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Abstract

Background *'P-magnetic resonance spectroscopy (MRS) saturation transfer (ST) allows for noninvasive investigation
of liver energy metabolism by assessing flux rates of adenosine triphosphate (ATP) synthesis. However, this technique
has rarely been applied at clinical field strengths because of long examination times and contamination from muscle
tissue. Our aim was to establish a new method to robustly assess ATP synthesis using a clinical scanner.

Methods A prospective single-center study was performed (January 2023-August 2024) within the German Diabetes
Study. We established a suitable *'P-MRS ST protocol, tested it in vitro and in vivo and assessed its reproducibility. We
assessed the hepatic apparent spin-lattice relaxation time of inorganic phosphate (T/1 o), equilibrium forward rate
constant (ks), and forward ATP synthesis rate (Fa7p) in nine control volunteers (CON) (six females) and eight patients
(five females) with type 1 diabetes (T1D) and compared differences by ANOVA.

Results Reproducibility assessment in nine CON, aged 27 + 4 years (mean + standard deviation), yielded coefficients
of variation for repeated measurements of 7.1% and 21.3% for TI1,P;' and k¢, respectively. Group comparison revealed
higher hepatic k¢ (0.34 + 0.03 s versus 0.16 +0.03s™": p =0.001) and Farp (35.3 £ 3.5 mM/min versus 16.4 + 3.5 mM/min;
p =0.002) in CON than in T1D, aged 42 + 15 years, respectively.

Conclusion This *'P-MRS ST method allowed for robust assessment of hepatic ATP synthesis at clinical field strength
and was sensitive enough to detect differences between CON and T1D volunteers.

Relevance statement Noninvasive methods to investigate hepatic energy metabolism are urgently needed to
evaluate liver health while preventing unnecessary biopsies. For broad clinical applicability, the robustness shown by
the proposed method at clinical field strength is crucial.

Trial registration ClinicalTrials.gov: NCT01055093—Prospective study on diabetes mellitus and its complications in
newly diagnosed adult patients (GDC), NCT01055093, Registered: 01/22/2010, https://clinicaltrials.gov/study/
NCT010550937term=NCT01055093&rank=1#study-overview.
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* The proposed magnetic resonance spectroscopy method calculates hepatic ATP synthesis rates at clinical field strength.
* The protocol shows acceptable reproducibility and spectra without contamination from muscle.
* The method can detect differences between participants with type 1 diabetes and controls.

Keywords Adenosine triphosphate, Diabetes mellitus (type 1), Energy metabolism, Liver, Magnetic resonance

spectroscopy
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Background

Intact mitochondrial function is required for sufficient
adenosine triphosphate (ATP) production for cellular
demands [1]. In the liver, oxidative capacity changes
during the development of metabolic dysfunction-
associated steatotic liver disease (MASLD) and steatohe-
patitis (MASH). In surgical biopsies, ex vivo measured
energy metabolism is upregulated in steatotic livers, but is
impaired in MASH and fibrosis, associated with excessive
lipid accumulation and oxidative stress, likely contribut-
ing to worsening liver damage and disease progression
[1, 2]. As percutaneous liver biopsies are only taken upon
clinical indication, noninvasive techniques are pivotal for
further studies. Moreover, given the recent U.S. Food and
Drug Administration approval of the liver-selective thyr-
oid hormone receptor 3-agonist, resmetirom, for MASH
[3], mechanistic studies monitoring mitochondrial func-
tion in the liver and thereby treatment efficacy are

important. While diagnosis and treatment of MASH in
obesity and type 2 diabetes (T2D) is a well-documented
unmet clinical need and people with MASH and T2D
feature lower hepatic oxidative capacity [4], it is less well
known that also type 1 diabetes (T1D) shows derange-
ments of hepatic energy metabolism, that deserve further
study.

*IP-magnetic resonance spectroscopy (MRS) has been
established for the detection of metabolite ratios and
absolute concentrations [5, 6]. The few studies available
show an impaired hepatic energy metabolism in people
with T1D/T2D, indicated by decreased absolute con-
centrations of ATP and inorganic phosphate (P;) [7, 8].
Furthermore, the saturation transfer (ST) technique
allows to observe the reaction kinetics of ATP synthesis
[9], which has been previously applied in brain [10, 11],
skeletal muscle [12, 13], and liver [14—16]. Up to now, the
method was mainly applied at ultrahigh field (UHF)
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[16—-21] and not at clinical field strength, because for the
liver, spatial localization is mandatory, resulting in low
signal-to-noise ratio (SNR) and long measurement times
of > 2 h at clinical field strength. So far, the reproducibility
of this method has only been assessed at UHF, and its
variance during repeated measurements at clinical field
strength is currently unknown.

The current study introduces “four repetition time ST”
(FRiST) to robustly assess ATP synthesis using a clinical
scanner with a high degree of spatial localization within
90 min. This method is based on TRiST (“triple repetition
time ST”) introduced by Schir et al for measurements of
creatine kinase reaction rates in human calf and heart
[22]. After extensive phantom testing, the reproducibility
of the method was evaluated and applied in participants
with T1D to detect differences as compared to control
volunteers.

Methods

Study design, volunteers and MRS system

This prospective, cross-sectional study was performed as a
single-center study between January 2023 and August 2024,
utilizing a subcohort from the ongoing German Diabetes
Study (GDS) [23] (ClinicalTrials.gov: NCT01055093). The
study was approved by the local ethics committee (Medical
Faculty, Heinrich Heine University, Diisseldorf; ref#4508),
and all participants provided written informed consent.
Nine control volunteers were included for protocol opti-
mization and determination of reproducibility, and nine
T1D volunteers for clinical relevance assessment (Table 1).
Inclusion and exclusion criteria are described in Supple-
mentary Material S1. Participants fasted overnight and
refrained from caffeine, alcohol, and strenuous exercise on

Table 1 Participants’ characteristics

Volunteer Control volunteers Type 1 diabetes  p-value
group

Number 9 8

Sex (m/f) 3/6 3/5 1.000°
Age (years) 250+343 4214152 0015%°
Weight (kg) ~ 694+115 745+ 157 0457°
Height (m) 1.70+£0.08 1.75+£0.11 0.395°
BMI (kg/m?) 2384216 242+ 265 0.734°

Data used for  Assessment of T/ 5, AM,  Assessment of T ,

kf and /EATp and AM, kf and FATP

reproducibility

All values are reported as numbers of participants or mean + standard deviation
AM Difference of P; between saturating and control irradiation, F47p Forward
adenosine triphosphate synthesis rate, k; Forward rate constant, T ,; Apparent
spin-lattice relaxation time of P;

* p<0.05 indicates statistical significance

@ Fisher's test

® Welch t-test
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the day preceding measurements. All examinations were
performed on a clinical 3-T system (Philips Achieva
dStream) using a quadrature surface coil [24].

