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Abstract

Phosphorus magnetic resonance spectroscopy (31P-MRS) has previously demonstrated

decreased energy reserves in the form of phosphocreatine to adenosine-tri-phosphate ratio

(PCr/ATP) in the hearts of patients with type 2 diabetes (T2DM). Recent 31P-MRS tech-

niques using 7T systems, e.g. long mixing time stimulated echo acquisition mode (STEAM),

allow deeper insight into cardiac metabolism through assessment of inorganic phosphate

(Pi) content and myocardial pH, which play pivotal roles in energy production in the heart.

Therefore, we aimed to further explore the cardiac metabolic phenotype in T2DM using

STEAM at 7T. Seventeen patients with T2DM and twenty-three healthy controls were

recruited and their cardiac PCr/ATP, Pi/PCr and pH were assessed at 7T. Diastolic function

of all patients with T2DM was assessed using echocardiography to investigate the relation-

ship between diastolic dysfunction and cardiac metabolism. Mirroring the decreased PCr/

ATP (1.70±0.31 vs. 2.07±0.39; p<0.01), the cardiac Pi/PCr was increased (0.13±0.07 vs.

0.10±0.03; p = 0.02) in T2DM patients in comparison to healthy controls. Myocardial pH was

not significantly different between the groups (7.14±0.12 vs. 7.10±0.12; p = 0.31). There

was a negative correlation between PCr/ATP and diastolic function (R2 = 0.33; p = 0.02) in

T2DM. No correlation was observed between diastolic function and Pi/PCr and (R2 = 0.16; p

= 0.21). In addition, we did not observe any correlation between cardiac PCr/ATP and Pi/

PCr (p = 0.19). Using STEAM 31P-MRS at 7T we have for the first time explored Pi/PCr in

the diabetic human heart and found it increased when compared to healthy controls. The

lack of correlation between measured PCr/ATP and Pi/PCr suggests that independent

mechanisms might contribute to these perturbations.
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Introduction

Type 2 diabetes mellitus (T2DM) is a global health concern and the cardiac consequences of

T2DM are numerous. Their development is typically through an asymptomatic phase of dia-

stolic dysfunction [1], which culminates in diabetic cardiomyopathy, often defined as the

onset of heart failure in the absence of significant coronary artery disease, hypertension, or val-

vular heart disease [2,3]. The presence of diastolic dysfunction doubles the five year risk of

heart failure in T2DM [3]. Hence, there is a growing need to better understand the molecular

mechanisms contributing to these processes [4] and to develop non-invasive techniques to

assess them.

In T2DM there is an increasingly recognised pathological metabolic phenotype [5]. As the

heart requires a vast amount of adenosine-triphosphate (ATP) to maintain both contraction

and relaxation, and ATP metabolism is directly linked to changes in function, this is not sur-

prising. Of particular importance is the pathological switch in cardiac substrate preference [6],

i.e., upregulated β-oxidation of fatty acids and reduced myocardial uptake and oxidation of

glucose [7], which inhibits pyruvate dehydrogenase flux [8,9] and results in reduced efficiency

of ATP production and impaired creatine kinase (CK) flux.

Phosphorus magnetic resonance spectroscopy (31P-MRS) allows non-invasive assessment

of high-energy phosphate metabolites, e.g., ATP and phosphocreatine (PCr), and hence allows

tissue metabolism assessment in vivo [10–12]. A reduced cardiac PCr/ATP has been shown in

several metabolic diseases including T2DM [4] and obesity [13]. However, further insight into

the metabolic state of the heart could be gained by assessing the cytosolic content of inorganic

phosphate (Pi), which has a strong impact on the Gibbs energy of ATP hydrolysis. Quantifying

myocardial Pi in the diabetic heart may, therefore, help explain latent diastolic dysfunction.

Until recently, cardiac Pi levels have been difficult to quantify due to strong overlapping sig-

nals originating in the circulating blood. Myocardial Pi can, however, be robustly quantified

using ultra-high fields, i.e. 7T. Unlike the energy absorption-heavy decoupling applied at 1.5T

[14], long TR acquisition can be used, exploiting the relaxation properties of Pi at 7T [15,16].

