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Purpose: To design an approach for quantifying tissue heterogeneity in regard to concentrations of free intracellular magnesium(II), by way of multiple 31 P MRS-derived descriptors characterizing the statistical distribution of [Mg 2+ ] values. Theory: The basic paradigm underlying our novel approach exploits the fact that, for a tissue sample that is heterogeneous with respect to intracellular [Mg 2+ ], the lineshape of the ATP-β 31 P MRS resonance reflects the statistical distribution of [Mg 2+ ] values within the observed sample volume. Appropriate lineshape analysis reveals multiple quantitative statistical parameters (descriptors) characterizing the [Mg 2+ ] distribution. Methods: First, the ATP-β 31 P MRS resonance is transformed into a [Mg 2+ ] curve. Then, the digital points of this [Mg 2+ ] profile are used to construct a histogram using our specially developed algorithms. From this histogram, at least eight quantitative parameters describing the underlying statistical [Mg 2+ ] distribution are computed: weighted mean and median, standard deviation, range, mode(s), kurtosis, skewness, and entropy. Results: Comprehensive evaluation based on in-silico and experimental models demonstrates the validity of this new method, which is particularly sensitive and accurate for [Mg 2+ ] gradients > 10-20 µM. Conclusion: This basic feasibility study should open new avenues for future in-vivo studies in physiology and medicine, notably on conditions involving hypo or hypermagnesia.

INTRODUCTION

Magnesium(II) is the second most abundant intracellular cation in mammals after potassium (K + ) [START_REF] Swaminathan | Magnesium metabolism and its disorders[END_REF]. A number of magnesium deficiency disorders, among these congenital disorders, are known, which are frequently due to decreased gastrointestinal or renal magnesium(II) absorption. In addition, diabetes and endocrine causes may result in hypomagnesemia, while magnesium(II) decline has been shown to play a critical role in the development of irreversible tissue damage following direct or indirect neurotrauma [START_REF] Vink | Regulation of intracellular free magnesium in central nervous system injury[END_REF]. Moreover, drugs including antibiotics, anticancer chemotherapeutics and immunosuppressive agents have been linked to magnesium(II) depletion [START_REF] Swaminathan | Magnesium metabolism and its disorders[END_REF]. In such contexts, determining Mg 2+ levels present in body tissue (rather than blood) allows a direct assessment of variability of intracellular tissue Mg 2+ concentrations.