31p_MRS ST FRiST protocol

A detailed description of the in vitro and in vivo protocols
is given in Supplementary Material S2. First, in vitro
experiments were performed to optimize y-ATP reso-
nance saturation in the liver using a pulse train of delays
alternating with nutations for tailored excitation
(DANTE) [25] pulses. Two effective pulse schemes were
identified with either 5 suppression bands, which were
9Hz apart (M5D9) or 3 with 12Hz (M3D12). The
necessary DANTE subpulse flip angle B was determined
to achieve < 5% y-ATP residual. For in vivo validation of
the protocols, the measurements were repeated in two
male control volunteers aged 24 and 29 years, with body
mass index (BMI) of 26.3 and 24.8 kg/m”>.

In order to accelerate the determination of the apparent
spin-lattice relaxation time of P; (T’LPL'), a saturation
recovery experiment with two-dimensional-localization
and a range of five different repetition times (TRs) was
tested in two control volunteers and checked which 3TRs
best reflect the 5TR value.

All measurements were performed by two experienced
spectroscopists (M.]. and B.K., with 6 and 4 years of
experience, respectively), including segmentation of the
liver and calculation of resonance frequency of the
saturation pulse. Scout images were acquired and shim-
ming was performed, using a dedicated shim tool, as
described by Schir et al [26]. With this method, a By map
was acquired, the liver was manually segmented in
16 slices, and the resulting calculated B, shim was
maintained for all measurements in that session. Mean SD
linewidths of the water peak before and after shimming
amounted to 47 Hz and 18 Hz, respectively, and the water
peak was visually inspected to confirm a single, narrow,
symmetrical peak. Transverse T,-weighted images
acquired with multislice two-dimensional single-shot
turbo spin-echo (TR/echo time 571/80 ms; 23 slices of
6-mm thickness, 1 mm gap, field of view 450 x 302 mm?)
served together with coronal images from the scout
images for further planning of the *'P-MRS measure-
ments (Supplementary Fig. S1). To correctly apply the
saturation pulse, the exact resonance frequencies of y-
ATP and P; were determined from a nonlocalized
3P-MRS scan (Supplementary Material S3).

All ST experiments were acquired using a two-
dimensional-localized “image-selected in vivo spectro-
scopy” [27] sequence with a 40 x 90 mm?® volume of
interest (open in feet-head direction) and a hyperbolic
secant adiabatic pulse for excitation and inversion (Sup-
plementary Material S3). Four spectra were acquired with
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varying TRs and number of signal averages (TR0
=075, TReepter =1.75, TRypiyrorea =175, and TRype
= 2.7 s). Further details of the acquisition procedure are
listed in Supplementary Table S1, and a representative
raw MRS spectrum acquired with TR 1.7 s is shown in
Supplementary Fig. S2 [28].

In the T1D participants, three-dimensional-localized
“image-selected in vivo spectroscopy” spectra were col-
lected for quantification of absolute P; concentration with
correction for hepatic lipid content, as assessed by
'H-MRS as previously described [24].

Data processing and quantification procedure

In line with best practices, all spectra were reviewed and
processed by experienced spectroscopists (M.]., B.K., and
S.W. with 6, 4, and 6 years of experience). To ensure good
quality data, all spectra were analyzed in terms of SNR
using the consensus definition SNR = S;f]—:fel [28, 29]. After
application of a 15 Hz Gaussian filter, the signal was
defined as the fitted amplitude of the metabolite of
interest and noise (0) as standard deviation of the spec-
trum between 10 and 20 ppm (Supplementary Fig. S2)
both in the frequency domain using a custom written
MATLAB script (MathWorks Inc. R2021a, Natick, MA,
USA). As criteria for good quality, spectra with SNR of y-
ATP <4, P;<2.5, and minimal phosphocreatine (PCr)
contamination (PCr to y-ATP peak ratio > 0.15) were
excluded. A sophisticated, fully automated, custom-
written MATLAB script was used to analyze all ST
spectra (Supplementary Material S4).

In the *'P-MRS ST experiments, the pseudo-first-order
equilibrium forward exchange rate constant (kf) was
calculated according to (Supplementary = Mate-

: 1 My pi
rial S5):k; = Fip (1 - Moﬁ)

T’ p; was fitted from the signal amplitudes of the 3TR
experiment using a mono-exponential equation. For
assessment of the equilibrium (Mjp;) and apparent
longitudinal magnetization of P; (Mj, ), the correspond-
ing P; amplitude at TR,iroreq and TR eyer Were individu-
ally T corrected for partial saturation by using T p; of
730 ms obtained from literature [15] and the mean mea-
sured T' p; of the corresponding group. Fazp was calcu-
lated by multiplying k; with the corresponding P;
concentration. *'P-spectra for absolute P; quantification
were evaluated as previously described [24, 30]. Further
details for the quantification process are given in Sup-
plementary Material S4.

Statistical analysis

All results are reported as individual values, mean +
standard error of the mean or mean [95% confidence
interval], with the exception of age, weight, height, and
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BMI, reported as mean t standard deviation. For the
reproducibility study in control volunteers, the coefficient
of variation (CV) was determined for repeated measure-
ments of T' p, AM (difference in P; between saturated
and mirrored experiment), and kr. Testing for outliers was
performed using Grubbs’s test in R (version 4.0.5). For
inter-group comparison T p;, AM, ks, and Fazp were
compared between the control and T1D participants,
using ANOVA for generalized linear model without and
with adjusting for covariates at a statistical significance
level of p <0.05. Sample size calculation used Cohen’s d
method based on previously published data [21] and
resulted in a power of 0.85 when investigating n=28
participants per group, calculated using the POWER
procedure in SAS software (SAS Institute Inc., Cary, NC,
USA, Version 9.4) with « =0.05, Cohen’s d=1.6 and
nominal power = 0.8. For deciding on the best TRs to
determine T’ p,, the coefficient of determination (R*) was
calculated using least squares regression without weight-
ing and special handling for outliers.