Alternatively, black-blood properties of the stimulated echo single-voxel MRS (STEAM) with

longer mixing time (TM) can be used at 7T to acquire cardiac spectra free of blood pool con-

tamination [17].

In this study we sought to investigate the Pi/PCr in patients with T2DM using STEAM
31P-MRS at 7T and compare this metabolic parameter with healthy controls.

Materials and methods

Eligibility criteria and ethical considerations

All patients with diabetes and controls were over the age of 18, and were able to provide

informed consent. Patients with diabetes were included if they had no change to their diabetic

medication during the preceding three months and an HbA1C recorded between 6 and 9%.

All study participants had a normal resting ECG and normal cardiovascular examination on

the day of the study visit. Participants with any history of cardiovascular disease, hypertension,

or renal impairment were excluded. Standard contraindications to MR at the 7T field strength

applied to all. The study received ethical approval from the Oxford Research Ethics Committee

(reference 13/SC/0376). All participants gave written informed consent prior to the study.

Anthropomorphic, biochemical and clinical assessment

Height, weight and a resting electrocardiogram, blood pressure and heart were firstly recorded

for all participants. A normal cardiovascular examination was also performed. In diabetics,
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fasting venous blood was taken for HBA1C, insulin, glucose, and a full lipid profile (unless

these were available from a diabetic check occurring within the last month). Blood samples

were analysed by the Oxford University Hospitals clinical biochemistry laboratory according

to standardised protocols.

Echocardiography

In patients with diabetes, echocardiography was performed on a Philips Vivid Q (Philips, Best,

Netherlands) system to determine diastolic function; pulse wave velocity was measured at the

mitral valve inflow to calculate E/A ratio, and tissue Doppler at the lateral and medial mitral

valve annulus to generate E/e’ ratios, as well as the mean of medial and lateral measurements.

Standard 2D examination of apical 2 and 4 chamber views were obtained and left ventricular

ejection fraction (LVEF) determined by the biplane Simpson method.

31P magnetic resonance spectroscopy

All MR examinations were then performed on a human whole-body 7T Magnetom MR system

(Siemens Healthineers, Erlangen, Germany). Single loop surface 1H transmit/receive coil (10

cm in diameter; Rapid Biomedical, Rimpar, Germany) was positioned over the heart of partici-

pants lying supine and used for cardiac localizers to guide 31P-MRS voxel placement and for

shimming by a previously described [18] dedicated B0 shimming procedure. Briefly, a stack of

18 dual-echo gradient-recalled echo (GRE) slices aligned with the mid-short-axis view (TR 314

ms, TE1 2.4 ms, TE2 4.3 ms) was acquired to generate a B0 map. This field map was thresholded

in MATLAB (MathWorks, Natick, MA, USA) by zeroing all pixels with an intensity less than

that of the heart and setting the magnitude of all remaining pixels to 1. These modifications

prevent the high-intensity pixels near the surface dominating the vendor’s online computed

magnitude-weighted shim solution.
31P-MRS was then performed after a coil change, using a 16-channel receive array com-

bined with a 31P surface transmit coil (Rapid Biomedical) [18]. This coil comprises a rigid 27 x

28 cm2 transmit 31P element and a flexible array of 16 receive elements (size 8 x 5.5 cm2,

arranged in a 4 x 4 grid). This configuration provides very high receive sensitivity from the

heart, together with relatively homogeneous albeit rather weak transmit at the heart (peak B1
+

was about 10 μT at the typical depth of the heart, i.e. 10 cm from the anterior chest wall) [17].

No respiratory triggering was used for 31P-MRS. Following previous work, cardiac gating was

used for Pi/PCr measurements [17], but not for PCr/ATP measurements to save scan time

[16,19].

