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Abstract

Purpose—To develop an inversion pulse-based, CEST-like method for detection of 31P 

magnetization exchanges among all NMR visible metabolites suitable for providing an integrated 

kinetic analysis of phosphorus exchange reactions in vivo.

Methods—The EKIT sequence (Exchange Kinetics by Inversion Transfer) includes application 

of a frequency-selective inversion pulse arrayed over the range of relevant 31P frequencies, 

followed by a constant delay and a hard readout pulse. A series of EKIT spectra, each given by a 

plot of Z-magnetization for each metabolite of interest versus frequency of the inversion pulse, can 

be generated from this single data set.

Results—EKIT spectra reflect chemical exchange due to known biochemical reactions, cross-

relaxation effects, and relayed magnetization transfers due to both processes. The rate constants 

derived from EKIT data collected on resting human skeletal muscle were: ATP synthesis via ATP 

synthase (0.050 ± 0.016 s-1), ATP synthesis via creatine kinase (0.264 ± 0.023 s-1), and cross-

relaxation between neighboring spin pairs within ATP (0.164 ± 0.022 s-1).

Conclusion—EKIT provides a simple, alternative method to detect chemical exchange, cross 

relaxation and relayed magnetization transfer effects in human skeletal muscle at 7T.
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INTRODUCTION

The ability to probe exchange kinetics between metabolites using 31P NMR magnetization 

transfer (MT) has long been recognized (1, 2). One subset of these methods, saturation 

transfer (ST), has been widely applied to measure phosphoryl exchange in skeletal muscle of 

animals (2, 3) and human subjects (4, 5, 6, 7). More recently, the method has been used to 

probe mitochondrial function in diseases such as insulin resistance and diabetes (4,8-14). 

The major advantage of ST is simplicity of extracting unidirectional forward kinetic rate 

constants such as kPi→γATP or kPCr→γATP from a spin system involving exchange of 31P 

magnetization among multiple sites. The simplification is technically achieved by irradiating 

the γ-ATP pool for a sufficient period until the inorganic phosphate (Pi) or phosphocreatine 

(PCr) signal is reduced to a new steady-state value. Although the simplicity of ST is 

attractive, some features of some ST observations have been difficult to interpret or quantify 

mechanistically (6, 7, 15-18). For example, during the saturation of γ-ATP, ST effects have 

been observed in the β- ATP and α-ATP (7, 18) but have been excluded in a classical 

exchange model which includes exchanges only between γ-ATP, PCr and/or Pi. The 

reduction in the β-ATP signal was originally attributed to the near co-resonance of γ-ATP 

and β-ADP (19, 20) so that saturation of any underlying β-ADP could transfer magnetization 

to β-ATP at a high rate in tissue with active creatine kinase. An alternative interpretation 

could be attributed to two cycles of the adenylate kinase reaction (21). However, observation 

of equal reduction of β-ATP signal in both wild-type mice and double-mutant mice lacking 

both adenylate kinase and creatine kinase (22, 23) excluded a possible contribution of β-

ADP ↔ β-ATP (19) or γ-ATP ↔ β-ADP ↔ β-ATP (21). Instead, nuclear Overhauser effects 

(NOE), which occur through cross-relaxation between γ- and β-ATP, was suggested to be 

the underlying mechanism (21). However, the widely-observed ST effect at α-ATP during 

saturation of γ-ATP cannot be explained by direct NOE between the spatially distant γ- and 

α- ATP, nor by any known biochemical pathway (18).

Surprisingly, aside from exchange between phosphocreatine (PCr) and γ-ATP mediated by 

creatine kinase (CK), none of the other exchanges between γ-ATP and Pi, α-ATP, or β-ATP, 

have been observed using pulsed magnetization transfer techniques such as inversion 

transfer (18). It has been suggested that these unknown transfers might originate from 

smaller pools of bound metabolites that are only activated by the prolonged pulses (typically 

5-8 s in duration) such as those used in ST experiments (18). Prolonged saturation of a small 

pool of spins may have an amplified effect on a larger exchanging pool, a phenomenon 

widely exploited in chemical exchange saturation transfer (CEST) imaging (24-27). An 

alternative mechanism for the observed ST between γ- and α-ATP may be long range NOE 

effects though the bonds γ-ATP → β-ATP → α-ATP. Such relayed magnetization transfer 

effects (28), often seen in large proteins by solution NMR, could become detectable when 

using prolonged saturation pulses due to transient binding of ATP to macromolecules in 

vivo. Another possible contribution to apparent transfer between γ- and α-ATP when 

prolonged pulsed using high power, is off-resonance direct saturation (29, 30), the so-called 

“spillover” effect. Correction for spillover is normally performed by including a separate 

control experiment with irradiation at an equal chemical shift but on the opposite side of the 

observed frequency. This approach implicitly assumes that the control irradiation does not 
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induce unintended saturation of other exchanging metabolites. In practice, it is somewhat 

challenging to conduct clean control experiments on all high energy phosphates in vivo that 

might be involved in the exchanges of interest.