Results
Participant characteristics and quality of spectra
The characteristics were similar in both groups, except for
higher mean age in the group of T1D (Table 1). The mean
age of T1D patients was 42 + 15 years (mean + standard
deviation), that of controls 25 + 3 years (p = 0.015), BMI
was 24 +3kg/m®> versus 24 +2kg/m? respectively
(p=0.734). Three of eight T1D patients were males
(38%), three of nine controls were males (33%). Valid MRS
results were obtained from all participants, except for two
people. One T1D patient was excluded from the analyses
due to a physiologically impossible negative k; value,
confirmed being an outlier by Grubbs’s test (Fig. 1). In a
second T1D patient, a spectrum for absolute P; con-
centration was excluded due to low SNR, but group
average P; was used to calculate F47p.

3IP-MRS ST spectra showed mean SNRs of 5.7 +0.2,
5.8 £0.3, and 6.0 + 0.2 for P; in the saturated spectra using
TR 0.7, 1.7, and 2.7 s, respectively. In the mirrored spectra,
mean SNRs of 12.0 £ 0.4 and 6.2+ 0.3 for y-ATP and P;
were achieved. Absolute P; quantification spectra had SNRs
of 8.0 £ 0.8 and 6.3 £ 0.3 for y-ATP and P;, respectively. PCr
was completely absent or negligible with highest PCr/y-
ATP ratio of 11%, indicating good liver localization. ATP
was fully saturated with residual y-ATP < 5%, except for
two spectra with 6% and 11% of residual y-ATP. As almost
the complete data set (26/28) had very good saturation
(>95%), no correction for partial saturation was applied.
The suppression sideband in the mirrored spectrum
(Supplementary Fig. S3) leads to a partial saturation of a-
ATP, which, however, was considered as negligible based
on the result of a previous study [31].
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9 Type 1 diabetes
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Final analysis

Fig. 1 Flowchart of the study participants. ks, Forward rate constant; MRS, Magnetic resonance spectroscopy

Optimization of the FRiST method
The in vitro testing for suitable DANTE pulse train
schemes with the voxel of interest at a distance of 10 cm
between coil and voxel of interest to simulate measure-
ments in the liver are shown in Fig. 2a, b. In both tested
pulse schemes, it was possible to saturate the y-ATP
moiety to < 5% of its original signal. For M5D9, two local
minima areas were found (f =1.5-2.0° and p = 3.5-4.0°),
while the scheme M3D12 also showed two, but wider
minima (f = 2.5-4.0° and = 5.0-6.0°). The spillover (Q),
representing the amount of signal decrease resulting from
off resonance saturation, is constantly decreasing with
higher flip angles, with a minimum of 59% of the initial
signal amplitude at § = 6° for both schemes (see Fig. 2a, b).
Application of these experiments in two control volunteers
showed local minima at 3 =1.8°, 2.7°, 5.7°, and 6.0° in one
volunteer each for M5D9, while for M3D12 both volun-
teers exhibit a complete y-ATP saturation for p>3.5°
(Fig. 2¢, d) which is why M3D12 was further used in this
study. Additionally, in order to keep Q high while main-
taining complete saturation and minimizing specific
absorption rate levels, the flip angle f =4.0° was chosen.
Using this protocol, Q amounted to 0.67 at f =4.0° in
both volunteers. A complete overview of the resulting
DANTE saturation bands, including their sidebands in a
typical (mirrored) *'P-MRS ST spectrum, is given in
Supplementary Fig. S3. In the y-ATP saturation experi-
ments, the main saturation band is applied at -2.48 ppm
with its sidebands far off from other >'P-resonances. In the
mirrored experiment, the main saturation band is applied
mirrored to the P; resonance at 12.7 ppm.

For shorter measurement time during 77 ,; determina-
tion, a set of 3TRs with the least deviation from a 5TR
saturation recovery experiment was extracted for two

control volunteers. The 5TR fit yielded a T", p, of 699 and
432 ms, respectively (solid lines in Fig. 3). Starting from
five TRs, mono-exponential fits were executed with all TR
combinations in order to find a TR triplet which is able to
replicate the 5TR T' p,.. Here, fitting the combination of
TR 0.7, 1.7, and 2.7 s yielded T ,; of 645 and 465 ms with
R” of 0.9993 and 0.9995, which differ by 8 and 9% from
the five-point fit, respectively (dotted lines in Fig. 3),
resulting in applying these TRs for all future measure-
ments. A list of all TR sets for T’ ,, fitting including R
can be reviewed in Supplementary Table S2. An example
fit of the final TR set (TR 0.7, 1.7, and 2.7 s) and their
position on the predicted T" ,; relaxation curve is depic-
ted in Fig. 4.

Reproducibility of the method

The reproducibility of the method was assessed by per-
forming a second measurement after full repositioning
and resulted in mean CVs of 7.1%, 20.9%, and 21.3% for
T' p» AM, and k¢, respectively, and decreases to 14.0%
and 14.6% for AM and ks when omitting one datapoint
which was identified as statistical outlier (p=0.006,
control volunteer #7). Table 2 lists all individual data for
the reproducibility measurements.

Application of FRiST in individuals with T1D and
comparison to control volunteers

Representative spectra of the hepatic ST experiment at TR
1.7 s with saturation on y-ATP (dashed blue line) and
mirrored frequency (solid black line) are shown in Fig. 5.
As with the T, measurements (Fig. 4), the y-ATP
resonance is completely suppressed in the saturation
experiment and residual PCr signal is absent indicating a
high degree of signal localization.
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In vitro DANTE scheme M3D12
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Fig. 2 Amplitude modulation of the delays alternating with nutations for tailored excitation (DANTE) saturation pulse scheme. a, b In vitro results of the
calculated normalized magnetization of y-adenosine triphosphate (y-ATP) with varying subpulse flip angle (B) at repetition time (TR) of 0.7 s for the
scheme: (i) M5D9 (5 saturation bands each 9 Hz apart); and (ii) M3D12 (3 saturation bands each 12 Hz apart). ¢, d In vivo results of the same DANTE pulse
train schemes for two control volunteers. The dashed line symbolizes a y-ATP saturation of 5%. Q, Spillover; Vol, Volunteer

a)
— 4%10-4—
5
> B
> 3x10-4—
‘@
c
S 2x10-4-
£
© B .
& 1%10%+ 5TR: T/(P)) = 699 ms
s /7 3 TR: T4'(P) = 645 ms
0

0

0 1000 2000 3000

Repetition time [ms]

(=3
~

P; signal intensity [a.u.]