First, the cardiac PCr/ATP ratio was measured using the approach of Ellis et al. [18], i.e.

using an acquisition weighted 3D CSI with minimized acquisition delay (UTE-CSI) [20] with

8 × 16 × 6 matrix and field of view of 240 × 240 × 200 mm3, giving the nominal voxel size of

30 × 15 × 33.3 mm2, i.e. 15 mL. The CSI matrix was positioned with the 8 × 16 dimensions par-

allel to a cardiac short axis localizer and rotated in-plane so the phase-encoding direction with

the highest resolution was in the anteroposterior direction to minimize skeletal muscle con-

tamination. With TR of 2.2 s and 4 weighted averages in the centre of the k-space, the total

acquisition time of the UTE-CSI was 6 minutes 40 seconds. RF excitation was performed

using a shaped pulse that comprises a 0.5 ms hard pulse, preceded by a numerically optimized

1.9 ms part that improves homogeneity of excitation [21]. It excites an approximately 2 kHz

bandwidth, hence, the centre excitation frequency was set to +266 Hz relative to PCr, as to

cover metabolites from 2,3-diphosphoglycerate (2,3-DPG) to γ-ATP.

Next, the Pi/PCr was measured using the interleaved STEAM 31P-MRS acquisitions MRS

[17] with the voxel positioned over the interventricular septum and its size individually
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adjusted to cover as much septum as possible avoiding contamination from skeletal muscles

(average size 58 ± 12 mL). The reference voltage required to achieve the 90˚ flip angle in the

STEAM voxel was calculated during the UTE-CSI acquisition based on a set of inversion

recovery free induction decay scans (IR-FIDs) of fiducials mounted on the 31P coil as described

previously [17]. The rest of the parameters was set as follows: TE = 13 ms, effective TR = 6 s,

TMPCr = 7 ms, TMPi = 60 ms, and 256 averages.

Magnetic resonance spectroscopy data analysis

MRS data were analysed, after whitened singular value decomposition (WSVD) coil combina-

tion [22], using the open-source Matlab-based Oxford Spectroscopy Analysis (OXSA) [23]

toolbox’s implementation of the time domain fitting AMARES routine [24]. To fit the

UTE-CSI dataset; PCr, phosphodiesters and the two diphosphate-glycerate (2,3-DPG) peaks

were fitted as single Lorentzians, while the γ while the were fitted as single Lorentziananianor-

entzianPG) peaks were fonly PCr, Pi and phosphodiesters were present and fitted as single

Lorentzians. The ‘PCr-interleaf’ spectrum was fitted before the ‘Pi-interleaf’ spectrum so that

the algorithm fitting the Pi frequency could be constrained to search around 5.0 ± 0.8 ppm rel-

ative to PCr, the linewidths of Pi and PCr were set to be equal, and the determined PCr phase

was used as a starting point for fitting the Pi phase to improve the stability of Pi fitting [17]. No

residual signals after fitting were above the noise level. Given myocardial [Pi] is extremely low

and poor SNR may impact our ability to identify its resonance reliably, data were included for

analysis only if the previously defined data quality conditions were met, i.e. the Pi peak was

clearly resolved (defined as SNR>2.5 and visually obvious) [17]. Cramér-Rao lower bounds

(CRLBs) were also calculated for the STEAM measured PCr and Pi amplitudes.

All metabolite signals were corrected for partial saturation using literature relaxation times

[15,19] and the PCr/ATP ratio (using γusing determined from UTE-CSI was also corrected for

blood contamination, assuming that blood ATP is ~15% of the combined 2,3-DPG signals

[25]. Intramyocardial pH was calculated using the Henderson-Hasselbalch equation using

chemical shift between PCr and Pi [26]. Student t-test was used to determine statistically sig-

nificant (p<0.05) differences between the subject groups. Linear Pearson correlation was used

to determine relation between 31P parameters and diastolic dysfunction (described as E/e’).

Results

Study population

Seventeen patients with type two diabetes (3 females), and twenty-three healthy controls (9

females) were recruited. Patients with diabetes had a significantly higher BMI (27.1 ± 4.2 kg.

m2 vs. BMI 24.1 ± 2.6 kg.m2, p<0.01), and were older (61 ± 7 years vs. 43 ± 16 years, p<0.01).

