repeated measurements23 and assessed with the ICC, a two-way random effects model with single measurement

4 of 12 MATIAS ET AL.
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repeatability in which variance over the repeated sessions is considered. The ICC indicates the error in measurements as a proportion of the total

variance in scores. In accordance with Atkinson & Nevill, relative repeatability as assessed by the ICC was qualitatively defined as: ICC = 0.7–0.8

as ‘questionable’, ICC = 0.8–0.9 as ‘good’, and an ICC > 0.9 as ‘high’23.
Absolute repeatability is the degree to which repeated measurements vary for individuals and the measurement system23. This was per-

formed by calculating the intra-subject (i.e., test–retest) and measurement procedure (i.e., coil positioning, repeated shims, automated spectral

processing) CV, and then reporting the mean CV for the respective dependent variables. Accordingly, the intra-subject CV was calculated as the

SD of the measurements recorded during both visits, or for each scan, and then divided by the mean of the two visits as previously described22.

This assessment of CV is different from the inter-subject that quantifies the variability within the group rather than the intra-subject variability

that requires a repeated measurement design. The corresponding result was expressed as a percentage. ICC and CV analyses was done using a

downloadable Excel spreadsheet22.

Statistical comparisons were performed, and figures generated, using open-source software (RStudio version 5.1.6, RStudio: Integrated

Development for R, PBC, Boston, MA, USA). Boxplots were generated, with the bottom line representing the first quartile (>25% of the data), the

middle dark line the median, and the top line the third quartile (>75% of the data). The dark square represents the mean and individual circles rep-

resent individual data points. Paired, two-tailed Wilcoxon-Signed Rank t-tests were conducted to assess a difference in mean [Pialk] between Visit

1 and 2. Pearson correlation was used for all correlation analysis. All data are presented as mean ± standard deviation (SD) unless stated

otherwise.

3 | RESULTS

3.1 | Participant characteristics

Baseline participant characteristics for the repeatability protocol (males = 6; females = 7), including anthropometric, physical activity level, and

blood profile are presented in Table 1.

3.2 | Sequence optimization and longitudinal relaxation time of Pialk

As illustrated in Figure 2A-C., the optimum pulse duration, nominal flip angle, and duration of the 1H decoupling pulse were 100 μs, 80�, and

240 ms, respectively. The T1 value of Pialk in the skeletal muscle in vivo was 412 ± 112 ms at 3 T (Figure 2D).

TABLE 1 Participant characteristics.

Sample size (female/male) 13 (7/6) Range

Anthropometric characteristics

Age (yrs) 22 ± 3 18–29

Height (cm) 172.9 ± 9.7 163–192

Mass (kg) 70.5 ± 12.8 51–91

BMI (kg/m2) 23.6 ± 3.6 17.5–29.1

Physical activity

Step Counts/Day 7812 ± 2432 3764–13,812

Blood and plasma characteristics

Hemoglobin (g/dl) 14 ± 2 12–17

Hematocrit (%) 42 ± 5 37–50

Glucose (mg/dl) 87 ± 4 80–93

Total Cholesterol (mg/dl) 176 ± 34 116–225

HDL-C (mg/dl) 59 ± 15 42–86

LDL-C (mg/dl) 103 ± 23 55–125

Triglycerides (mg/dl) 72 ± 19 40–95

Abbreviations: BMI: Body Mass Index; HDL: High-Density Lipoprotein Cholesterol; LDL: Low-Density Lipoprotein Cholesterol.

Values are expressed as mean ± standard deviation (SD).
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3.3 | Test–retest repeatability of Pialk and phosphate metabolites

An example of the MR spectra acquired from the quadriceps muscle is illustrated in Figure 3. Table 2 summarizes intracellular metabolite concen-

tration and pH from both the cytosolic and alkaline Pi at rest. The resting concentrations of Pialk were 0.35 ± 0.09mM (visit 1) and 0.35 ± 0.10mM

(visit 2), resulting in an intra-subject CV of 10.6 ± 5.4% and an ICC of 0.80 (Figure 4A., Table 2). The corresponding resting pH of Pialk was 7.46

± 0.03 (visit 1) and 7.44 ± 0.03 (visit 2), resulting in an intra-subject CV of 0.2 ± 0.1% and an ICC of 0.74 (Table 2.). The resting Pialk/Picyt ratio

was 0.10 ± 0.03 for both visits, resulting in an intra-subject CV of 10.3 ± 8.1% and an ICC of 0.71 (Figure 4B., Table 2). Individual data of both

visits for Pialk and Pialk/Picyt are displayed in Figure 4D and4E, respectively. For comparison, Figure 4F and C represents the individual data of

both visits for the well-resolved peak of PCr and ICC's, respectively.