4%10-4-

3%10-4

2x10-4

1%10-4

— 5TR:T{(P)=432ms
----- 3 TR: T{(P;) = 465 ms

0 -4

0 1000

2000
Repetition time [ms]

3000

Fig. 3 a, b Results of the saturation recovery experiment for determination of the apparent spin-lattice relaxation time of P; (T%‘P,») during active
saturation of y-adenosine triphosphate (y-ATP) for two control individuals. T'W was determined by fitting five data points (dotted line) and by the 3TR
method using only data points at 0.7, 1.7, and 2.7 s (solid line). P;, Inorganic phosphate; TR, Repetition time
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Fig. 4 Determination of the apparent spin-lattice relaxation time of P; (T'1 i) by a saturation recovery experiment in a control volunteer. Active saturation
on the y-adenosine triphosphate (y-ATP) resonance was applied at three different TRs (0.7, 1.7, and 2.7 s) and T/m was obtained by fitting the inorganic
phosphate (P;) amplitudes according to the displayed formula. The blue curve represents the relaxation behavior for T/m =520 ms. Spectra are apodized
by a 10 Hz Gaussian filter. ATP, Adenosine triphosphate; PDE, Phosphodiesters; PME, Phosphomonoesters; TR, Repetition time

Table 2 Individual data from the control volunteer group saturation transfer experiments

Volunteer T, (ms) Tp,(ms) T,p(ms)(%CV) AM (%) AM(%) AM (%) (% CV) ke (s") ke (s") ke (s) (% CV)

1 500 467 484+ 17 (4.8%) 136 143 140+ 04 (4.0%) 0.27 0.31 0.29+0.02 (8.8%)
2 591 550 1421 (51%) 143 158 15.1+038 (7.1%) 0.24 0.29 0.26 +0.02 (12.1%)
3 469 427 448 + 21 (6.6%) 17.5 139 157+18 (164%) 037 033 0.35+0.02 (9.8%)
4 540 443 492 +49 (14.0%) 14.9 159 154+05 (4.7%) 0.28 0.36 0.32+0.04 (18.5%)
5 618 519 569 + 50 (12.3%) 17.5 149 162+13 (11.3%) 028 0.29 0.29+0.001 (1.0%)
6 385 423 404 £19 (6.7%) 19.1 169 180+ 1.1 (85%) 0.50 040 045+ 0.05 (15.1%)
7 388 389 389+ 1.0 (0.2%) 6.7 219 143+£76 (755%) 017 0.56 0.37+£0.20 (75.3%)
8 566 548 557 +9.0 (2.3%) 133 183 158+25 (22.1%) 024 033 0.28 +0.05 (24.3%)
9 482 573 528 +46 (12.2%) 6.5 114 90+24 (384%) 0.14 0.20 0.17 £ 0.03 (26.8%)
Mean 504 482 493 £ 26 (7.1%) 13.7 159 148+20 (209%) 0.28 0.34 0.31+0.05 (21.3%)
Mean* 519 494 506 £ 29 (8.0%) 14.6 152 149+£13 (140%) 029 0.31 0.30+0.03 (14.6%)

Values are reported as mean or mean + standard error of the mean and coefficient of variation (CV) in parentheses

Mean* mean without the outlier volunteer #7, AM Percentage difference in P; amplitude between saturating and control irradiation, k; Forward rate constant, 7" ,;
Apparent spin-lattice relaxation time of P;
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Fig. 5 Hepatic >'P-magnetic resonance spectroscopy saturation transfer (ST) spectra showing the ST effect on inorganic phosphate (P). The black arrow
indicates the frequency where the delays alternating with nutations for tailored excitation saturation pulse scheme was applied (directly on y-ATP), and
the resulting spectrum is shown as a solid black line. The spectrum of a second experiment performed with the same saturation pulse scheme applied at
the mirrored frequency is shown in blue dotted line. The effect of the y-ATP saturation on the exchanging P;, is displayed as AM. Spectra are apodized by
a 5Hz Gaussian filter. AM percentage difference in P; amplitude between saturating and control irradiation. ATP, Adenosine triphosphate; PDE,

Phosphodiesters; PME, Phosphomonoesters

We found no evidence of a difference in T') 5; between
the participants with (517 £ 29 ms) and without T1D
(482 £ 22 ms, p = 0.340) (Fig. 6). Individuals with T1D had
markedly lower AM with 7.7+1.4% versus control
volunteers with 15.9 £ 0.9% (p < 0.001) and in line, kr was
also lower with 0.16+0.03s" versus 0.34+0.03s"
(p =0.001), respectively (Fig. 6). For the calculation of the
forward ATP synthesis rate, P; concentration is required.
In the T1D group, the individual absolute concentrations
of P; were determined by using the phantom-replacement
technique, which yielded P;=170+0.11mM and a
hepatic lipid content of 0.67 + 0.07%, resulting in F47p of
16.4 + 3.5 mM/min. For controls, a fixed value for P; of
1.73 mM was assumed as determined in a previous study
[24], and subsequently, a mean F4rp of 35.3 +3.5 mM/
min was obtained. Data is summarized for both groups in
Table 3. Additional analysis with adjustment for age, sex,
and BMI still showed the same significant differences
(Supplementary Table S3).

Discussion

This study developed FRIST, a robust *'P-MRS ST method,
to investigate hepatic energy metabolism on a clinical 3-T
system. FRiST was able to: (1) successfully quantify hepatic
ks and Farp with acceptable reproducibility; (2) provide
high spectral quality and purely hepatic measurements; (3)
obtain results which are comparable to data acquired at
UHF; and (4) detect significant changes in hepatic k; and

F47p between patients with T1D and controls (the sig-
nificance remained when adjusting for age, sex, and BMI).
These results, comparable to those that can be obtained at
UHF [20, 21], show that the FRiST method is sensitive
enough to be applied in future clinical studies.

The protocol optimizes the acquisition scheme, shim-
ming, and spatial localization to obtain high spectral
quality while keeping the total acquisition time to 90 min,
allowing to assess purely hepatic fluxes, which is shown by
minimal PCr signal. To reduce the acquisition time,
FRiST uses a 3TR saturation recovery method to obtain
T'Lpi instead of a 10-point inversion recovery approach
[14, 15] and allows dual use of the TR 1.7 s spectrum for
both, T" ,; and AM assessment. FRiST shows acceptable
CVs in repeated measurements. To the best of our
knowledge, no data on the reproducibility of ST protocols
in the liver at 3-T has been published so far, despite some
reports of applying ST to the liver at 3-T. However, these
protocols were very long and required two separate ses-
sions [15] or the signal was not confined to the liver [14].