Here, we present an alternative pulsed technique to study the kinetics of phosphorous 

metabolite exchange in human skeletal muscle at 7T. The technique termed Exchange 

Kinetics by Inversion Transfer (EKIT) uses a variable frequency inversion pulse to initiate 

transfer of magnetization among all exchanging spins during a fixed delay period after the 

inversion pulse (Figure 1a). After the inversion pulse, all magnetization transfer effects that 

are developed during the delay phase can be attributed to either intramolecular NOE or 

chemical exchange (Figure 1b). EKIT is conceptually similar to CEST except that in CEST, 

all chemical exchanges take place between chemically specific functional groups (-NH or -

OH) and bulk water protons. Hence, the water proton signal is typically the only signal 

monitored in generating a CEST spectrum. In EKIT, however, transfer of magnetization is 

monitored among all possible exchanging chemical species simultaneously. A resulting 

EKIT spectrum, plotted as an array of 31P NMR spectra versus frequency of the inversion 

pulse, reflects all 31P-31P exchanges detectable on the MR time scale set by the chosen delay 

times. An analysis of these simple EKIT spectra provides quantitative exchange rates and T1 

relaxation times, including auto- and cross-relaxation times for ATP (31), for all observable 

phosphorus metabolites in human skeletal muscle at 7T.

METHODS

Theory

For the five-pool exchange model illustrated in Figure 1b, in the absence of an applied B1 

field, the time dependent change in magnetization of each 31P resonance can be written 

according to Bloch-McConnell-Solomon formalism as:

[1]

[2]

[3]

[4]

[5]

where a, b, c, d and e denote Pi, PCr, γ-, α- and β-ATP, respectively;  (i = a – e) denotes 

the magnetization of a given spin i at Boltzmann thermal equilibrium; σij (i, j = c – e) 

denotes rate constant for dipolar cross-relaxation (NOE), with σij = σij > 0; kij (i, j = a – c) 
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denotes pseudo first-order kinetic rate constant for the magnetization exchange process i → 

j, which relates to the reverse rate constant kji by

[6]

R1,i in equations [1-5] is the sum of intrinsic longitudinal relaxation rate (1/T1) of spin i and 

chemical exchange rate constants that originate from spin i:

[7]

[8]

[9]

[10]

[11]

Note that in this study the term “intrinsic longitudinal (T1) relaxation” is used for all 31P 

spins. An alternative term used in the literature is “auto relaxation” (31); this refers to spins 

which also relax via a dipolar cross-relaxation mechanism (NOE).

The matrix solution to the magnetization equations [1-5] is given by:

[12]

in which Mz|t = 0+ represents the initial magnetization immediately after a perturbation by a 

RF pulse (t = 0+), and

[13]

[14]

and
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[15]

Now, consider that the five-pool exchange system is subject to repetitive pulsing by the 

sequence (180° – td – 90° – τ)n. The initial magnetization before the first 180° pulse is , 

while the magnetization before each of the following (n-1) 180° pulses is dependent on its 

recovery in the τ period following the 90° readout pulse:

[16]

where I is the identity matrix, and ρ is an experimental parameter, accounting for the effect 

of the non-selective readout pulse (ρ = 1 for an ideal 90° pulse with zero dead-time, and ρ = 

0 if flipping angle is 0°). Due to the difference in initial magnetization between the first scan 

and the remaining (n-1) scans, the first scan is taken as a preparation scan or dummy scan, 

and only the remaining (n-1) scans are assumed to be at steady-state magnetization. For 

these (n-1) scans, the magnetization immediately following the frequency-selective 

inversion pulse  is given by

[17]

where αf is an empirical function describing the inversion profile (an inverted pseudo 

Lorentzian line-shape) observed for the inverted 31P resonances, given by:

[18]

where Δδ (= | δinv - δo |) is the difference between the carrier frequency of the inversion 

pulse (δinv) and center of a given 31P resonance at chemical shift, δo (in ppm); β and γ are 

coefficients which define the linewidth and shape of the inverted peak, and α is a coefficient 

that reflects the magnitude of the inverted peak, with 0 ≤ α ≤ 1. For full on-resonance 

inversion (Δδ = 0), α = 1 and αf = −1.

The magnetization of inverted signals continues to evolve in the delay time (td) as follows 

(combining Equations [12] and [17]):

[19]

After the td period, a 90° readout pulse is applied and the magnetization  is detected. 

An EKIT spectrum is defined as a plot of Mz (for clarity, the superscript of  is 

omitted) versus δinv (as given by αf), or  versus δinv in a normalized EKIT 

spectrum, where  represents the maximal magnetization developed in the (τ + td) 

period (αf = 1 and combining Equations [16] and [19]):
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[20]

Note that the inversion pulse in this work was frequency-selective (hyperbolic secant 

shaped), which has virtually no inversion effect on any isolated resonance beyond Δδ ≥ 2 

ppm, i.e. , thus giving rise to a flat regions flanking the inverted 

peak with steady-state Mz independent of Δδ. But if the resonance experiences 

magnetization exchanges with other spins in the td period, Mz will be reduced and 

manifested as an inverted peak in its EKIT spectrum. By fitting EKIT spectra of all 

observed 31P metabolite resonances collected at variable delay times, td, one can solve 

Equations [14-20] to determine the nine independent, unknown variables which govern the 

size of various exchange peaks, including five intrinsic T1 values, two rate constants for 

chemical exchange and two cross-relaxation rates, and the ρ, α, β, and γ parameters.