(A) (B)

(C) (D)

F IGURE 2 Sequence optimization for (A.) pulse duration, (B.) nominal flip angle, (C.), 1H decoupling pulse duration, and (D.) longitudinal
relaxation time (T1). Optimal values for pulse duration, nominal flip angle, and decoupling duration were 100 μs, 80�, and 240 ms, respectively. T1
value of Pialk in the skeletal muscle in vivo was 412 ± 112 ms. n = 5.

F IGURE 3 Representative example of a 31P-MRS spectra in the quadriceps muscle of a healthy young adult at 3 T, with the region between
0 and 8 ppm enlarged. The signal-to-noise-ratio was 11, 39, and 507 for Pialk, pi cytosolic, and PCr, respectively. A 2 Hz Gaussian filter was used
for apodization. PCr: phosphocreatine; GPC: Glycero-3-Phosphocholine; GPE: Glycero-3-Phosphoethanolamine; pi: cytosolic inorganic
phosphate; Pialk: alkaline inorganic phosphate; PME: Phosphomonoesters.
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3.4 | Effect of coil location on Pialk measurement variability

When the coil was positioned on the quadriceps and moved along the length of the thigh in the distal-to-proximal direction, the CV across all six

positions for Pialk was 28 ± 5% (Table 3). In contrast, the CV across all six positions for Pi, PCr, PDE, the pH of Pialkaline, and the pH of Picytoplam

were lower with values of 8 ± 4%, 7 ± 4%, 8 ± 3%, 0.49 ± 0.11%, and 0.13 ± 0.09, respectively (Table S1). It is noteworthy that the shimming

quality deteriorated in the region closer to the knee as indicated by the higher FWHM (>13 Hz, Figure 4).

3.5 | Effect of shimming on Pialk measurement repeatability

The CV for Pialk in 10 consecutive scans, during which the shimming procedure was reset each time, was 6.6% (Table 3). For comparison, Table 3

summarizes the intracellular concentration of other well-resolved phosphorus metabolites and pH, along with their respective CVs, following the

same procedure.

TABLE 2 Intra-subject repeatability in 31P-MRS variables at rest.

Resting metabolite Visit 1 Range visit 1 Visit 2 Range visit 2 Mean CV (%) ICC (95% CI)

PCr (mM) 37.2 ± 3.1 32.5–43.1 36.9 ± 3.1 31.3–42.3 3.3 ± 2.2 0.77 (0.77,0.768)

Picyt (mM) 3.6 ± 0.7 2.9–5.6 3.5 ± 0.6 2.9–5.3 5.9 ± 4.4 0.84 (0.84,0.837)

Pialk (mM) 0.35 ± 0.09 0.35–0.50 0.35 ± 0.10 0.20–0.50 10.6 ± 5.4 0.80 (0.80,0.804)

PDE (mM) 1.80 ± 0.42 1.09–2.40 1.68 ± 0.42 1.04–2.40 5.7 ± 5.7 0.94 (0.94,0.936)

Total NAD (mM)1 1.11 ± 0.23 0.89–1.50 1.31 ± 0.32 0.87–1.30 14.4 ± 0.2 0.23 (0.23,0.231)

Pialk/Picyt 0.10 ± 0.03 0.05–0.20 0.10 ± 0.03 0.06–0.20 10.3 ± 8.1 0.71 (0.71,0.708)

β-ATP (a.u.) 65,431 ± 14,522 42,800–84,000 60,322 ± 20,330 9960–83,300 11.4 ± 29.6 0.41 (0.41,0.409)

pH Cytosolic 6.97 ± 0.02 6.94–7.00 6.97 ± 0.02 6.94–7.00 0.1 ± 0.1 0.64 (0.64,0.640)

pH alkaline 7.46 ± 0.03 7.41–7.50 7.44 ± 0.03 7.39–7.50 0.2 ± 0.1 0.74 (0.74,0.745)

Abbreviations: PCr: Phosphocreatine; Pi: Inorganic Phosphate; Pialk: Alkaine Inorganic Phosphate; Picyt: Cytosolic Inorganic Phosphate; PDE:

Phosphodiesters; NAD: Nicotinamide Adenine Dinucleotide; β-ATP: Beta Peak of Adenosine Triphosphate; a.u.: Arbitrary Units; CV: coefficient of

variation; ICC: Intraclass Coefficient of Variation; CI: 95% lower and upper confidence intervals.