ST applied at UHF showed increased sensitivity com-
pared to 3-T, with greater signal intensity differences
(AM) of 21% versus 15%. Valkovi¢ [20] reported CVs of
11.2% and 9.0% for T ;; and ks at 7-T in six controls. The
CVs presented here were only slightly higher, with one
outlier significantly affecting the mean CV of kf
(CVNo7 =75.3%). Excluding this outlier, confirmed by
Grubbs’s test, would reduce k¢’s CV to 14.6%. It is unclear
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Fig. 6 Results of the comparison of subgroups of control volunteers and type 1 diabetes (T1D) hepatic saturation transfer experiments. Comparison is
shown for: (@) the apparent spin-lattice relaxation time of P; (T;_P,); (b) the percentage difference in P; amplitude between saturating and control
irradiation (AM); (c) the forward rate constant (k¢); and (d) the forward ATP synthesis rate (Farp). All graphs show mean + standard error of the mean

Table 3 Determined *'P-magnetic resonance spectroscopy
parameters for the subgroups of control volunteers and type 1
diabetes

Control volunteers  Type 1 diabetes  p-value
Number 9 8
T, (Ms) 482 [431; 533 517 [449; 585] 0340
AM (%) 159 [13.7; 18.2] 7.7 [43;11.0] < 0.001*
ke (s 0.34 [0.26; 0.42] 0.16 [0.08; 0.23] 0.001*
Farp (MM/min) 353 [27.3; 433] 164 [8.2; 24.7] 0.002*

All values are reported as numbers of participants or mean [95% Cl]

AM Percentage difference in P; amplitude between saturating and control
irradiation, F47p Forward adenosine triphosphate synthesis rate, ks Forward rate
constant, P; Inorganic phosphate, T, ,,; Apparent spin-lattice relaxation time of P;
* p<0.05 indicates statistical significance

what the source of error was. Biological factors seem
unlikely, possibly breathing artifacts may have influenced
the outcome. While UHF offers clear advantages in
spectral quality and reduced measurement time, it is
usually not available for wider application in a clinical
setting; the possibility to perform these measurements at
clinical field strength was crucial for us and the driver to
optimize the protocol at 3-T.

At clinical field strengths, hepatic ky and Fsrp have
been previously reported in control volunteers [14, 15]
and in T2D [32]. The results for T ;, and ks in control
participants are in good agreement with literature, where
a range from 520 +20ms to 580 + 60 ms for T 5 and
0.27£0.03s™ to 0.3+0.02s™ for k was found [14, 15].
Also Farp results fall within the reported range, but lit-
erature shows more variation from 29.5+ 1.8 mM/min
[15] to 48.6+7.4mM/min [14] due to differences in
assumed P; concentrations. The P; concentration used
here (1.73 mM) agrees with the values reported by Schmid
et al (1.64 mM) [15], but is much lower than the values
reported by Buehler et al [14] (3.0 mM), explaining dif-
ferences in Frp across studies.

At 7-T, kr was found to be lower in people with MASH
[19, 20] and in one study on T1D [21]. For T1D, their
reported mean ks value of 0.17 +0.03 s [21] is in excel-
lent agreement with the findings of the current study
(kr =0.16 £0.03 s!). The significantly reduced ks and
Furp in T1D may indicate an impaired mitochondrial
function. It is worth mentioning that this reduction
occurred despite the very low hepatic lipid content in T1D
in our study (0.67 + 0.07%), agreeing with findings of Wolf
et al (2.1 £0.4%) [21]. This is in contrast to results in T2D
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and MASLD/MASH, where increased hepatic lipid con-
tent often correlates with reduced F47p [19, 20]. Of note,
the decrease in F47p was primarily shown in people with
MASH, but not in people with MASL alone [19, 20] and
one should note that the phenotype in T1D is quite dif-
ferent from MASLD/MASH with a decrease in F 47p while
hepatic lipid content and liver enzymes are expected to be
in the normal range.

When applying FRiST at 3-T, we confirmed lowered k¢
in T1D, showing that the method is sensitive enough to
noninvasively detect clinical differences between control
volunteers and people with T1D.

Since the FRiST method was developed at clinical field
strength, it is possible to be integrated into clinical
workflows as its noninvasive approach represents a valu-
able alternative to invasive liver biopsies. Furthermore,
monitoring of treatment responses in MASLD/MASH
and also risk stratification in MASLD may arise as a future
application of the method, as changes in F47p may be an
early indicator of progression of liver disease, as shown by
the decrease in k; and F47p between MASL and MASH
[19]. Being a quantitative measurement of hepatic F 47p, it
may also contribute to a more personalized treatment
therapy for people with hepatic disorders. However, it
should be noted that the duration of FRiST amounts to
90 min, preventing the method from being routinely
implemented as an additional measurement into standard
MRI/S workflows. Future work may focus on speeding up
the measurements without impairing data quality.

Although we successfully detected significant changes
in Farp between T1D and controls, this study has several
limitations. First, the interpretation of ST results is
complex, with studies demonstrating that assessed meta-
bolic fluxes in human skeletal muscle overestimate oxi-
dative ATP synthesis [33]. ATP is produced through both
anaerobic glycolysis and aerobic oxidative phosphoryla-
tion, so that F47p measurements will include a significant
glycolytic component [33, 34]. Reactions near equilibrium
have a larger impact, as forward and backward reactions
occur simultaneously, determining the unidirectional flux
rather than the net flux. While ST data does not directly
measure purely oxidative net ATP synthesis, k; and F7p
remain sensitive markers of energy metabolism, mostly
changing in parallel with other related metabolic mea-
sures [35]. Second, we used mean values of P; con-
centration from a previous study to calculate Fy7p in
control participants, rather than measuring individual
absolute P; concentration. However, P; concentration in
control volunteers typically shows only little variation, and
the used concentration comes from a group with similar
age and BMLI. Third, the relatively small sample size used
(nine controls, eight T1D) may limit the generalizability of
our findings. Larger cohort studies need to be performed
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in the future to investigate milder clinical phenotypes and
validate these results in a broader population. Future
research should aim to provide a more comprehensive
metabolic profile of the volunteers with more detailed
clinical characterization, including assessment of addi-
tional metabolic markers such as HbAlc, insulin resis-
tance, and fibrosis markers, as well as consideration of
medication.

In conclusion, we developed FRiST, a new noninvasive
31p_MRS ST method to assess hepatic F47p on a clinical
scanner. This method demonstrates acceptable reprodu-
cibility, which allows meaningful sample size calculations
for future biomedical research and clinical studies. FRiST
demonstrates a sensitivity allowing to detect a decrease in
F41p in people with T1D compared to control volunteers
and shows potential as a noninvasive tool for enhancing
the understanding of liver diseases and improving diag-
nosis and monitoring of treatment.