Human Subjects

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

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

obtained from all participants. Seven subjects (2 male and 5 female), aged 28 ± 4 yr and 

BMI 24 ± 1, participated the study, all healthy with no history of peripheral vascular, 

systemic or myopathic diseases. To avoid possible exercise-associated physiological 

variations among subjects, all subjects were asked to refrain from any physical activity of 

moderate or high intensity for 24 hours prior to the study, and subjects sat at rest for 20 

minutes prior to the scan. Heart rate and blood oxygen saturation level were monitored 

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

MRS Protocol

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

Healthcare, Cleveland, OH), with the right calf muscle positioned parallel to the magnetic 

field and directly on the detection coil (Philips Healthcare, Cleveland, OH). The coil was a 

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

overlapping 10 cm loops for 31P detection. The center of the coil was positioned 

approximately 1/3 of the distance along the leg from the knee to the heel. Axial, coronal, and 

sagittal T2-weighted turbo spin echo images were acquired for voxel planning. Typical 

imaging parameters included field-of-view 180 × 180 mm (FOV), repetition time (TR) 2 s, 

echo time (TE) 75 ms, turbo factor 16, in-plane spatial resolution 0.6 × 0.7 mm2, slice 

thickness 4 mm, gap 2 mm, bandwidth 517 Hz, number of acquisitions (NA) one, and 

acquisition time 1.2 min. 2nd order 1H-based automatic volume shimming was applied prior 

to 31P spectral acquisition. FID-based 31P spectra were acquired from calf muscle for each 

subject with the following parameters: 1) td/TR = 0/4 seconds; 2) td/TR = 1/5 seconds; 3) 

td/TR = 2/6 seconds and 4) td/TR = 3/7 seconds, which led to td-dependent data acquisition 

time of 10, 12.5, 15, 17.5 min, respectively, and a total scan time of 55 min for the entire 

EKIT data collection. In all experiments, the delay time after the readout pulse remained the 

same (TR – td = 4 second). The other NMR parameters are bandwidth 4 kHz, 4096 points. 

The inversion pulse was hypersecant-shaped pulse of 15 ms duration which yielded an 

effective inversion bandwidth of 150 Hz. The offset frequency of the inversion pulse (δinv) 
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was swept over the entire 31P spectral region from 1400 to -2350 Hz in 25 Hz steps, yielding 

150 dynamic spectra. The offset frequency of inversion pulse and the chemical shift of 

the 31P spectra were referenced to PCr at 0 ppm. Each 31P NMR spectrum was Fourier 

transformed, processed with Gaussian apodization (6 Hz) using the scanner software 

(SpectroView, Philips Healthcare), and further analyzed using Matlab (Mathworks) routines.

31P Spectral Analysis

Relative magnetization in EKIT spectra was measured by signal intensity of each 

metabolite. The 31P signal integral area was measured from NMR spectra acquired with NA 

= 1 to yield magnetization at equilibrium . Signal postprocessing, EKIT spectral fitting, 

and statistics were done in Matlab (The Mathworks, Natick, MA). EKIT data acquired at all 

four delay times (td = 0, 1, 2 and 3) from all five spins (Pi, PCr, ATP α-, β- and γ spins) 

were fitted simultaneously. The fitting was based on a least squares algorithm (Matlab 

function lsqcurvefit) to minimize the sum of squared difference between experimental and 

calculated magnetization values, . The excitation profile of EKIT signals was 

characterized by an inverted pseudo-Lorentz shape (Equation [18], Theory Section) with 

fitting parameters α = 0.75 ± 0.03 (Pi), 0.75 ± 0.07 (PCr), 0.70 ± 0.04 (γ-ATP), 0.72 ± 0.03 

(α-ATP) and 0.67 ± 0.04 (β-ATP), and β = 5.98 ± 0.26 and γ = 2.86 ± 0.19 for all 31P 

resonances, and the effect of hard non-selective readout pulse was characterized by fitting 

parameter ρ = 0.90 ± 0.03 (Equation [16]) for all 31P resonances.

RESULTS

A typical EKIT spectrum acquired from calf muscle of a healthy female subject is shown in 

Figure 2b. Here, the residual Mz magnetization in PCr is plotted as a function of the 

frequency of the applied inversion pulse, δinv, over a range of 3,750 Hz in steps of 25 Hz 

(150 spectra). In addition to the inverted PCr resonance which had partially relaxed after the 

inversion pulse and the 1 s delay, two additional exchange peaks were observed, one at -2.4 

ppm which reflects the well-known exchange between γ-ATP and PCr and another at -16.0 

ppm (see Fig 2b inset) which reflects a reduction in the PCr signal that occurred after 

inversion of the β-ATP resonance. Such a small change in signal could be easily missed in a 

conventional 31P spectrum, but the well-defined lineshape of this small exchange peak 

clearly distinguishes it from the baseline spectra due to excellent S/N ratio (~1:150). These 

features were common and highly reproducible among different subjects, with an averaged 

variability of 5%.