Values are expressed as mean ± SD. Sample size = 13.
1Total NAD includes NAD + and NADH.

F IGURE 4 Top three panels are the corresponding scatter plots for Pialk (A.), Pialk/Picyt (B.), and PCr (C.) comparing visit 1 and visit 2. Dotted
blue lines represent the ‘line of identity’. Shaded light gray region is the 95% confidence interval. Dashed red lines is the regression line. Bottom
three panels represent the means and individual data points for Pialk (visit 1: 0.35 ± 0.09mM vs. visit 2: 0.35 ± 0.10mM; D.), Pialk/Picyt (visit 1:
0.10 ± 0.03 a.u. vs. visit 2: 0.01 ± 0.03 a.u.; E.), and PCr (visit 2: 37.15 ± 3.09 vs. 31.34 ± 3.06mM; F.). N = 13. ICC: intraclass correlation
coefficient mM: millimolar concentration; a.u.: arbitrary units.
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3.6 | Effect of spectral processing on Pialk and
31P metabolites repeatability

The analysis repeatability CV was 6.6% for Pialk in one spectrum that was randomly selected, with spectral post-processing repeated 20 times. For

comparison, Table 3 summarizes the intracellular concentration of other well-resolved phosphorus metabolites and pH, along with their respective

CVs, following the same procedure.

4 | DISCUSSION

The aim of the present study was twofold: (1) to quantify the intra-subject test–retest absolute and relative repeatability of Pialk measured by
31P-MRS in resting quadriceps muscle of healthy young adults using a surface coil at 3 T, and (2) to determine the potential factors contributing

to [Pialk] variability (i.e., coil placement, shimming, and automated spectral processing error). Using a sequence with a short TR coupled to 1H

decoupling, resting [Pialk] was �0.35mM in the quadriceps of healthy young adults, and demonstrated good repeatability with a test–retest CV of

10.6%. Importantly, shimming (CV = 6.6%) and spectral processing (CV ≤ 2.3%) accounted for a limited portion of Pialk measurement variability. In

contrast, coil location affected Pialk quantification (CV: 28 ± 5%), with higher [Pialk] in the distal region of the thigh (i.e., closest to the patella),

likely due to magnetic field inhomogeneity in the sampled area. Collectively, the present study supports the repeatability of Pialk quantification in

the skeletal muscle by 31P MRS using 1H decoupling and a surface coil at 3 T, as long as magnetic field homogeneity is optimized (FWHM of

PCr < 12.5 Hz).

4.1 | Technical considerations for the measurement of Pialk

Several aspects needed to first be considered to optimize the spectral resolution of Pialk and thus ensure sufficient reproducibility. The T1 of the

alkaline Pi resonance measured in isolated mitochondria (T1 = 540 ms24; T1 = 600 ms1) and perfused liver in situ (T1 = 710 ms8) at ultra-high

magnetic field (9.4 T) was very short. This value was 1.4 ± 0.5 s in the skeletal muscle in vivo at 7 T11 and the T1 of Pialk in the present study was

412 ± 112 ms (Figure 2D) using a progressive saturation technique. Together, both in vivo studies concur that the T1 relaxation of Pialk is shorter

than the T1 of cytosolic Pi, thus extending prior findings in isolated tissues. Of note, previous studies in humans used longer TRs (4–5 s11,14 and

15 s12,25,26), resulting in lower saturation of the cytosolic Pi, and thus greater overlap in the signal of the two Pi pools. The faster pulsing condi-

tions (TR = 1.5 s) used in the present study thus provided several advantages by allowing a better splitting between the cytosolic with a longer T1