More than 30 years ago, a non-destructive and non-invasive method to measure intracellular free Mg 2+ levels by 31 P MRS has been introduced [START_REF] Gupta | Rose On the noninvasive measurement of intracellular free magnesium by 31P NMR spectroscopy[END_REF]. (Note that in the following, we exclusively deal with the determination of the concentration of free magnesium(II) cations; these are in fast to intermediate exchange with ATP.) This technique uses naturally occurring, endogenous ATP as an intrinsic Mg 2+ reporter molecule, thus rendering any administration of an exogenous Mg 2+ probe superfluous. Predominantly based on Gupta et al.'s seminal work on Mg 2+ quantitation in human blood and cancer cells [START_REF] Gupta | The determination of the free magnesium level in the human red blood cell by 31P NMR[END_REF][START_REF] Gupta | Noninvasive 31P NMR probes of free Mg2+, MgATP, and MgADP in intact Ehrlich ascites tumor cells[END_REF], early applications also included Mg 2+ measurements in intact frog skeletal muscle [START_REF] Gupta | 31P NMR studies of intracellular free Mg2+ in intact frog skeletal muscle[END_REF] and perfused heart muscle [START_REF] Gupta | Rose On the noninvasive measurement of intracellular free magnesium by 31P NMR spectroscopy[END_REF][START_REF] Borchgrevink | Magnesium and reperfusion of ischemic rat heart as assessed by 31P-NMR[END_REF], pointing to the in-vivo potential of this 31 P MRS technique. Since the 1990ies, this method has been applied to determine Mg 2+ levels in vivo in experimental animals and humans, notably in the brain [START_REF] Lodi | Deficient energy metabolism is associated with low free magnesium in the brains of patients with migraine and cluster headache[END_REF][START_REF] Taylor | Free magnesium levels in normal human brain and brain tumors: 31P chemical-shift imaging measurements at 1.5 T[END_REF][START_REF] Halvorson | Assessment of magnesium concentrations by 31P NMR in vivo[END_REF][START_REF] Resnick | Cellular-free magnesium depletion in brain and muscle of normal and preeclamptic pregnancy: a nuclear magnetic resonance spectroscopic study[END_REF][START_REF] Wary | Effect of 13. Iotti S, Malucelli E. In vivo assessment of Mg2+ in human brain and skeletal muscle by 31P-MRS[END_REF](13) and in skeletal muscle [START_REF] Resnick | Cellular-free magnesium depletion in brain and muscle of normal and preeclamptic pregnancy: a nuclear magnetic resonance spectroscopic study[END_REF][START_REF] Wary | Effect of 13. Iotti S, Malucelli E. In vivo assessment of Mg2+ in human brain and skeletal muscle by 31P-MRS[END_REF](13), but also in tumors [START_REF] Taylor | Free magnesium levels in normal human brain and brain tumors: 31P chemical-shift imaging measurements at 1.5 T[END_REF][START_REF] Stubbs | Metabolic consequences of a reversed pH gradient in rat tumors[END_REF] (an overview of Mg 2+ measurements in these and other tissues has been presented elsewhere [START_REF] Günther | Concentration, compartmentation and metabolic function of intracellular free Mg2+[END_REF]). In all these studies, one [Mg 2+ ] value has been determined for the tissue volume (or each voxel) examined, based on the chemical shift of the maximum of the ATP-β (or NTP-β) resonance of the measured 31 P MR spectrum. However, this approach does not reflect intra-volume (or intra-voxel) tissue heterogeneity with respect to intracellular Mg 2+ levels, as it only provides a single value that may or may not be close to the mean. This is also true for 31 P MRSI, where spatial resolution is rather coarse [START_REF] Barker | Magnesium and pH imaging of the human brain at 3.0 Tesla[END_REF]. In fact, experimental evidence of heterogeneous distribution of intracellular Mg 2+ (subcellular microheterogeneity) has been provided by fluorescence microscopy for a number of different cells [START_REF] Günther | Concentration, compartmentation and metabolic function of intracellular free Mg2+[END_REF]. In addition, intracellular [Mg 2+ ] is known to depend on malignancy and growth [START_REF] Günther | Concentration, compartmentation and metabolic function of intracellular free Mg2+[END_REF], and the latter two characteristics often vary considerably across a given tumor volume [START_REF] Sun | Intra-tumor heterogeneity of cancer cells and its implications for cancer treatment[END_REF]. ] ranges. We assess the validity of our method based on (i) simulated ATP-β 31 P MR spectral lines, and (ii) measured ATP-β 31 P MR spectra of well-defined aqueous test solutions. The rationale for our simulations has been described previously in great detail for an analogous application to thermal heterogeneity [START_REF] Lutz | Thermal heterogeneity within aqueous materials quantified by 1H NMR spectroscopy: Multiparametric validation in silico and in vitro[END_REF][START_REF] Lutz | Multiparametric quantification of thermal heterogeneity within aqueous materials by water 1H NMR spectroscopy: paradigms and algorithms[END_REF]. Briefly, the main purpose of our in-silico modeling is to examine questions such as: distribution descriptors obtained from simulated spectra compare with those from measured MR spectra of model solutions? Note that empirical rather than ab-initio simulations are employed; both chemical shift and linewidth values are taken from actual 31 P MRS experiments. This bestows high practical relevance upon our calculated models.

In addition to simulations, experiments performed on a series of specially designed phantoms providing well-defined [Mg 2+ ] gradients are presented, along with a preliminary example of an actual in-vivo application. In-vitro and in-silico validation results are presented for field strengths commonly used in present-day animal experiments (9.4 and 11.7 T); similar field strengths (e.g., 7 T) are increasingly used in human studies, which renders our validations relevant for future applications in both animal models and patients. All calculations are performed employing a preprogrammed EXCEL spreadsheet provided as Supporting Information. Our findings are expected to have significant implications for studying the relationship between [Mg 2+ ] variations and other biochemical, biophysical, and physiological properties in a variety of biological tissues in vivo. With future projects aiming at a comprehensive in-vivo validation being planned, a broad scope of research fields in biochemistry, pharmaceutical and medical chemistry may benefit from our novel approach, with potential applications to cardiology, myology, neurology and oncology.

THEORY

The use of 31 

Mg !! = ! ! !"#$% ! ! -1 [1] with ! = [!"#] ! [!"#] !"! = ! !"#!! ! ! !"#!! !"#$% ! !"#!! !"# ! ! !"#!! !"#$% [2]
where ! ! !"#$% is the dissociation constant of the MgATP complex; [ATP] f , concentration of free (uncomplexed) ATP; [ATP] tot , total concentration of ATP (free and complexed with Mg 2+ );

! !"#!! , measured ATP-β chemical shift; ! !"#!! !"# , ATP-β chemical shift for uncomplexed ATP; ! !"#!! !"#$% , ATP-β chemical shift for ATP complexed with Mg 2+ ). ! ! !"#$% , ! !"#!! !"# and ! !"#!! !"#$% are empirical
values that are determined by way of calibration measurements; consequently, ! ! !"#$% is also denoted as K app (apparent K d ). These values may vary slightly as a function of intracellular parameters such as pH and ionic strength. Besides the basic relationship involving three parameters obtainable through appropriate calibration (eqs. 1 and 2), more complex relationships have been developed for specific tissue types, e.g., for brain and exercising muscle. Calibrations for these tissues resulted in five and ten fitted parameters, respectively (13). The dedicated EXCEL template provided in Supporting Information currently provides the option to choose between these three and five-parameter algorithms for ppm-to-µM Mg 2+

conversions.