Alternative displays of EKIT data are shown in Figures 3 and 4 for all 31P signals (Pi, PCr, 

α- β- and γ-ATP), arrayed to provide an intuitive view of all exchanges occurring between 

each metabolite. The three-dimensional EKIT spectrum (Figure 3a) was generated by 

plotting the intensity of each 31P signal against δinv in the first dimension, and the chemical 

shift δobs of all 31P resonances in the second dimension. The appearance of multiple 

exchange peaks for ATP can be seen in the enlarged 3D spectrum (Figure 3a) and in a 2D 

contour plot where the inversion-induced change in signal intensity is plotted as δinv versus 

δobs (Figure 3b). Although this later plot has 2 chemical shift axes and cross peaks, it was 

not generated from a conventional 2D NOE experiment (see Discussion).

Ren et al. Page 7

Magn Reson Med. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The EKIT spectra shown in Figure 4 were generated for all major 31P metabolite signals (Pi, 

PCr, α- β- and γ-ATP) by plotting normalized signal intensity  against δinv. These 

individual EKIT spectra feature one large peak due to on-resonance inversion (δinv = δo), 

plus one or more additional exchange peaks arising from exchange effects due to inversion 

of other resonances. These exchange peaks are typically 3 to 10-fold weaker than the 

corresponding on-resonance peak with one exception; in case of γ-ATP (Figure 4d), an even 

larger decrease in γ-ATP magnetization was observed upon inversion of PCr followed by a 1 

s delay than that seen in inversion of γ-ATP itself (Figure 4d).

The exchange peaks seen in these spectra can be classified into three subgroups. One 

subgroup arises as a consequence of the creatine kinase catalyzed reaction (PCr ↔ γ ATP); 

this includes the PCr exchange peak at 0 ppm in γ ATP spectrum (Figure 4d) and the γ-ATP 

exchange peak at -2.4 ppm in PCr spectrum (Figure 4c). A second subgroup arises as a 

consequence of ATP synthesis (Pi ↔ γ-ATP); this includes the γ-ATP exchange peak at -2.4 

ppm in Pi spectrum (Figure 4b) and barely detectable Pi exchange peak at 4.9 ppm in γ-ATP 

spectrum (Figure 4d). The third subgroup arises as a consequence of NOE effects between 

neighboring spins within the ATP molecule; these include the β-ATP exchange peak at -16.0 

ppm in γ- and α-ATP spectra (Figures 4d and 4e) and the γ- and α-ATP exchange peaks 

(-2.4 and -7.4 ppm) in β-ATP spectrum (Figure 4f).

Some EKIT signals cannot be attributed solely to either chemical exchange or NOE effects. 

Three other “exchange peaks” can be detected that must arise from a combination of two 

mechanisms. The exchange peak at 0 ppm in the Pi spectrum (Figure 4b) reflects 

magnetization transfer between PCr and Pi that occurs as a result of two chemical exchange 

reactions: PCr ↔ γ-ATP and γ-ATP ↔ Pi. Exchanges also appear between β-ATP and PCr 

(Figures 4c and 4f) which reflect a combination of chemical exchange (PCr ↔ γ-ATP) and 

NOE between γ- ↔ β-ATP spins. These long-range effects between two spins are relayed 

exclusively through γ-ATP. No chemical exchanges were detected in PDE signal in EKIT 

spectra of PCr, ATP and Pi (Figures 4b-f) so this pool of phosphorus was excluded from 

exchange considerations in the model (Figure 1b).

To further explore the quantitative nature of these exchange effects, EKIT data were 

acquired using various delay times, td = 0, 1, 2 and 3 s. The resulting EKIT spectra are 

compared in Figures 5 and 6. A simultaneous fitting of all EKIT spectra (5 spectra collected 

at 4 different delay times = 20 data sets) yielded values for the intrinsic T1 of each 

metabolite resonance (Table 1), the unidirectional rate constants for chemical exchanges 

(PCr ↔ γ-ATP and Pi ↔ γ-ATP) and the cross relaxations (NOE) within ATP (Table 2). 

The 5-pool model fit all EKIT spectra with high precision (solid curves, Figures 5a-e and 

6a-d). Both the experimental and fitted data illustrate that the magnitude of the chemical 

exchange peaks depend upon the length of the delay period following the inversion pulse. 

No exchange peaks were observed in the td = 0 spectra (Figures 5a-e) with one exception; 

the PCr peak was slightly inverted in the γ-ATP spectrum (Figure 5c). This indicates that 

chemical exchange between PCr and γ-ATP is so fast that even a small amount of signal 

reduction in γ-ATP develops during inversion of PCr and subsequent excitation pulse. This 

small peak reduction in the td spectrum was used to correct the intensities in the remaining 

spectra (td ≠ 0). Interestingly, while all exchange peaks representing chemical exchanges 
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appear to reach a maximum near td = 1 s and then decrease with longer delay times, the 

long-range relayed exchange effects, such as that between PCr and β-ATP or PCr and Pi 

(Figures 5a, 5b, and 5e) either increase or remain nearly invariant between td = 1 – 3 s. For 

example, a maximum was observed near td = 2 s in the PCr spectrum (Figure 5b) for the 

long-range relayed exchange peak between PCr and α-ATP due to successive pathways (α-

ATP → β-ATP → γ ATP → PCr).