(�7 s)27 and alkaline Pi peaks, more signal averaging to improve the signal-to-noise ratio (SNR) while keeping a reasonable acquisition time (acqui-

sition time �5 min in the present study). The prolonged irradiation (250 ms) of the 1H coupled to 31P using a decoupling pulse Waltz-4 improved

the signal intensity of Pialk by �17% (data not shown) along with its spectral resolution without reaching SAR limits. Such enhancement in the sig-

nal has previously been demonstrated to improve the repeatability of metabolite measurements28, which was even more critical given the low

concentration of Pialk. Finally, the use of a small surface coil provided greater signal sensitivity for superficial tissue such as the quadriceps com-

pared to a volume coil (e.g., birdcage). This coil design may, however, be problematic for other muscle groups with heterogeneous fiber type

composition (e.g., plantar flexor muscles). Together, these optimization steps contributed to a more accurate detection of Pialk despite its low con-

centration in the skeletal muscle and small chemical shift difference with the cytosolic Pi (�0.4 ppm).

TABLE 3 Repeatability related to coil position, intra-session repeated shims, and spectral processing.

PCr (mM) Pi (mM) Pialk (mM) PDE (mM) pHCytoplasm pHalkaline

a. Effect of coil position (n = 5)

Metabolic
variable
(% CV)

34.5 ± 2.5 (7 ± 4) 3.7 ± 0.2 (8 ± 4) 0.40 ± 0.09 (28 ± 5) 1.98 ± 0.04 (8 ± 3) 6.98 ± 0.01 (0.13 ± 0.09) 7.45 ± 0.02 (0.49 ± 0.11)

b. Intra-session repeatability (n = 1, 10 repeated measurements with new shimming)

Metabolic
variable
(% CV)

29.1 ± 0.4 (1.5) 3.0 ± 0.1 (3.0) 0.40 ± 0.03 (6.6) 2.19 ± 0.04 (1.7) 6.99 ± 0.00 (0.1) 7.44 ± 0.02 (0.3)

c. Repeatability of spectral processing (n = 1, 20 repeated measurements)

Metabolic
variable
(% CV)

32.2 ± 0.2 (0.7) 2.7 ± 0.0 (0.7) 0.37 ± 0.01 (2.3) 1.19 ± 0.01 (0.9) 6.98 ± 0.00 (0.0) 7.43 ± 0.00 (0.0)

Values are expressed as mean ± SD, with the coefficients of variation (CV) in parentheses.
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4.2 | Pialk concentration in the quadriceps muscle at rest

Utilizing this optimized setup, the concentration of Pialk in the quadriceps of healthy sedentary to moderately active young adults was approxi-

mately 0.35mM (Table 2, Figure 4). This concentration falls within the range of values previously measured in the quadriceps and plantar flexor

muscles of untrained healthy young adults at 7 T (�0.28–0.42mM)1,12,17. Interestingly, quadriceps [Pialk] in the present study was slightly lower

than [Pialk] of the vastus lateralis of endurance-trained athletes17, but two-fold higher than values reported in obese individuals (�0.18mM)12,

which may be consistent with the mitochondrial origin of this Pi pool. In contrast, Sedivy and colleagues reported higher [Pialk] in the plantar flexor

muscles of healthy older individuals (�0.8mM) and values as high as �3.0mM in patients with peripheral arterial disease (PAD) at 3 T24. The rea-

son for this discrepancy is unclear, but it should be noted that both studies employed different acquisition parameters (TR = 1.5 s in the present

study vs. 15 s, signal averaging = 200 in the present study vs. 16), which may have led to signal overlap and potential overestimation of [Pialk] in

the study by Sedivy and colleagues. Also, patients with PAD and intermittent claudication may exhibit higher mitochondrial content than their

healthy counterparts to compensate for poor mitochondrial function or low O2 availability 29,30, which may translate into higher [Pialk] if the Pi

pool originates from the mitochondrial matrix11,13. Alternatively, Sedivy et al suggested that tissue edema, commonly observed in the lower limb

of PAD patients could have contribute to an increased [Pialk] in this population if the Pi pool is located in the interstitium. Therefore, both techni-

cal and fundamental physiological factors may explain the differences in [Pialk] between studies.