Resting mean arterial pressure (calculated as [2 x diastolic blood pressure + systolic blood pres-

sure] / 3) was not different between the two groups [93±8mmHg (diabetes) vs. 90±8 mmHg

(controls), p = 0.14], whereas resting heart rate was higher in patients with diabetes (66±9bpm

vs. 60±9bpm, p<0.05). All T2DM patients had a Hb1Ac over 6% (mean 7.2 ± 1.2%) while their

LVEF was in the normal range (mean 59 ± 4%). However, their E/e’ (average) was already

mildly elevated (mean 6.9 ± 2.0) indicating low grade diastolic dysfunction. Further baseline

data is given in Table 1.

Due to myocardial [Pi] being low and BMI of some participants being well over 30 kg/m2,

Pi was not reliably quantifiable in five T2DM and in one control STEAM spectra. The mean

SNR of Pi and PCr was 6.5 ± 3.8 and 88 ± 41 for controls, and 6.7 ± 4.5 and 50 ± 30 for patients

with diabetes, respectively. Hence the final comparison of cardiac Pi/PCr and myocardial pH

was performed between 12 T2DM and 22 healthy participants. Similarly, a PCr/ATP
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measurement was not obtained in one diabetic and two controls due to poor data quality. Typ-

ical 31P-MRS spectra acquired in a control and a diabetic heart are depicted in Fig 1 both the

UTE-CSI spectra used to determine PCr/ATP and the STEAM spectra of PCr and Pi acquired

interleaved for the Pi/PCr quantification are depicted.

As expected, resting PCr/γ-ATP was significantly lower in diabetics compared to controls

(1.70 ± 0.31 vs. 2.04 ± 0.38, p< 0.01). In the opposite direction and demonstrated for the first

time here, cardiac Pi/PCr was significantly increased in T2DM patients (0.13 ± 0.07 vs.

0.10 ± 0.03, p = 0.02). The median (interquartile range) Pi CRLBs were 33.1% (22.9 to 50.3),

and were not different between the two groups, i.e. 32.1% (23.5 to 50.2) vs 35.4% (22.4 to 58.3)

for healthy controls and patients with diabetes, respectively. Fig 2 shows these differences in

cardiac energetics together with the comparison of myocardial pH, which was not found to be

significantly different between the participant groups (7.14 ± 0.12 in T2DM vs. 7.10 ± 0.12 in

controls, p = 0.31). Within the diabetic group, E/e’ did not correlate with Pi/PCr (R2 = 0.16,

p = 0.21, Fig 3A), but did negatively correlate with PCr/ATP (R2 = 0.33, p = 0.02, Fig 3B). Tak-

ing the cohort as a whole, no correlation was seen between the two metrics of cardiac energet-

ics recorded directly, although, as can be appreciated in Fig 3C, patients with diabetes are

shifted to lower PCr/ATP and higher Pi/PCr values.

Table 1. Details on the study population characteristics and demographics data.

T2DM Control P-value�

Number 17 (3F) 23 (9F)

Age (years) 61.4 ± 6.8 43.0 ± 16.4 <0.01

BMI (kg/m2) 27.1 ± 4.2 24.1 ± 2.6 <0.01

Heart rate (b/min) 66 ± 9 60 ± 10 <0.05

Systolic blood pressure (mmHg) 135 ± 14 126 ± 12 <0.05

Diastolic blood pressure (mmHg) 73 ± 8 71 ± 7 0.53

Mean arterial pressure (mmHg) 93 ± 8 90 ± 8 0.14

HOMA-IR 9.2 ± 3.8 -

HBA1c (%) 7.2 ± 1.2 -

Total Cholesterol (mmol/l) 3.7 ± 0.9 -

LDL Cholesterol (mmol/l) 2.2 ± 0.6 -

Medication History
Metformin 17 (100%) 0

Sulfonylurea 5 (29%) 0

SGLT-2 inhibitor 1 (6%) 0

ACE inhibitor 5 (29%) 0

Mineralocorticoid antagonist 0 0

Statin ± Ezetimibe 11 (65%) 0

Aspirin 3 (18%) 0

Beta blocker 0 0

Calcium channel blocker 0 0

Echocardiography
LVEF (%) 59.3 ± 4.2 -

E/A 0.9 ± 0.2 -

E/e’ (medial) 7.8 ± 2.3 -

E/e’ (lateral) 5.9 ± 1.9 -

E/e’ (average) 6.9 ± 2.0 -

https://doi.org/10.1371/journal.pone.0269957.t001
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Discussion