The two most widely studied 31P reactions have been flux through creatine kinase and ATP 

synthase. The quantitative kinetic results obtained by fitting the EKIT spectra are 

summarized in Table 2, and compared with previous literature values measured using ST 

methods. The rate of ATP turnover through creatine kinase, calculated by the product of 

kPCr→γATP (0.264 sec-1) and total tissue PCr (23.3 mmol/kg ww (ref. 4)) is 369.1 mmol/kg 

ww/min. Similarly, the ATP turnover rate was found to be 7.44 mmol/kg ww/min, as 

estimated by the product of kPi→γATP (0.050 sec-1) and total tissue Pi (2.48 mmol/kg ww).

DISCUSSION

The approach presented here for measuring exchange kinetics for all phosphorus-containing 

metabolites borrows on the concept of incrementing the frequency of an applied pulse 

from 1H-based CEST techniques (24-27). 31P-based CEST techniques have also been 

explored by Koretsky et al in biochemical solutions as early as 1985 and recently in vivo by 

our group. As with CEST, an inherent advantage of EKIT is the observation of all 

exchanging metabolites in a multiple spin system by simple visual inspection of the entire 

spectrum. This approach also offers a number of practical and conceptual advantages 

compared to conventional single-site saturation transfer (ST) or non-selective broadband 

inversion transfer (IT) measurements. In particular, no assumptions are necessary about 

which pools may or may not be in exchange since the entire system is interrogated in a 

single experiment. As with any IT method, EKIT offers a 2-fold larger dynamic range over a 

ST experiment (  for IT and EKIT versus  for ST), although the actual 

dynamic range can vary depending upon on the properties of NMR spin and characteristics 

of the inversion pulse. Perhaps more importantly, EKIT data analysis is simplified because 

only the Mz components need to be considered so all forward and reverse exchanges plus T1 

effects are embedded in a single exchange matrix. There is no need for separate T1 

measurements (7, 32, 33, 37-45). Unlike ST, the EKIT method is insensitive to small 

invisible pools of metabolites that may be present such as protein-bound ATP (18). 

Although this information is of interest, unambiguous identification of the contribution of 

small pools to ST data is difficult due to presence of confounding factors in vivo (18,22,23). 

Furthermore, it is not a trivial task to include small pools in the exchange model for 

quantitative analysis since the NMR properties of small pools are usually less-well defined 

compared to those of the larger visible pools of metabolites. Finally, given that a single 

pulse is used for inversion, the EKIT sequence is also easy to implement on human scanners. 

The frequency-selective inversion pulse used in EKIT is about 250 to 400-fold shorter than 

saturation duration in a typical ST experiment (5 – 8 sec), and followed by an exchange-

labeling period free of B1 pulsing (td: 1 – 4 sec), so one can expect minimal spillover effects 

and consistent instrument performance (7). Certainly, this EKIT approach benefited from the 

excellent S/N achieved by the high field and relatively larger coil.
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As shown in Figures 2-5, the EKIT peaks observed under current conditions are symmetric, 

well-resolved and do not require an asymmetry analysis as often used in CEST methods 

(25). This allows unambiguous identification of small and fine exchange effects such as 

relayed magnetization transfer. The EKIT fitting quantitatively confirms that, even without 

direct chemical or cross-relaxation effects (i.e. setting k = 0 and σ = 0), exchange effects can 

still occur between unconnected spin pairs such as PCr ↔ β-ATP and PCr ↔ α-ATP. These 

EKIT results data indicate that, in resting human muscle, the relayed MT effect can arise 

from a result of two different metabolic pathways (CK- and ATPase-mediated reactions as 

in PCr → γ-ATP → Pi, Figures 4b, 5a and 6d) or two distinct MT mechanisms (chemical 

exchange and NOE as in β-ATP → γ-ATP → PCr, Figures 4c, 5b and 6d). It is unexpected 

but not surprising that the relayed MT effect can propagate from α-ATP to β-ATP to γ-ATP 

to PCr (Figure 5c) because both the experimental conditions and biomolecular NMR 

properties (td, k, σ , and T1) are favored at this field.

The observation of cross-peaks between neighboring ATP 31P spins in human skeletal 

muscle (Figure 3c) supports previous assignments of NOEs in animal models (22,23,28). 

However, without quantitative and integrated analysis, this well-observed but less-

recognized mechanism can be a confusing factor in interpretation of the MT effects, as 

previously illustrated by the ST effects observed at β- and α-ATP upon saturation of γ-ATP 

(18,22,23,28). It has been suggested that the magnetization changes detected in β-ATP 

during irradiation of γ-ATP was due to continuous saturation of β-ADP (which co-resonates 

with γ-ATP (34)) followed by conversion of ADP to ATP. In parallel, a decrease in intensity 

of β-ATP during irradiation of γ-ATP could also be caused by cross relaxation between β- 

and γ-ATP (NOE) and/or by reactions mediated by adenylase kinase (Figure 1b). 