The method for quantitative characterization of distribution curves with multiple modes (= maxima), the positions ([Mg 2+ ]) and relative intensities of these modes can be obtained. Additional details of our algorithms are provided as Supporting

Information, together with all equations used.

METHODS

In this section, the in-silico and in-vitro procedures employed in the validation of our new approach are described; additional technical details are presented in Supporting Information.

In-silico calculations

The purpose of our in-silico calculations was twofold: (i) to test the behavior of statistical Further specifics on the rationale for the choice of our in-silico parameters are given in Supporting Information, in conjunction with details concerning the statistical background. therefore, no new animal experiments were performed (see [START_REF] Lutz | Quantitative in-vivo characterization of intracellular and extracellular pH profiles in heterogeneous tumors: a novel method enabling multiparametric pH analysis[END_REF] for the approval of our animal care and experimental protocol).

RESULTS

The most relevant data of our study are presented in this section. Additional results are included in Supporting Information that also comprises Figures S1 through S9 and Tables S1 through S6. quantitation, the accuracy of the ATP/Mg 2+ method depends on the accuracy of the dissociation constant of the Mg 2+ complex [START_REF] Gupta | Rose On the noninvasive measurement of intracellular free magnesium by 31P NMR spectroscopy[END_REF][START_REF] Günther | Concentration, compartmentation and metabolic function of intracellular free Mg2+[END_REF][START_REF] Mottet | Experimental 31P NMR study of the influence of ionic strength on the apparent dissociation constant of MgATP[END_REF][START_REF] Grubbs | Intracellular magnesium and magnesium buffering[END_REF][START_REF] Trapani | Intracellular magnesium detection: imaging a brighter future[END_REF]. This is equally true for the classical ATP/Mg 2+ method and for our new approach introduced in this work. Although other phosphates with different dissociation constants may be developed that cover higher [Mg 2+ ] values with more precision, ATP has the huge advantage of being a native intracellular compound that renders injection of any extrinsic reporter molecules superfluous.

Studies of simulated multimodal [Mg

Subsequently, we evaluated 31 P MR spectra obtained from two combined coaxial NMR tubes, herein called phantoms. Each phantom contained two separate compartments with solutions of distinct, physiologically relevant Mg 2+ concentrations. Phantoms were designed to generate two modes of unequal heights in 31 P MR spectra (Fig. 5 bottom traces) and, consequently, in the resulting [Mg 2+ ] distribution curves. The relative areas under the modes correctly reflected the expected contributions of the respective samples volumes to the overall spectrum: since in our phantoms the outer coaxial volume measured was three times as large as the inner coaxial volume, the outer solution contributed three times as much signal to the spectrum than the inner solution (with [ATP] being identical in both solutions; see footnote to Table 1). This is shown in Figure 5 for the cases where (i) the 0.05-mM Mg 2+ solution was contained in the outer, and the 0.12-mM Mg 2+ solution in the inner compartment, and (ii) the 0.12-mM Mg 2+ solution was contained in the outer, and the 0.05-mM Mg 2+ solution in the inner compartment. While the spectra obtained from the phantoms show moderate but unambiguous separation of the two underlying modes, the separation is better visible if the two modes are of the same size, as shown in the combined spectrum resulting from a superimposition of two separately acquired spectra (Fig. 5 top traces). A detailed discussion of deconvolution effects on statistical descriptors of experimentally obtained [ATP] heterogeneity is presented in Supporting Information.

DISCUSSION

Magnesium(II) plays a very versatile role in body physiology because of its ability to form reversible bonds with a large number of chelating anions, proteins and membranes.

Consequently, magnesium(II) is an important cofactor involved in hundreds of enzymatic reactions, and is essential for the synthesis of nucleic acids and proteins [START_REF] Emila | Role of magnesium in health and disease[END_REF]. Its best known and perhaps most universal function relates to energy metabolism, where magnesium(II) is known to bind to ligands such as ATP and ATP-requiring enzymes, and to cause conformational changes in Na + ,K + -ATPase [START_REF] Swaminathan | Magnesium metabolism and its disorders[END_REF][START_REF] Lodi | Deficient energy metabolism is associated with low free magnesium in the brains of patients with migraine and cluster headache[END_REF]. The mechanisms behind the numerous known magnesium deficiency disorders as are complex, but are critically dependent on the availability of free bioactive magnesium. Nonetheless, many studies have up until now focused on measurements of total magnesium rather than its free form, making correlations to disease states difficult [START_REF] Glasdam | The Importance of Magnesium in the Human Body: A Systematic Literature Review[END_REF].