We investigated cardiac inorganic phosphate reserves and myocardial pH in patients with type

2 diabetes mellitus, using in vivo 31P-MRS at 7T. Our results show that, as the PCr/ATP drops

in T2DM patients, their cardiac Pi/PCr increases. At the same time, the myocardial pH does

not differ between T2DM and healthy controls. Interestingly, we have found no correlation

between PCr/ATP and Pi/PCr suggesting some level of mechanistic independence between

them.

Our PCr/ATP result is in good agreement with literature, where the drop in PCr/ATP in

diabetes has been extensively investigated [4,27,28]. Comparing the values of our measured

PCr/ATP with literature reports, Levelt et al. [4] reported resting PCr/ATP of 1.74 ± 0.26 and

2.07 ± 0.35 and Scheuermann-Freestone et al. [27] reported 1.50 ± 0.11 and 2.30 ± 0.12 for

T2DM patients and healthy controls, respectively. These are in good agreement with our mea-

sured values of 1.70 ± 0.31 and 2.07 ± 0.39 in T2DM and healthy controls, respectively.

Fig 1. Typical CSI (top) and STEAM (bottom) spectra from a control (left) and a T2DM (right) participant. Please note that the CSI spectra are scaled to ATP

amplitude to clearly demonstrate the difference in PCr/ATP. Also, for each STEAM interleave the spectral region targeted and used for the Pi/PCr and pH

calculations is highlighted by bolder lines and green background. Increased Pi and decreased PCr can be seen in the T2DM STEAM data.

https://doi.org/10.1371/journal.pone.0269957.g001

PLOS ONE Increased cardiac Pi/PCr in the diabetes observed by 31P MRS at 7T

PLOS ONE | https://doi.org/10.1371/journal.pone.0269957 June 16, 2022 6 / 11

https://doi.org/10.1371/journal.pone.0269957.g001
https://doi.org/10.1371/journal.pone.0269957


The recently described long TM STEAM at 7T technique allowed us to measure for the first

time cardiac Pi/PCr in T2DM patients in vivo. We found significantly higher Pi/PCr values in

the heart of T2DM patients in comparison to healthy controls, i.e. 0.13 ± 0.07 vs. 0.10 ± 0.03

(p = 0.02). This increase in Pi/PCr mirrors the drop in PCr/ATP discussed above, potentially

limiting the available energy from ATP hydrolysis. If this progresses, diastolic dysfunction will

progress and ultimately the systolic function will likely become impaired as well. Our reported

values of Pi/PCr in healthy volunteers are in good agreement with literature reports, i.e.

0.10 ± 0.07 [14] or 0.10 ± 0.03 [17]. Similarly, the measured SNR and CRLB of the Pi signal are

in good agreement with previous reports [17]. The Pi/PCr we measured for T2DM patients,

while higher than those of healthy volunteers, are lower than those previously reported in

patients with cardiomyopathies, i.e. 0.20 ± 0.08 [14] or 0.24 ± 0.09 [15]. This is in agreement

with the reports on PCr/ATP where patients with cardiomyopathies often have even lower

PCr/ATP than the patients with diabetes, putting cardiac metabolism of T2DM somewhere

Fig 2. Energetics and myocardial pH in controls and diabetics. PCr/ATP was significantly lower (p<0.01, A) and Pi/PCr was significantly higher (p = 0.02,

B) in T2DM patients. Myocardial pH was however not different (p = 0.31, C). Please note that due to myocardial [Pi] being low, and BMI of some participants

being well over 30 kg/m2 Pi was reliably quantifiable [17], i.e. SNR>2.5 and clear peak, in 12/17 T2DM, and 22/23 control STEAM spectra.