Abbreviations

Furp Forward ATP synthesis rate

T'“,i Apparent spin-lattice relaxation time of inorganic phosphate
kr Equilibrium forward rate constant

ATP Adenosine triphosphate

BMI Body mass index

(@Y Coefficient of variation

DANTE Delays alternating with nutations for tailored excitation
FRIST Four repetition time saturation transfer

MASH Metabolic dysfunction-associated steatohepatitis
MASLD Metabolic dysfunction-associated steatotic liver disease
MRS Magnetic resonance spectroscopy

PCr Phosphocreatine

P Inorganic phosphate

SNR Signal-to-noise ratio

ST Saturation transfer

T1D Type 1 diabetes

T2D Type 2 diabetes

TR Repetition time

UHF Ultrahigh field
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Additional file 1: Supplementary Fig. S1: Planning of the FRiST protocol.
a) Coronal and b) transverse MRI slices of the liver of a 30 years old control
volunteer showing coil placement and position of the 2D-voxel of interest
(VOI) (open in feet-head direction). White dots within the coil housing
show position of reference spheres. Supplementary Fig. S2:
Representative raw hepatic phosphorus magnetic resonance spectroscopy
spectrum. No postprocessing was performed except zero order phasing.
The spectral region between 10 ppm and 20 ppm served to determine the
noise for calculation of signal-to-noise for spectral quality assessment.
Supplementary Fig. S3: Position of the delays alternating with nutations
for tailored excitation (DANTE) saturation bands with m = 3 saturation
bands which were 6 =12 Hz (M3D12) apart on an entire hepatic
phosphorus magnetic resonance spectroscopy spectrum. In the saturation
experiment, the saturation pulse was centered on the y-ATP resonance at
~-248 ppm (saturation bands displayed in red). Two aliased saturation
bands (~-23.6 ppm and ~18.7 ppm) occur every ~21.2 ppm (1/t= 1100
Hz) from the center of saturation frequency due to a DANTE subpulse
duration of T=091 ms. In the mirrored experiment, the mirrored



https://doi.org/10.1186/s41747-025-00588-9
https://doi.org/10.1186/s41747-025-00588-9

Jonuscheit et al. European Radiology Experimental (2025)9:51

saturation frequency was set to ~12.7 ppm resulting in aliased saturation
bands at ~33.82 ppm (not shown) and ~-8.5 ppm (blue dashed lines). Note
that in the mirrored experiment a-ATP is partly affected by the aliased
sideband resulting in a decreased signal amplitude. For better
representation, the spectrum is apodized with a 5 Hz Gaussian filter.
Supplementary Table S1: MRSInMRS checklist [14]. Supplementary
Table S2: 3TR versus 5TR. Results of apparent spin-lattice relaxation time
(T4 p) fitting of a saturation experiment to find the best suited three
repetition time (TR) set. Two control volunteers underwent a saturation
recovery experiment consisting of five TRs. The experimentally determined
T’ pi together with the calculated coefficient of determination (R?) were
compared to find the most accurate set of three TRs. Supplementary
Table S3: Calculated phosphorus-MR spectroscopy parameters for the
subgroups of control volunteers and type 1 diabetes using ANOVA
adjusted for age, sex and BMI.

Acknowledgements

The authors thank Franziska Paumen and Neele Midding (Institute for Clinical
Diabetology, German Diabetes Center, Dusseldorf, Germany) for their help with
the experiments. We thank all GDS participants and all physicians for their
continued encouragement of their volunteers to participate in GDS. We
declare that this manuscript was written without any use of Large Language
Models (LLMs).

Author contributions

MJ contributed to conceptualization, formal analysis, investigation,
methodology, software, validation, visualization, and wrote the original draft. BK
contributed to formal analysis, investigation, and methodology. MS contributed
to methodology, resources, and software. JM contributed to software. SW and PB
contributed to formal analysis. TS and SK contributed to resources. MR
contributed to conceptualization, funding acquisition, project administration,
resources, and supervision. VS contributed to conceptualization, project
administration, resources, and supervision. All authors contributed to the
manuscript revision & editing, read, and approved the submitted version.

Funding

This study was supported in part by the German Diabetes Center (DDZ), the
German Federal Ministry of Health (BMG), by grants of the Federal Ministry for
Research (BMBF) and the Ministry of Culture and Science of the State of North
Rhine Westphalia to the German Center for Diabetes Research (DZD e. V). MR
is also supported by grants from the European Community (HORIZON-HLTH-
2022-STAYHLTH-02-01: Panel A) to the INTERCEPT-T2D consortium, the
German Research Foundation (DFG, GRK 2576) and the Schmutzler-Stiftung.
The funding sources had no role in study design, data collection, data analysis,
data interpretation, or writing of the report. Open Access funding enabled and
organized by Projekt DEAL.

Data availability
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

Institutional Review Board approval was obtained. All procedures performed in
studies involving human participants were in accordance with the ethical
standards of the institutional committee (Medical Faculty, Heinrich Heine
University, Dusseldorf; ref#4508) and with the 1964 Helsinki declaration and its
later amendments or comparable ethical standards.

Consent for publication
All participants provided written informed consent.

Competing interests

The authors of this manuscript declare relationships with the following
companies. MR received fees consulting, lecturing or serving on advisory
boards from Astra Zeneca, Boehringer-Ingelheim, Echosens, Eli Lilly, Madrigal,

Page 11 of 12

Merck-MSD, and Novo Nordisk and has performed investigator-initiated
research with support from Boehringer-Ingelheim, Novo Nordisk, and Nutricia/
Danone to the German Diabetes Center (DDZ). The other authors declare that
they have no competing interests.

Author details

"Institute for Clinical Diabetology, German Diabetes Center, Leibniz Center for
Diabetes Research at Heinrich Heine University Dusseldorf, Disseldorf,
Germany. 2German Center for Diabetes Research (DZD e.V.), Partner Disseldorf,
Mtnchen-Neuherberg, Germany. >Division of Magnetic Resonance Research,
Department of Radiology, Johns Hopkins University School of Medicine,
Baltimore, United States of America. “Department of Radiology and Nuclear
Medicine, Maastricht University Medical Center, Maastricht, The Netherlands.
*Institute for Biometrics and Epidemiology, German Diabetes Center, Leibniz
Center for Diabetes Research at Heinrich Heine University Dusseldorf,
Diisseldorf, Germany. ®Department of Endocrinology and Diabetology, Medical
Faculty and University Hospital Duisseldorf, Heinrich Heine University
Dusseldorf, Dusseldorf, Germany.