Ion-selective electrodes were used to measure intracellular free Mg 2+ levels in isolated ferret ventricular muscle [START_REF] Buri | Intracellular free magnesium and its regulation, studied in isolated ferret ventricular muscle with ion-selective microelectrodes[END_REF] and in other in-vitro settings. However, this method is invasive because it is based on tissue biopsies, and therefore of very limited use in patients. In other ex-vivo samples (usually isolated blood cells) and in experimental applications, fluorescence probes have been used to determine intracellular free Mg 2+ concentrations [START_REF] Arnaud | Update on the assessment of magnesium status[END_REF]. Based on this method, free Mg 2+ concentrations in lymphocytes were found to be decreased in migraine patients vs.

normal controls, while there was no difference in total magnesium(II) levels [START_REF] Thomas | Free and total magnesium in lymphocytes of migraine patients -effect of magnesium-rich mineral water intake[END_REF]. However, it is impossible to perform in-vivo measurements based on fluorescence probes because of limited tissue penetration due to light absorption and scattering, except for some of the most superficial tissues, and in the special case of near infrared fluorescence that requires dedicated dyes (up to 10 cm light penetration) [START_REF] Bai | Recent advances in receptor-targeted fluorescent probes for in vivo cancer imaging[END_REF].

As mentioned in the Introduction section, currently existing noninvasive in-vivo based on ATP solutions containing varying amounts of added MgCl 2 . Experimental conditions as described in footnote to Table 1. 

  Necessarily, both macroscopic and microscopic intracellular-[Mg 2+ ] heterogeneity within a given tissue volume measured by31 P MRS is reflected in the overall lineshape of the resulting ATP-β resonance. Therefore, information on the underlying Mg 2+ heterogeneity can be extracted by an appropriate analysis of the ATP-β lineshape. By contrast, the classical method of exclusively evaluating the position of the lineshape maximum disregards most of the information contained in the overall resonance.We present here the first technique designed to quantitatively characterize the veryheterogeneity of tissue [Mg 2+ ].This method is based on multiparametric statistical analysis of the resonance of the ATP-β phosphate moiety. The new paradigm underlying our technique is grounded in the fact that (i) the chemical shift of the ATP-β 31 P MR resonance, δ ATP-β , is a function of the Mg 2+ concentration (based on the dissociation constant, K d , of the ATP-Mg 2+ complex (18,19)), and (ii) the overall ATP-β MRS lineshape reflects the statistical distribution of [Mg 2+ ] values in the measured sample volume or voxel, within certain limits. To analyze [Mg 2+ ] heterogeneity with this method, ATP-β 31 P MRS resonances are first converted to [Mg 2+ ] distribution curves. Then, these [Mg 2+ ] profiles are transformed into histograms by an appropriate algorithm. Based on these histograms, further mathematical algorithms developed by us are used to calculate at least eight quantitative parameters (descriptors) defining the underlying [Mg 2+ ] distribution, i.e., the [Mg 2+ ] heterogeneity within the measured sample volume. We exploit, for the first time, the entire [Mg 2+ ] curve (corresponding to an MRS lineshape) to quantitatively describe a distribution of [Mg 2+ ] values. We present the paradigm and algorithms underlying our method, together with the proof of principle for the following statistical descriptors of [Mg 2+ ] distribution: weighted mean and weighted median concentrations (20), standard deviation, [Mg 2+ ] range, one or multiple [Mg 2+ ] modes (= [Mg 2+ ] curve maxima), kurtosis (peakedness (20)), skewness (asymmetry (21)) and entropy (smoothness (22,23)), ratios of [Mg 2+ ] mode heights and areas under individual [Mg 2+

  What are the ranges of the statistical descriptor values for [Mg 2+ ] distribution curves to be expected from actual experiments? How sensitive are the resulting [Mg 2+ ] distribution curves, and their associated descriptor values, to actual [Mg 2+ ] gradients vs. spurious effects, i.e., curve shape contributions unrelated to [Mg 2+ ] distribution? What are the effects of ATP-β 31 P MRS lineshape correction by our empirical deconvolution method on the resulting [Mg 2+ ] distribution curve shapes and, consequently, on the derived descriptors of [Mg 2+ ] profiles? How do [Mg 2+ ]

  P MR spectroscopy for intracellular [Mg 2+ ] measurement is based on the [Mg 2+ ] dependence of the chemical shift of the ATP-β resonance, δ ATP-β . The relationship between δ ATP-β and [Mg 2+ ] is given by the following equation (26) :

  descriptors characterizing [Mg 2+ ] distributions resulting from addition, in varying proportions, of up to three simulated [Mg 2+ ] curves, and (ii) to enable quantitative comparisons between heterogeneity parameter values derived from models of theoretical (i.e., simulated) and experimentally measured [Mg 2+ ] distributions. A range of well-defined [Mg 2+ ] distributions were computer simulated to calculate at least eight descriptors for each of these distributions. The [Mg 2+ ] distributions investigated were chosen as to represent different degrees of heterogeneity; they comprise distributions about up to three modes (= dominating [Mg 2+ ] values) of varying intensities. The Mg 2+ concentrations studied in our in-silico examples lied between 28 to 48 µM.