https://doi.org/10.1371/journal.pone.0269957.g002

Fig 3. Correlation between cardiac metabolism and diastolic function in diabetic patients. E/e’ is an indicator of diastolic dysfunction with higher values

indicating higher ventricular filling pressures. The parameter did not correlate with Pi/PCr (A) but did correlate inversely with PCr/ATP (B, p = 0.02) in the

diabetics recruited. Overall, PCr/ATP did not correlate well with Pi/PCr but when plotted against one another (C) the shift to higher Pi/PCr and lower PCr/

ATP in T2DM can be appreciated.

https://doi.org/10.1371/journal.pone.0269957.g003
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between healthy and failing heart [12]. This further suggests that slowly deteriorating cardiac

energetics in T2DM could lead to diabetic cardiomyopathy and heart failure.

Alongside the Pi/PCr, we also report the first in vivo measured myocardial pH in T2DM

patients. Our results show that the myocardial pH of T2DM patients is not statistically differ-

ent than that of healthy controls, i.e. 7.14 ± 0.12 vs. 7.10 ± 0.12 (p = 0.31). This is in agreement

with previous literature reports assessing myocardial pH in patients with cardiomyopathies,

where similar values of 7.06 ± 0.03 [29] or 7.12 ± 0.04 [15] were shown in healthy volunteers,

in comparison to 7.07 ± 0.02 [29] or 7.14 ± 0.02 [15] found in patients with hypertrophic car-

diomyopathy. Broadband heteronuclear decoupling or long TR acquisition techniques were

employed to measure myocardial pH in those studies. This shows that intracellular pH is

robustly controlled and maintained in the diabetic myocardium at rest.

We did not find a correlation between diastolic dysfunction and the cardiac Pi/PCr (R2 =

0.16, p = 0.21) in T2DM in this study. On the other hand, E/e’ (mean) did negatively correlate

with the cardiac PCr/ATP (R2 = 0.33, p = 0.02). This is in agreement with a recent study show-

ing negative correlation between cardiac PCr/ATP and E/e’ over several stages of heart failure

with preserved ejection fraction including T2DM [30], but not in T2DM only as showed in

this study. In agreement with this, we did not observe any correlation (p = 0.19) between car-

diac PCr/ATP and Pi/PCr. This potentially suggests that the rise in Pi may be mechanistically

independent to the fall in PCr/ATP, with candidates including impairment of CK flux and

substrate inflexibility [31].

There was a difference in age, BMI and systolic blood pressure between the two groups in

our study, which could have confounded our results and could potentially be considered a lim-

itation of our study. Also, due to the high BMI of several patients, significantly increasing the

distance between the coil and the septum, the SNR of the Pi peak was too low to allow reliable

Pi/PCr quantification in 5 out of 17 recruited patients. The use of dedicated higher B1
+ perfor-

mance RF coils, e.g., quadrature [32,33], or a birdcage design [34] combined with a similarly

or more sensitive receive array as used here [35,36] could improve the achievable spectral SNR

in such high BMI patients in the future. While we used a dedicated B0 shimming procedure,

additional higher order shimming might improve the field homogeneity further and yield nar-

rower linewidth and thus higher SNR. In addition, linewidth and SNR could in the future be

also potentially improved through respiratory gating of the spectral acquisition.

Comparing metabolite ratios like PCr/ATP and Pi/PCr inherently depends on changes in

both metabolites. While ATP concentration is considered to be stable in all but the most

extreme conditions (such as acute ischemia), PCr content is more sensitive to change. Hence,

it is unclear whether the observed Pi/PCr increase represents only a decrease in PCr or also an

increase in cardiac Pi. In addition, our patient group was relatively small. Hence, further inves-

tigation of cardiac Pi metabolism in a larger cohort of patients with T2DM using recent abso-

lute quantification techniques [37] will be needed to provide more definitive understanding of

cardiac metabolism.

In Conclusion, using STEAM 31P-MRS at 7T we have observed for the first time increased

Pi/PCr in the diabetic human heart in comparison to healthy subjects. While spectral SNR

proved to be a limiting factor in patients with high BMI, good quality data were acquired in

12/17 patients. PCr/ATP and Pi/PCr were not significantly correlated, which hints that multi-

ple mechanisms might contribute to these perturbations.
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