Intramolecular NOEs within ATP are clearly indicated by the magnetization exchange 

between β- and α-ATP (Figures 3b, 4e, 4f, 5d and 5e), since no known biological reaction 

would lead to chemical exchange between these two spins (Figure 1b). The observed 

magnetization exchange between β- and γ-ATP (Figures 3b, 4d, 4f, 5c and 5e) is likely due 

to the same NOE mechanism. It should be noted that NOE between γ- and β-ATP has not 

been observed in ATP in water (19), or in a media containing a high concentration of 

agarose (28). Given that changes in β-ATP magnetization upon saturation of γ-ATP have 

only been detected in the presence of creatine kinase (1), it seemed reasonable to attribute 

this to ADP ↔ ATP conversions mediated by creatine kinase. However, this assignment is 

not consistent with the observation of identical changes in β-ATP magnetization observed in 

skeletal muscle of wild-type and mutant mice lacking cytosolic isomers of creatine and 

adenylate kinases (23). Thus, one must conclude that NOE is the dominant mechanism and 

it likely occurs during transient immobilization of ATP by binding to large biomolecules 

(23). Quantitatively, the dimensionless NOE factor η ( = σ T1) by EKIT is 18.5% for β-ATP, 

matching well the corresponding ST result  by Nabuurs et al (23) in 

mouse skeletal muscle where a ~20% of signal reduction was observed for β-ATP upon 

steady-state saturation of γ-ATP.

Despite the many differences between ST and EKIT described above, both techniques 

yielded similar forward kinetic rate constants in resting human skeletal muscle. This was 

particularly evident for the CK-mediated reaction, PCr → γ-ATP, the dominant exchange 
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process in the system (Table 2). For the ATPase-mediated reaction, Pi → γ-ATP, EKIT 

yielded a rate constant of 0.050 s-1, nearly identical to the values reported for soleus (0.059 

s-1) and gastrocnemius (0.057 s-1) by Befroy et al (7) using ST methods, and about half of 

that reported by Valkovic et al (32). The present result lies at the lower end of all values 

measured in other ST studies (0.04 - 0.12 s-1) as reviewed by Kemp and Brindle (6). In 

terms of the rate of ATP synthesis (Pi → ATP), EKIT yielded a value of 7.44 ± 2.38 

mmol/kg ww/min, as compared to ST results of 7.50 ± 0.77 mmol/kg ww/min at 2.1T by 

Petersen et al. (12) and 9.42 ± 1.73 mmol/kg ww/min at 3T by Schmid et al (5). Hence, there 

is general consistency between MT-measured ATP synthesis rates for resting human skeletal 

muscle, regardless of which MT scheme was used. This seems to suggest that, in some of 

the reported ST studies, the smaller bound, MR invisible pools may not contribute 

significantly to the ST-measured rate of ATP synthesis from Pi → γ-ATP pathway. 

However, the possibility of a small pool contribution cannot be ruled out in other ST studies 

where the ATP rate constant is much higher. The existence of such 31P MR invisible pools 

has been suggested by Koretsky et al (34) in the study of CK solutions containing ADP, 

ATP, PCr and Cr using frequency stepped ST. Given its potential physiological importance, 

whether and how much the small exchanging pools play a role in ST effect in vivo warrant a 

more comprehensive quantitative analysis (probably with inclusion of all relevant terms).

It should be noted that the MR-derived chemical exchange rate constants as given in Table 2 

and shown in Equations [1-3] have been called pseudo first order rate constants (19) on the 

basis that the exchange flux determined by 31P NMR is determined only by visible 

metabolites of a chemical reaction which generally contain multiple other reactants 

(including NMR invisible metabolites). For example, for the exchange reaction PCr ↔ γ-

ATP, the MR-measured fluxes are kbc[PCr] for forward exchange and kcb[γ-ATP] for 

reverse exchange, while the actual chemical reaction is more complex, described by PCr + 

MgADP + H+ ↔ MgATP + Creatine, with forward flux described by kf[PCr][MgADP][H+] 

and reverse reaction by kr[MgATP][Creatine], in which kf and kr denote the true first order 

chemical rate constants. This yields the following relationship kbc = kf[MgADP][H+] and kcb 

= kr[Creatine], indicating that MR-measurable kbc and kcb, unlike chemical kf and kr, are 

pseudo first order in nature.

Because of the large chemical shift dispersion at 7T, all 31P metabolites yielded symmetric 

and well-resolved EKIT peaks with an inversion bandwidth of 150 Hz. EKIT resolution 

could be further improved by utilizing pulses of lower RF power with longer duration, but at 

expense of decreased inversion efficacy, especially on spins with short T2s (such as ATP 

spins, (37)). Typically, to invert a given signal, the MR pulse must produce a frequency 

bandwidth ≫ 1/πT2. For γ-ATP (T2: 29 ms (37)), a rough estimate of the bandwidth is 100 

Hz. With an inversion bandwidth of 150 Hz in this study, the measured inversion efficacy, 

in terms of Mz/Mzmax, is 41% for γ-ATP (Figure 6a), in comparison to 34% for β-ATP 

(linewidth 50% broader than γ-ATP), 45% for α-ATP (linewidth 6% narrower than γ-ATP), 

49% for Pi (T2 109 ms (37)) and 58% for PCr (T2 217 ms (37)). For practical reasons, this 

study adopted an empirical symmetric function (Equation [18]) to fit EKIT peaks, instead of 

a theoretical approach by convoluting the shaped inversion pulse and individual MR signals. 