Received: 22 January 2025 Accepted: 14 April 2025
Published online: 13 May 2025

References

1. Fromenty B, Roden M (2023) Mitochondrial alterations in fatty liver dis-
eases. J Hepatol 78:415-429. https://doi.org/10.1016/jjhep.2022.09.020

2. Koliaki C, Szendroedi J, Kaul K et al (2015) Adaptation of hepatic mito-
chondrial function in humans with non-alcoholic fatty liver is lost in
steatohepatitis. Cell Metab 21:739-746. https://doi.org/10.1016/j.cmet.
2015.04.004

3. Harrison SA, Bedossa P, Guy CD et al (2024) A phase 3, randomized,
controlled trial of Resmetirom in NASH with liver fibrosis. N Engl J Med
390:497-509. https://doi.org/10.1056/NEJMoa2309000

4. Gancheva S, Kahl S, Pesta D et al (2022) Impaired hepatic mitochondrial
capacity in nonalcoholic steatohepatitis associated with type 2 diabetes.
Diabetes Care 45:928-937. https://doi.org/10.2337/dc21-1758

5. Oberhaensli RD, Galloway GJ, Hilton-Jones D et al (1987) The study of
human organs by phosphorus-31 topical magnetic resonance spectro-
scopy. Br J Radiol 60:367-373. https://doi.org/10.1259/0007-1285-60-712-
367

6. Meyerhoff DJ, Karczmar GS, Matson GB et al (1990) Non-invasive quan-
titation of human liver metabolites using image-guided *'P magnetic
resonance spectroscopy. NMR Biomed 3:17-22. https://doi.org/10.1002/
nbm.1940030103

7. Szendroedi J, Chmelik M, Schmid Al et al (2009) Abnormal hepatic energy
homeostasis in type 2 diabetes. Hepatology 50:1079-1086. https://doi.
0rg/10.1002/hep.23093

8. Gancheva S, Bierwagen A, Kaul K et al (2016) Variants in genes controlling
oxidative metabolism contribute to lower hepatic ATP independent of
liver fat content in type 1 diabetes. Diabetes 65:1849-1857. https://doi.
0rg/10.2337/db16-0162

9. Forsén S, Hoffman RA (1963) Study of moderately rapid chemical
exchange reactions by means of nuclear magnetic double resonance. J
Chem Phys 39:2892-2901. https://doi.org/10.1063/1.1734121

10.  Fear EJ, Torkelsen FH, Zamboni E et al (2023) Use of *'P magnetisation
transfer magnetic resonance spectroscopy to measure ATP changes after
670 nm transcranial photobiomodulation in older adults. Aging Cell
22:214005. https://doi.org/10.1111/acel.14005

11. Chen C, Stephenson MC, Peters A et al (2018) *'P magnetization transfer
magnetic resonance spectroscopy: assessing the activation induced
change in cerebral ATP metabolic rates at 3 T. Magn Reson Med 79:22-30.
https://doi.org/10.1002/mrm.26663

12. Valkovi¢ L, Chmelik M, Just Kukurova | et al (2013) Time-resolved phos-
phorous magnetization transfer of the human calf muscle at 3Tand 7 T: a
feasibility study. Eur J Radiol 82:745-751. https://doi.org/10.1016/j.ejrad.
2011.09.024

13. Schmid Al, Schrauwen-Hinderling VB, Andreas M et al (2012) Comparison
of measuring energy metabolism by different 'P-magnetic resonance


https://doi.org/10.1016/j.jhep.2022.09.020
https://doi.org/10.1016/j.cmet.2015.04.004
https://doi.org/10.1016/j.cmet.2015.04.004
https://doi.org/10.1056/NEJMoa2309000
https://doi.org/10.2337/dc21-1758
https://doi.org/10.1259/0007-1285-60-712-367
https://doi.org/10.1259/0007-1285-60-712-367
https://doi.org/10.1002/nbm.1940030103
https://doi.org/10.1002/nbm.1940030103
https://doi.org/10.1002/hep.23093
https://doi.org/10.1002/hep.23093
https://doi.org/10.2337/db16-0162
https://doi.org/10.2337/db16-0162
https://doi.org/10.1063/1.1734121
https://doi.org/10.1111/acel.14005
https://doi.org/10.1002/mrm.26663
https://doi.org/10.1016/j.ejrad.2011.09.024
https://doi.org/10.1016/j.ejrad.2011.09.024

Jonuscheit et al. European Radiology Experimental (2025)9:51

20.

21

22.

23.

24.

spectroscopy techniques in resting, ischemic, and exercising muscle.
Magn Reson Med 67:898-905. https://doi.org/10.1002/mrm.23095
Buehler T, Kreis R, Boesch C (2015) Comparison of *'P saturation and
inversion magnetization transfer in human liver and skeletal muscle using
a clinical MR system and surface coils. NMR Biomed 28:188-199. https://
doi.org/10.1002/nbm.3242

Schmid Al, Chmelik M, Szendroedi J et al (2008) Quantitative ATP
synthesis in human liver measured by localized *'P spectroscopy using
the magnetization transfer experiment. NMR Biomed 21:437-443. https://
doi.org/10.1002/nbm.1207

Valkovi¢ L, Bogner W, Gajdosik M et al (2014) One-dimensional image-
selected in vivo spectroscopy localized phosphorus saturation transfer at
7T. Magn Reson Med 72:1509-1515. https://doi.org/10.1002/mrm.25058
Fellinger P, Beiglbdck H, Semmler G et al (2023) Increased GH/IGF-I axis
activity relates to lower hepatic lipids and phosphor metabolism. J Clin
Endocrinol  Metab  108:€989-e997.  https://doi.org/10.1210/clinem/
dgad206

Fellinger P, Wolf P, Pfleger L et al (2020) Increased ATP synthesis might
counteract hepatic lipid accumulation in acromegaly. JCI Insight
5:¢134638. https;//doi.org/10.1172/jciinsight.134638

Traussnigg S, Kienbacher C, Gajdosik M et al (2017) Ultra-high-field
magnetic resonance spectroscopy in non-alcoholic fatty liver disease:
novel mechanistic and diagnostic insights of energy metabolism in non-
alcoholic steatohepatitis and advanced fibrosis. Liver Int 37:1544-1553.
https://doi.org/10.1111/liv.13451

Valkovi¢ L, Gajdosik M, Traussnigg S et al (2014) Application of localized
*P MRS saturation transfer at 7 T for measurement of ATP metabolism in
the liver: reproducibility and initial clinical application in patients with
non-alcoholic fatty liver disease. Eur Radiol 24:1602-1609. https://doi.org/
10.1007/s00330-014-3141-x