Figure 4 .

 4 Figure 4. Calibration curve ( 31 P NMR chemical shifts of ATP-β vs. free-Mg 2+ concentration)

Figure 5 .

 5 Figure 5. Processed ATP-β resonances from experimental 31 P NMR spectra of ATP/MgCl 2 solutions (see footnote to Table 1 for chemical composition). Top traces: ATP-β resonances from spectra of solutions containing 0.05 mM (red trace) or 0.12 mM (green trace) free Mg 2+ , measured individually in 10-mm tubes, and the sum of these resonances (blue trace) multiplied by a factor of two for better visibility. Bottom traces: ATP-β resonances from spectra of coaxial phantoms, each containing two different solutions with two different concentrations of free Mg 2+ :0.05 mM in the inner (5-mm) NMR tube, combined with 0.12 mM in the outer (10-mm) tube (green trace); and, alternatively, 0.05 mM in the outer tube, combined with 0.12 mM in the inner tube (red trace). Arrows indicate contributions to resonances from ATP-β in the presence of 0.05 mM (red arrows) and 0.12 mM (green arrows) free Mg 2+ .
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  Mg 2+ ]-dependent δ !"#!! may influence experimentally determined [Mg 2+ ] curves, in particular for very small [Mg 2+ ] gradients covering up to 10-20 µM. The consequences of contributions from factors other than [Mg 2+ ] effects on δ !"#!! are, of course, reduced precision of our [Mg 2+ ] curves and, consequently, reduced precision of the statistical parameters extracted from these curves. The limitations imposed by these imprecisions become significant when the [Mg 2+ ] range covered by the [Mg 2+ ] distribution curve is of the same order as, or smaller than, the uncertainty introduced by the spurious effects. However, a deconvolution procedure developed by us is able to largely compensate for these spurious effects on [Mg 2+ ] curves (see Supporting Information); further improvements taking into account [Mg 2+ ]-dependent linewidths due to intermediate Mg 2+ -ATP exchange rates are currently We have now adapted the underlying concepts and equations for application to [Mg 2+ ] heterogeneity. Briefly, we suggest a new strategy providing a number of statistical parameters describing [Mg 2+ ] heterogeneity, each derived by analyzing an entire [Mg 2+ ] curve. This strategy is based on the concept that the [Mg 2+ ] curve calculated from a ATP-β 31 P MR resonance can be approximated as a histogram. Such a histogram is formed by using the intensities of the digital points of a [Mg 2+ ] curve as heights of the corresponding histogram bars. Besides accurate, weighted-average [Mg 2+ ] values (= weighted mean concentrations, Mg !! ), also weighted median concentrations ( Mg !! ) are obtained in this way, as well as skewness (G1), kurtosis (G2), normalized entropy (H n ) and standard entropy (H S ) of [Mg 2+ ] distributions. In addition, distinct areas under [Mg 2+ ] curves can be calculated, each area representing the relative prevalence of a particular range of [Mg 2+ ] values of interest. Furthermore, for [Mg 2+ ]

	in progress.

[Mg 2+ 

] distributions presented here is based on the following general paradigm, originally developed by us for applications to two other measurement parameters, viz., pH and temperature

[START_REF] Lutz | Thermal heterogeneity within aqueous materials quantified by 1H NMR spectroscopy: Multiparametric validation in silico and in vitro[END_REF][START_REF] Lutz | Multiparametric quantification of thermal heterogeneity within aqueous materials by water 1H NMR spectroscopy: paradigms and algorithms[END_REF][START_REF] Lutz | Quantitative in-vivo characterization of intracellular and extracellular pH profiles in heterogeneous tumors: a novel method enabling multiparametric pH analysis[END_REF]

: Suppose that a sample is heterogeneous with respect to a measurement parameter, p. Further suppose that the chemical shift of an MR resonance is a function of p. Then, the statistical distribution of p values within the sample can be obtained by appropriate lineshape analysis of said MR resonance.