In fact, the linewidth of EKIT peaks is mainly governed by the bandwidth of the inversion 
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pulse (150 Hz), which is multifold broader than the linewidth of individual 31P NMR peaks 

(Figures 2b-c).

Using the current EKIT experimental conditions (25 Hz step-size), the EKIT peaks are well 

defined by an average of 13 data points (Figures 4b-f and Figures 5a-e). Dense sampling by 

use of smaller intervals could improve the resolution of an EKIT spectrum but only if a 

narrower band inversion pulse is used. On the other end, overly sparse sampling with large 

step intervals (for example > 75 Hz) may compromise the kinetic analysis due to poorly-

profiled EKIT peaks. One way to reduce the total time to collect an EKIT spectrum while 

reserving its capability of profiling all exchange peaks might be to eliminate all data points 2 

ppm on either side of the center of all EKIT peaks.

The plots shown in Figure 6 indicate that, to buildup sizable EKIT peaks suitable for NMR 

detection, the delay time td must be sufficiently long, at least 200 ms. The exchange effects 

appear rapidly as td value approaches 1 s, then become less apparent at longer td values. For 

the fast CK-mediated reaction (forward kPCr↔γ-ATP 0.264 s-1), the appearance of the 

maximum effect near td ~ 1 was obvious, but less obvious for the slower ATPase-mediated 

reaction (forward kPi↔γ-ATP 0.050 s-1). Slower kinetic reactions yielded smaller EKIT 

peaks, as evidenced by the much smaller magnetization reduction at Pi than at PCr upon 

inverting γ-ATP (Figure 6b). It can be estimated that the EKIT peak would be too small to 

be reliably characterized if the Pi rate constant is below 0.02 s-1 under the current 

conditions. A possible strategy to improve the detection limit is to increase the number of 

acquisitions and sparse the data using largely on-resonance inversions.

2D EXCSY/NOESY could be an alternative option for measuring kinetics as described 

previously in the study of exchange between ATP and PCr in CK solutions by Koretsky et al 

(34) and ATP flux in the leg and head of the anesthetized rat by Balaban et al (46). This later 

method differs from EKIT by replacing the frequency-sweeping soft 180° pulse in EKIT 

with two hard 90° pulses (90°-t1-90°) spaced by t1, the evolution time. Here, magnetization 

transfer appears as cross peaks in a 2D spectrum (46), similar to the 2D plot in Figure 3b. In 

a system crowded with many exchange pairs, EXCSY/NOESY could be advantage, 

especially when the exchanging species are too close in resonance frequency to allow 

selective inversion. However, one would not be able to visualize the 2D results unless the 

scan is fully completed. In contrast, real-time monitoring of EKIT result sweep-by-sweep is 

generally accessible in a conventional MRI scanner with MRS capabilities.

As a final point, under the current experimental conditions, the total scan time required to 

collect a four complete EKIT data sets (four different td values) was 55 min. With multiple 

td values, the evolution of all EKIT peaks with td can be clearly illustrated (Figures 5 and 6), 

from which multiple parameters (T1s, NOEs and chemical exchange rates) can be 

determined simultaneously from a single matrix equation (Equation 19). Theoretically, 

quantitative analysis of all these parameters requires at least two td series. However, given 

the non-linearity of EKIT peaks at various td values and the large range of variation in T1 

and k values, not all exchange peaks develop optimally at similar td values. Thus, three to 

four td series are ideal to reasonably quantify all the targeted parameters. If the T1 values 

were known a priori and the inversion pulse pre-calibrated, one single set of td data could be 
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used to solve for the remaining unknowns. Nevertheless, even with 4 td data series, the 

EKIT data acquisition time in this study is similar to that required in a typical ST study to 

measure a single forward reaction, Pi → ATP (~ 1 hr, ref 7). The time required for an EKIT 

analysis can potentially be reduced multiple-fold by sampling only the “on-resonance” data 

(Δδ = 0), and using multiple acquisitions to increase S/N.

In summary, using the proposed EKIT approach, an integrated quantitative study has been 

conducted on the kinetic exchange system of high energy phosphates for measurements of 

not only ATP turnover rates, but also of T1 relaxation times and NOEs as well. Unlike a 

conventional 31P MR spectrum which detects all metabolites on the basis of differences in 

chemical shift, an EKIT spectrum detects connections between exchanging spins of MR 

visible pools. From the intensities of these exchange signals, one can extract valuable 

metabolic information pertinent to the activities of endogenous enzymes such as creatine 

kinase and ATP synthase, as well as dynamic information in vivo through NOEs. Hence, it is 

expected that EKIT could become a useful tool for studying energy metabolism under 

alternated physiology and diseases, with potential applications extendable to other organs 

such as brain and heart where relevant enzymes are expected to be more active.
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FIG. 1. 
EKIT pulse sequence and 31P magnetization exchange pathways. a: The EKIT pulse 

sequence consists of a low-power, frequency-sweep inversion pulse, followed by a constant 

delay period, td, and a hard readout pulse. b: 31P magnetization exchange system in skeletal 

muscle, showing the various exchange pathways that are possible in skeletal muscle, 

including phosphorous chemical exchange reactions indicated by vertical arrows, and 