4.3 | Intra-subject test–retest repeatability of Pialk

A central finding of the present study was the observation of both high absolute repeatability (CV = 10.6 ± 5.4%) and good relative repeatability

(defined as an ICC ranging from 0.80–0.90) for [Pialk]. As expected, Pialk repeatability assessed by the CV was slightly lower than well-resolved

metabolites e.g., PCr, Pi, PDE (CV: �3–6%). However, these same well-resolved metabolites had ICC values similar to Pialk (ranging from ‘good’ to
‘high’ relative reproducibility; see Table 2.). It is noteworthy that despite the large differences in concentration between Pialk and the other metab-

olites (e.g., PCr was �80 fold higher, Pi �7 fold higher, and PDE � 4 fold higher than Pialk) the metrics of absolute and relative repeatability were

high. Importantly, they were within a close range to these well-resolved metabolites supporting that Pialk can be robustly and reproducibly quanti-

fied at 3 T. To put this in perspective, studies conducted at a similar field strength (i.e., 3 T) reported CVs for cytosolic Pi of 15% in the tibialis

anterior muscle with a 10-day intra-subject test–retest design31 and 8% in the plantar flexor muscles with a 7-day intra-subject test–retest

design17. Only two studies calculated the ICC of 31P metabolites and reported values of 0.7917 and 0.1422 for cytosolic Pi in the plantar flexor

muscles (measured one week apart) and quadriceps (measured two months apart), respectively. Collectively, these findings suggest that Pialk can

be reliably quantified in the quadriceps at 3 T, with repeatability similar to other well-studied phosphate metabolites (e.g., PCr, Pi, PDE).

4.4 | Measurement variability: effect of coil location and field homogeneity on Pialk quantification

The effects of coil placement and intra-session repeated shims were evaluated to further determine the potential factors contributing to the vari-

ability in Pialk quantification. When the coil position was shifted along the thigh in the distal-to-proximal direction, a CV of 28 ± 5% was observed

for Pialk (Table 3). This is somewhat in contrast to the other well-resolved metabolites, e.g., PCr (CV = 7 ± 4%) and Pi (CV = 8 ± 4%), which were

less affected by coil placement. Given the close spectral proximity of Pialk to the cytosolic Pi, Pialk was poorly resolved and difficult to quantify in

all participants for position 1 (17% of femur length from the knee), and in 5/6 participants for position 2 (33% of femur length from the knee).

When positions 1 and 2, which displayed a higher FWHM than other coil locations, were excluded from the analysis, the CV for Pialk decreased to

16 ± 14% (Supplemental Table 1.), a near 50% decrease in variability.

The low repeatability along the length of the thigh is likely due to a change in coil loading/shimming quality. The FWHM of PCr, which was

used to evaluate the homogeneity of the magnetic field in the sampled area, was higher at 16.6% and 33.3% of the total thigh length (�13–

14 Hz, Figure 5). This larger linewidth may have resulted in an overlap with the cytosolic Pi signal and thus led to Pialk signal overestimation during

spectral fitting. In contrast, other well-resolved and higher-signal magnitude metabolites (PCr, Pi, ATP) were less susceptible to this small decrease

in shimming quality, as indicated by their unchanged concentration. Given the influence of magnetic field inhomogeneity on spectral resolution

for Pialk quantification, we also evaluated measurement variability related to shimming within a session. Localized map shimming using an

advanced automatic shimming algorithm combined with manual shimming to fine-tune the gradients (FWHM <12.5 Hz) was repeated prior to

scanning the same participant and resulted in ‘excellent’ absolute repeatability for Pialk (CV = 2.3%, Table 3) when the coil was placed mid-thigh.

This value was of a similar magnitude as for PCr (CV = 1.5%), Pi (CV = 3.0%), PDE (CV = 1.7%), and pH (CV = 0.1–0.3%).

Interestingly, the sum of the phosphate signals (Pi, PDE, PCr, ATP) was �27% lower at coil placement 1 (�240,000 a.u.) than the other coil

placements (�332,000 a.u., Supplemental Table 1.), indicating potential differences in the composition of the tissue underneath the coil (e.-

g., greater connective tissue content and lower muscle volume in the coil). Conceptually, the observed disparity in [Pialk] along the length of the
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thigh may thus also arise from differences in muscle fiber properties in the sampled region28,32. Oxidative type I muscle fibers (as compared to gly-

colytic type II fibers) would be expected to have a higher [Pialk] provided this is a surrogate marker of mitochondrial content. Although the present

study was not designed to investigate an effect of muscle composition on [Pialk] repeatability, a recent study by Horwath et al reported no differ-

ences in fiber type along the longitudinal length of the vastus lateralis using muscle biopsies, ruling out any potential effect of muscle fiber

typology33.