Wolf P, Fellinger P, Pfleger L et al (2019) Reduced hepatocellular lipid
accumulation and energy metabolism in patients with long standing
type 1 diabetes mellitus. Sci Rep 9:2576. https://doi.org/10.1038/541598-
019-39362-4

Schar M, El-Sharkawy A-MM, Weiss RG et al (2010) Triple repetition time
saturation transfer (TRiST) 3'P spectroscopy for measuring human crea-
tine kinase reaction kinetics. Magn Reson Med 63:1493-1501. https://doi.
0rg/10.1002/mrm.22347

Szendroedi J, Saxena A, Weber KS et al (2016) Cohort profile: the German
Diabetes Study (GDS). Cardiovasc Diabetol 15:59. https://doi.org/10.1186/
$12933-016-0374-9

Jonuscheit M, Wierichs S, Rothe M et al (2024) Reproducibility of absolute
quantification of adenosine triphosphate and inorganic phosphate in the
liver with localized *'P-magnetic resonance spectroscopy at 3-T using
different coils. NMR Biomed 37:€5120. https://doi.org/10.1002/nbm.5120

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

Page 12 of 12

Morris GA, Freeman R (1978) Selective excitation in Fourier transform
nuclear magnetic resonance. J Magn Reson 29:433-462. https://doi.org/
10.1016/0022-2364(78)90003-3

Schar M, Kozerke S, Fischer SE et al (2004) Cardiac SSFP imaging at 3 tesla.
Magn Reson Med 51:799-806. https://doi.org/10.1002/mrm.20024
Ordidge R, Connelly A, Lohman J (1986) Image-selected in vivo spec-
troscopy (ISIS). A new technique for spatially selective NMR spectroscopy.
J Magn Reson 66:283-294. https://doi.org/10.1016/0022-2364(86)90031-4
Lin A, Andronesi O, Bogner W et al (2021) Minimum reporting standards
for in vivo magnetic resonance spectroscopy (MRSINMRS): experts’ con-
sensus recommendations. NMR Biomed 34:e4484. https://doi.org/10.
1002/nbm.4484

Kreis R, Boer V, Choi I-Y et al (2020) Terminology and concepts for the
characterization of in vivo MR spectroscopy methods and MR spectra:
background and experts’ consensus recommendations. NMR Biomed
34:e4347. https://doi.org/10.1002/nbm.4347

Roumans KHM, Lindeboom L, Veeraiah P et al (2020) Hepatic saturated
fatty acid fraction is associated with de novo lipogenesis and hepatic
insulin resistance. Nat Commun 11:1891. https://doi.org/10.1038/541467-
020-15684-0

Du F, Zhang Y, Chen W (2012) Relayed magnetization transfer from
nuclear Overhauser effect and chemical exchange observed by in vivo *'P
MRS in rat brain. Magn Reson Imaging 30:716-721. https.//doi.org/10.
1016/j.mri.2012.01.005

Schmid Al, Szendroedi J, Chmelik M et al (2011) Liver ATP synthesis is
lower and relates to insulin sensitivity in patients with type 2 diabetes.
Diabetes Care 34:448-453. https://doi.org/10.2337/dc10-1076

Kemp GJ (2008) The interpretation of abnormal *'P magnetic resonance
saturation transfer measurements of Pi/ATP exchange in insulin-resistant
skeletal muscle. Am J Physiol Endocrinol Metab 294:E640-E642; author
reply E643- E644. https://doi.org/10.1152/ajpendo.00797.2007

Balaban RS, Koretsky AP (2011) Interpretation of P NMR saturation
transfer experiments: what you can't see might confuse you. Focus on
“Standard magnetic resonance-based measurements of the Pi—ATP rate
do not index the rate of oxidative phosphorylation in cardiac and skeletal
muscles”. Am J Physiol Cell Physiol 301:C12-C15. https://doi.org/10.1152/
ajpcell.00100.2011

Valkovi¢ L, Chmelik M, Kr&gak M (2017) In-vivo *'P-MRS of skeletal muscle
and liver: a way for non-invasive assessment of their metabolism. Anal
Biochem 529:193-215. https://doi.org/10.1016/j.ab.2017.01.018

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1002/mrm.23095
https://doi.org/10.1002/nbm.3242
https://doi.org/10.1002/nbm.3242
https://doi.org/10.1002/nbm.1207
https://doi.org/10.1002/nbm.1207
https://doi.org/10.1002/mrm.25058
https://doi.org/10.1210/clinem/dgad206
https://doi.org/10.1210/clinem/dgad206
https://doi.org/10.1172/jci.insight.134638
https://doi.org/10.1111/liv.13451
https://doi.org/10.1007/s00330-014-3141-x
https://doi.org/10.1007/s00330-014-3141-x
https://doi.org/10.1038/s41598-019-39362-4
https://doi.org/10.1038/s41598-019-39362-4
https://doi.org/10.1002/mrm.22347
https://doi.org/10.1002/mrm.22347
https://doi.org/10.1186/s12933-016-0374-9
https://doi.org/10.1186/s12933-016-0374-9
https://doi.org/10.1002/nbm.5120
https://doi.org/10.1016/0022-2364(78)90003-3
https://doi.org/10.1016/0022-2364(78)90003-3
https://doi.org/10.1002/mrm.20024
https://doi.org/10.1016/0022-2364(86)90031-4
https://doi.org/10.1002/nbm.4484
https://doi.org/10.1002/nbm.4484
https://doi.org/10.1002/nbm.4347
https://doi.org/10.1038/s41467-020-15684-0
https://doi.org/10.1038/s41467-020-15684-0
https://doi.org/10.1016/j.mri.2012.01.005
https://doi.org/10.1016/j.mri.2012.01.005
https://doi.org/10.2337/dc10-1076
https://doi.org/10.1152/ajpendo.00797.2007
https://doi.org/10.1152/ajpcell.00100.2011
https://doi.org/10.1152/ajpcell.00100.2011
https://doi.org/10.1016/j.ab.2017.01.018

	Titelblatt_Schrauwen-Hinderling_final
	Schrauwen-Hinderling_P-MRS
	31P-MRS saturation transfer for assessing human hepatic ATP synthesis at clinical field strength
	Background
	Methods
	Study design, volunteers and MRS system
	31P-MRS ST FRiST protocol
	Data processing and quantification procedure
	Statistical analysis

	Results
	Participant characteristics and quality of spectra
	Optimization of the FRiST method
	Reproducibility of the method
	Application of FRiST in individuals with T1D and comparison to control volunteers

	Discussion
	Supplementary information
	Acknowledgements