Nuclear Overhauser Effect (NOE) indicated by horizontal arrows. ATP and ADP are marked 

by rectangular boxes. A five-pool model including Pi, PCr and ATP but not ADP, was 

adopted in this work. Abbreviations: AK, adenylate kinase; CK, creatine kinase.
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FIG. 2. 
EKIT spectrum of human calf skeletal muscle. a: A typical T2w MR image acquired from 

human calf using a partial volume coil. Abbreviations: Sol, soleus; GM, gastrocnemius 

medial; GL, gastrocnemius lateral. b: The EKIT spectrum illustrated here reflects the 

intensity of PCr signal plotted as a function of frequency of the inversion pulse (150 

different frequencies) acquired from calf of a 25 yr healthy female with a BMI = 22.2 kg/m2. 

Other 31P MRS acquisition parameters: TR 5 second, td 1 second, scan time 12.5 min. Note 

that PCr magnetization is attenuated after inversion of either γ ATP (white arrow) or β ATP 

(insert). c: A conventional 31P MR spectrum acquired showing the full chemical shift region 

of calf muscle 31P resonances, with the chemical shift aligned with that of sweeping 

inversion pulse used in the EKIT spectrum b.
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FIG. 3. 
3D and 2D display of EKIT spectra of resting human calf muscle. a: 3D EKIT spectrum 

plotted by arraying the entire 31P MR spectra acquired using a series of offset inversion 

frequencies (PCr as reference at 0 ppm), with an enlarged region (inset) showing EKIT 

exchange peaks among the ATP spins (exchange effects marked by arrows with solid head, 

on-resonance inversion signals marked by arrows with thin lines). b: 2D contour plot 

showing ATP cross-relaxation (NOE) generated from subtraction spectra with off-resonance 

inversion as baseline. Note that the NAD peak which lies along the diagonal of this plot 

shows no exchange effect with ATP in resting skeletal muscle.

Ren et al. Page 18

Magn Reson Med. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIG. 4. 
EKIT spectra of resting human calf muscle. a: A conventional 31P MR spectrum and (b-f) 
EKIT spectra with observation resonance at b: Pi, c: PCr, d: γ-ATP, e: α-ATP, and f: β-

ATP acquired from resting human calf muscle at td = 1 s. These spectra represent averages 

from 7 subjects. In some spectra, small exchange peaks were enlarged 3-fold.
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FIG. 5. 
EKIT spectra and data fitting. EKIT spectra for observation of a: Pi, b: PCr, c: γ-ATP, d: α-

ATP, and e: β-ATP at inversion delays of 0, 1, 2, and 3 seconds. The EKIT data were 

acquired from resting human calf muscle averaged for 7 subjects. The major chemical 

exchange reactions are indicated by solid black arrows while the effects of relayed MT are 

marked by the hollow arrows. The smaller EKIT exchange peaks were vertically enlarged 

(x4). The solid curves represent the least-squares fitting of all data to a five-pool kinetic 

exchange model shown in FIG. 1b.
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FIG. 6. 
Plots of normalized EKIT peak intensity versus delay time td for several exchange 

processes. a: plots of Mz/Mz max after an on-resonance inversion pulse for several 

metabolites, b: for chemical exchanges mediated by CK and ATPase, c: for NOE within 

ATP, and d: for relayed MT effects. These data are identical to those shown in FIG. 5 with 

the solid lines showing the best fit of the data to the exchange model.
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Table 1

31P T1 relaxation times in resting human calf muscle at 7T

T1 (sec)

EKIT (5-pool Model) Non-selective inversiona

Pi 7.34 ± 0.82 6.3 ± 1.0

PCr 5.30 ± 0.33 4.0 ± 0.2

γ-ATP 1.70 ± 0.21 3.3 ± 0.2

α-ATP 1.30 ± 0.09 1.8 ± 0.1

β-ATP 1.13 ± 0.10 1.8 ± 0.1

a
Bogner, et al. (ref 37) measured by non-selective inversion of all metabolite resonances followed by recovery at 7T. Each metabolite data set was 

fit to a mono-exponential decay function.
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Table 2

Forward kinetic rate constants (k) and ATP cross-relaxation rate constants (σ) in resting human calf muscle.

Mechanism k or σ (sec-1)

EKIT (5-pool model) ST (2-pool Model)

Pi → γ-ATP Chemical exchange 0.050 ± 0.016 0.057(Gastroc)a;

0.059(soleus)a; 0.11b

PCr → γ-ATP Chemical exchange 0.264 ± 0.023 0.26c; 0.29d; 0.34b

γ-ATP ↔ β-ATP Cross relaxation (NOE) 0.163 ± 0.019

α-ATP ↔ β-ATP Cross relaxation (NOE) 0.165 ± 0.022

a
From Befoy, et al. (ref 7).

v
From Valkovic, et al. (ref 32).

c
from Shar, et al. (ref 44).

d
from Bottomley, et al. (ref 39).
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