To derive a [Mg 2+ ] distribution from an ATP-β 31 P MR resonance, the resonance needs to be converted to a [Mg 2+ ] curve using eqs. 1 and 2 above, and corrected for the non-linearity between the chemical-shift and concentration scales. This [Mg 2+ ] profile then represents, in principle, the [Mg 2+ ] distribution within the measured volume. However, the resulting curve may also be influenced by other contributions to the lineshape: (i) by magnetic-field inhomogeneity and transverse relaxation (T 2 ) processes, in particular in the case of intermediate Mg 2+ exchange; (ii) by line broadening due to 31 P-31 P and 1 H-31 P coupling; (iii) potentially by uneven ATP distribution across microscopic regions of varying [Mg 2+ ]; and (iv) by the spectral processing parameters chosen, in particular filter parameters. 1 H-31 P coupling effects can be easily removed by broadband or CPD decoupling, and 31 P-31 P coupling by selective irradiation of the ATP-α and ATP-γ resonances. For fast exchange, the T 2 effect (natural line width) is often much smaller than the T 2 * effect (line width dominated by magnetic field inhomogeneity). Therefore it is suitable to focus on optimizing the magnetic field homogeneity to minimize T 2 * effects on line width, and to use adequate, consistent filter parameters to compare statistical descriptors of [Mg 2+ ] heterogeneity between measured samples. Even with these optimizations, lineshape contributions attributable to factors other than [In summary, a [Mg 2+ ] curve obtained with eqs. 1 and 2 accurately depicts the underlying [Mg 2+ ] heterogeneity, within the limits described above. Such a curve is, in fact, an envelope representing the sum of all microenvironments existing within the measured volume. Thus, all microenvironments combined cover the range of [Mg 2+ ] values given by the resulting [Mg 2+ ] curve. However, to this date no effort has been made to characterize and interpret such [Mg 2+ ] envelope curves, judging by published literature. In the following we propose to analyze [Mg 2+ ] curves by multiple statistical methods in order to extract a number of parameters (statistical descriptors) providing quantitative information on the nature of intracellular [Mg 2+ ] heterogeneity.

The most important innovation in our approach is its capacity to calculate, for the first time, quantitative parameters characterizing the statistical distribution of intracellular [Mg 2+ ] values in a given tissue volume. The general philosophy and algorithmic tools of similar methods have been presented by us in the context of the analysis of tissue pH and temperature heterogeneity

[START_REF] Lutz | Thermal heterogeneity within aqueous materials quantified by 1H NMR spectroscopy: Multiparametric validation in silico and in vitro[END_REF][START_REF] Lutz | Multiparametric quantification of thermal heterogeneity within aqueous materials by water 1H NMR spectroscopy: paradigms and algorithms[END_REF][START_REF] Lutz | Quantitative in-vivo characterization of intracellular and extracellular pH profiles in heterogeneous tumors: a novel method enabling multiparametric pH analysis[END_REF]

.

Experimental 31 P MR spectroscopy Aqueous Mg 2+ /ATP phantoms.

  Several test samples, designed to provide [Mg 2+ ]dependent 31 P MR spectra from ATP solutions, were generated as follows. Various amounts of phantom designed to mimic a bimodal [Mg 2+ ] distribution. Sample pH was adjusted to the physiological (intracellular) value of 7.2, and 31 P MR spectroscopic measurements were performed at 310 K (physiological body temperature), save for a few low-

	ATP (3.3 to 10 mM) were added to aqueous solutions containing 150 mM KCl buffered with 20 mM Tris, and MgCl 2 (up to 36 mM) was dissolved in the resulting solutions. The final solutions were used (i) for calibration purposes, and (ii) to generate phantoms representing two distinct exchange with ATP. 31 P MR acquisition and processing. Test samples were measured in 5 or 10-mm NMR tubes (Wilmad, Vineland, NJ, USA) at 162 MHz resonance frequency by way of a quadronuclear probe in a 9.4 T Avance NMR spectrometer (Bruker, Rheinstetten, Germany). Hard pulses (9.5 µs) were employed, and the resulting FID (32 k) was recorded for AQ=2.019 s with a sweep free-Mg temperature measurements at 278 K designed to study line width effects due to slow Mg 2+ width of 50 ppm (8.117 kHz), with the receiver gain set to RG=16 k. FIDs were zero-filled once

2+ 

concentrations at physiologically

[START_REF] Grubbs | Intracellular magnesium and magnesium buffering[END_REF] 

relevant levels (combinations of 0.05 and 0.12 mM). The two solutions were transferred separately into the inner and outer coaxial NMR tubes of a combined and Fourier transformed after Lorentzian-Gaussian lineshape transformation (typical filter parameters for calibration spectra: Lorentzian broadening, LB=-4 Hz; Gaussian broadening, GB=0.01; for phantom spectra: LB=-30 Hz, GB=0.002). After phase and baseline corrections of the resulting spectra, post-processing (deconvolution), chemical-shift-to-[Mg 2+ ] conversion and calculation of the statistical descriptors of [Mg 2+ ] heterogeneity were performed by using our dedicated pre-programmed EXCEL spreadsheet template in conjunction with the StatPlus:mac module, version v5 (AnalystSoft, Walnut, CA, USA). A detailed user manual is embedded in said template (Supporting Information). The mouse tumor 31 P MR spectrum used as a first in-vivo example of our approach is a re-evaluated spectrum from a previously published paper

[START_REF] Lutz | Quantitative in-vivo characterization of intracellular and extracellular pH profiles in heterogeneous tumors: a novel method enabling multiparametric pH analysis[END_REF]

;

  field profiles, but to -1.1 units for the high-field profiles. The same qualitative trends hold for kurtosis increase and standard entropy decrease.Real-world [Mg2+ ] distribution curves may have rather complex shapes. Furthermore, even perfectly Gaussian or Lorentzian ATP-β 31 P MRS resonances would not be translated to equally shaped [Mg 2+ ] profiles because of the non-linearity between the chemical-shift (ppm) and Mg 2+ (molar) scales. Validation examples for simulated bimodal [Mg 2+ ] profiles composed of asymmetric functions are presented in Supporting Information, based on Figures S1 to S3.