Together, these results emphasize the critical role of coil placement and optimization of magnetic field homogeneity for achieving better

spectral resolution and consistent Pialk quantification using a surface coil. Notably, it is recommended that surface coil placement be confined to

the top 2/3 of the thigh muscle (i.e., starting at 33.3% of total femur length measured from distal-to-proximal) to ensure sufficient magnetic field

homogeneity. Alternatively, strategies relying on single-voxel (e.g., ISIS, PRESS) or multi-voxel (2D-CSI) pulse sequence localization may be used,

however, at the expense of maintaining high SNR.

4.5 | Effect of spectral processing on Pialk quantification

Using a time-domain fitting routine and the AMARES algorithm18, with the same prior knowledge of the metabolites of interest incorporated into

the CSIAPO software19 (Pialk peak frequency range 125–160 Hz), the quantification of all major phosphate metabolites was highly reproducible

(i.e., ‘excellent’) with CVs generally below 1%, and a maximum of 2.3% for Pialk. These values are similar to a previous study by our group at

1.5T22 that used the same post-processing procedure, thus confirming the robustness of this approach for quantifying metabolites compared to

manual curve fitting26.

4.6 | Perspective: is Pialk a biomarker of mitochondrial content?

Collectively, the high absolute and relative repeatability of [Pialk] suggests that this measurement is suitable to monitor longitudinal changes and

for cross-sectional comparisons in skeletal muscle groups with a mixed fiber type, such as the quadriceps. Interestingly, besides being located to

the mitochondrial matrix1,3,4,6–8, recent 31P MRS magnetization transfer experiments demonstrated that this alkaline Pi pool exhibited low meta-

bolic activity and did not participate in ATP synthesis14. It was also correlated to skeletal muscle oxidative phosphorylation capacity12,13, which

suggests that this metabolite may be used as a biomarker of mitochondrial content. These findings present, however, some limitations as both

studies used a cross-sectional design (athletes or obese individuals versus age-matched controls) and were limited in sample size. In the present

study, both the short T1 and pH (7.39–7.5) of the alkaline Pi pool were consistent with a mitochondrial origin for this signal1,3,4,6–8. However, in

F IGURE 5 [Pialk] across six different coil placements (right y-axis) plotted in relation to the forward width half maximum of 31P (FWHM; left
y-axis). The six different ‘sample volumes’ were measured along the longitudinal length of the quadriceps, with a distance of 16.7% of total thigh
length between coil placements, starting at the patella and with the muscle fully relaxed. FWHM = full width half maximum of PCr. Sample
size = 5.
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the absence of a direct comparison of mitochondrial content with [Pialk], it cannot be ruled out that this Pi pool might originate from the inter-

stitium14,24. As mitochondria-targeted therapies have garnered a growing interest from the clinical community, the need for reliable biomarkers of

mitochondrial properties to evaluate treatment effectiveness has become more pressing. The current study represents a crucial first step toward

validating [Pialk] as a biomarker of mitochondrial content. It achieves this by demonstrating its repeatability and providing guidelines for future

studies to accurately detect this metabolite in skeletal muscle at 3 T.

5 | CONCLUSION

The present study provides robust evidence that Pialk demonstrates an excellent absolute and relative reproducibility, similar to larger phosphate

metabolites (e.g., PCr). This finding is a pre-requisite for Pialk to be sensitive to both longitudinal changes (i.e., intra-subjects) and cross-sectional

analysis (i.e., between-subject changes). An important aspect to consider is the placement of the surface coil on the thigh to ensure sufficient

shimming quality. Specifically, coil placement closer to the knee, were associated with higher magnetic field inhomogeneity, and demonstrated

higher [Pialk] caused by poor signal quality and inaccurate quantification from the greater overlap between Pialk and cytosolic Pi. Provided that suf-

ficient shimming quality is achieved, the quantification of Pialk using a fitting algorithm such as AMARES yields to highly reproducible results. Col-

lectively, the present investigation supports the potential application of Pialk in research and clinical settings. Future studies are needed to directly

evaluate the relationship between Pialk and mitochondrial content in both healthy and clinical populations (e.g., older adults), which is the next

step that needs to be accomplished for the future implementation of this measure in clinical trials.
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