2+ ] profiles -overview. Most tissues containing cells with unequal Mg 2+ concentrations are likely characterized by complex [Mg 2+ ] distributions, due to the low-Measured profiles of [Mg 2+ ] heterogeneity phantoms. First, we generated a calibration curve for the determination of free-Mg 2+ concentration by ATP-β 31 P MR spectra. This was achieved by acquiring spectra for a series of ATP solutions containing between 0 and 32.4 mM free Mg 2+ (see Methods for details). The calibration curve (Fig. 4) indicates that the optimum range of free [Mg 2+ ] for measurement by the ATP-β 31 P resonance extends up to about 350 µM; above 400 µM, chemical-shift changes as a function of [Mg 2+ ] variations become rather small and, therefore, yield more imprecise results. complex used for [Mg 2+ ]

  31 P MRS methods based on [Mg 2+ ] effects on the ATP-β chemical shift, do not take into account the [Mg 2+ ] heterogeneity existing within a tissue volume or voxel of interest. In the present study, we have comprehensively validated the first concept for measuring statistical distributions of free Mg 2+ concentration values in a heterogeneous environment. The following quantitative descriptors of [Mg 2+ ] heterogeneity were successfully evaluated by numerical simulation (in-silico experiments) and 31 P MR spectroscopy (experiments with well-defined model solutions): [Mg 2+ ] mean, median, mode(s), range and standard deviation; skewness, kurtosis and entropy; as well as ratios of peak heights and areas under [Mg 2+ ] distribution curves. The algorithms underlying our new method are now confirmed for uni-, bi-and trimodal [Mg 2+ ] distributions. The suggested approach provided consistent and robust results for [Mg 2+ ] ranges down to about 10-20 µM. The deconvolution-based curve shape correction concept for compensating spurious influences, Once confirmed by in-vivo experiments, potential medical applications of our quantitative [Mg 2+ ] heterogeneity measurements may include a range of conditions affecting the concentration of free magnesium(II) in tissue, notably in muscle, brain and cancer tissue. The new method can easily be integrated with 31 P MRSI, a method already being used in humans. This approach should help clarify the extent and nature of pathological processes involving major perturbations of [Mg 2+ ] regulation. [Mg 2+ ] distribution curves (= [Mg 2+ ] profiles). Second to fourth rows: changes in statistical descriptors of [Mg 2+ ] distributions with increasing mode 1 contribution (see alsoTable 2, top, for quantitative results). : changes in statistical descriptors of [Mg 2+ ] distributions with increasing mode 1 contribution (see also Table 3, top, for quantitative results).
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	originally introduced by us for evaluating temperature profiles, was validated for measured
	bimodal [Mg 2+ ] distributions.
	Figure 3. [Mg 2+ ] distributions as a function of relative contributions of mode 1 (mg 1 = 28.18 µM)
	and mode 2 (mg 2 = 48.18 µM), based on numerically simulated Lorentzian functions ATP-β 31 P
	NMR resonances (line width of corresponding ATP-β 31 P NMR resonances: 0.2 ppm for high-

CONCLUSION

We have validated, both in silico and in vitro, [Mg 2+ ] heterogeneity quantitation by

31 

P MRS, and presented a preliminary example of an in-vivo application. Future work will comprise the adjustment of our deconvolution method to [Mg 2+ ]-dependent response functions, as well as advanced in-vivo validations.

FIGURE CAPTIONS

Figure 1. [Mg 2+ ] distributions as a function of relative contributions of mode 1 (mg 1 = 28.18 µM) and mode 2 (mg 2 = 48.18 µM), based on numerically simulated Gaussian functions (line width of corresponding ATP-β 31 P NMR resonances: 0.2 ppm for high-field spectra at 14.1 T). Top row: [Mg 2+ ] distribution curves (= [Mg 2+ ] profiles). Second to fourth rows: changes in statistical descriptors of [Mg 2+ ] distributions with increasing mode 1 (mg 1 ) contribution (see also Table 1, top, for quantitative results).

Figure 2. [Mg 2+ ] distributions as a function of relative contributions of mode 1 (mg 1 = 28.18 µM) and mode 2 (mg 2 = 48.18 µM), based on numerically simulated Gaussian functions (line width of corresponding ATP-β 31 P NMR resonances: 0.35 ppm for low-field spectra at 9.4 T). Top row: field spectra at 14.1 T). Top row: [Mg 2+ ] distribution curves (= [Mg 2+ ] profiles). Second to fourth rows
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 CAPTION1 Experimental conditions for 31 P NMR spectra of aqueous ATP/MgCl 2 test solutions [Mg 2+ ] distributions as a function of relative contributions of mode 1 (mg1 = 28.18 μM) and mode 2 (mg2 = 48.18 μM), calculated based on numerically simulated Gaussian ATP-β 31 P MR resonances (line width, 0.2 ppm) for high-field spectra (at 14.1 T). Top
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row: [Mg 2+ ] distribution curves (= [Mg 2+ ] profiles). Second to fourth rows: changes in statistical

Table 1 .

 1 Experimental conditions for 31 P NMR spectra of aqueous ATP/MgCl 2 test solutions [MgCl 2 ] [Mg 2+ ]f δ ATPβ -δ ATPα Concentration units: mM. Samples were based on aqueous solutions of 3.3 mM ATP, 150 mM KCl and 20 Tris buffer, and pH was adjusted to pH 7.2. Concentrations of free Mg 2+ ([Mg 2+ ]f) were calculated based on added [MgCl 2 ], and eq. 1 with K d =0.0385 mM. Spectra were acquired at 9.4 T magnetic field strength and 310 K sample temperature.
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genetic, physiological, metabolic and other growth conditions varying throughout the studied tissue volume. However, for the purpose of validating our method we initially focused on numerically simulated unimodal, bimodal and trimodal [Mg 2+ ] distributions, because the concept of quantitative parameters of [Mg 2+ ] heterogeneity is best tested on the basis of well-defined distribution functions. In fact, most quantitative parameters suggested in this report are S1 to S3). For symmetric distributions corresponding to high-field spectra, the locations of the modes, the calculated ratios of peak heights and areas under peaks as well as skewness are in agreement with theoretical values (top parts of Tables S1 andS3), and with previous validations obtained for analogous algorithms [START_REF] Lutz | Thermal heterogeneity within aqueous materials quantified by 1H NMR spectroscopy: Multiparametric validation in silico and in vitro[END_REF][START_REF] Lutz | Quantitative in-vivo characterization of intracellular and extracellular pH profiles in heterogeneous tumors: a novel method enabling multiparametric pH analysis[END_REF]. Note that for the Gaussian-based bimodal distributions discussed, standardized entropy, H S , is systematically increased by ca. 0.5 units for low-field vs. high-field curves. This is due to the fact that identical linewidths (on the frequency scale) were chosen for all simulations of individual peaks; this translates to relatively broad resonances on the ppm scale for 9.4 vs. 14.1 T. Consequently, low-field [Mg 2+ ] curves are made up of more digital points than the corresponding high-field curves (for identical sweep widths and spectrum sizes), and the higher number of points in turn results in systematically increased H S values, as explained previously [START_REF] Lutz | Multiparametric quantification of thermal heterogeneity within aqueous materials by water 1H NMR spectroscopy: paradigms and algorithms[END_REF]. By contrast, when normalized for the actual number of points, entropy (H n = normalized entropy) is very similar for 9.4 and 14.1-T [Mg 2+ ] curves, and the somewhat lower values for 9.4 vs. 14.1 T reflect the higher overlap of the modes for 9.4 T. For the simulated bimodal [Mg 2+ ] distributions chosen, it is obvious by visual inspection that the [Mg 2+ ] effects on the lineshape would be more pronounced for high-field (Fig. 1, top row) than by low-field spectroscopy (Fig. 2, top row). In the former, the two modes can be separately recognized even when one of the modes (mg 1 ) is just 1/8th the height of the other mode (mg 1 ).

Validation of potential and limitations based on simulated bimodal [Mg

By contrast, in simulated [Mg 2+ ] profiles for low-field MRS the mg 1 mode could be clearly discerned only when it had the same height as the mg 2 mode (Fig. 2, top right curve). Thus, the sensitivity of our method to [Mg 2+ ] gradients is evidently higher for high-field than for low-field profiles, as the latter profiles are largely dominated by spurious effects (see also top parts of Tables S1 andS2). For instance, the nominal value for normalized entropy, H n , decreases only by about 0.02 units for the low-field profiles, but by about 0.04 units for the high-field profiles when going from the symmetric distribution (height ratio 1:1) to increasingly asymmetric distributions (down to 1: 8). In addition, skewness decreases from 0 to only about -0.4 units for descriptors of [Mg 2+ ] distributions with increasing mode 1 (mg1) contribution (see also Table 1 for quantitative results). 
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. In each of the profiles C to G, two partially overlapping areas could be discerned sufficiently well for separate integration (see also Table S5). S6.
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