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Abstract

Purpose

Lactate is a key metabolite in skeletal muscle and whole-body physiology. Its MR visibility in

muscle is affected by overlapping lipid signals and fiber orientation. Double quantum filtered

(DQF) 1H-MRS selectively detects lactate at 1.3 ppm, but at ultra-high field the efficiency

of slice-selective 3D-localization with conventional RF pulses is limited by bandwidth. This

novel 3D-localized 1H-DQF-MRS sequence uses adiabatic refocusing pulses to unambiguously

detect lactate in skeletal muscle at 7 T.

Methods

Lactate double quantum coherences were 3D-localized using slice-selective Shinnar-Le-Roux

optimized excitation and adiabatic refocusing pulses (similar to semi-LASER). DQF MR

spectra were acquired at 7 T from lactate phantoms, meat specimens with injected lactate

(exploring multiple TEs and fiber orientations) and human gastrocnemius in vivo during and

after exercise (without cuff ischemia).

Results

Lactate was readily detected, achieving the full potential of 50 % signal with a DQF, in

solution. The effects of fiber orientation and TE on the lactate doublet (peak splitting,

amplitude and phase) were in good agreement with theory and literature. Exercise-induced

lactate accumulation was detected with 30 s time resolution.

Conclusion

This novel 3D-localized 1H-DQF-MRS sequence can dynamically detect glycolytically-

generated lactate in muscle during exercise and recovery at 7 T.

Keywords: skeletal muscle exercise, localized 1H-MRS, double quantum filter, ultra-high field, lactate
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1 Introduction

Lactate is an important biomarker of energy metabolism. In clinical studies elevated lactate

levels are linked to disease outcomes in, e.g., critical illness [1], cancer [2] and mitochondrial

dysfunction [3, 4], and failure of lactate accumulation in exercising muscle can indicate

glycolytic defects [5]. Once considered a waste product of glycolysis, lactate is today

recognized as a key metabolite for skeletal muscle and whole-body physiology, circulating as

a major carbohydrate fuel [6–8], and shuttling intra- and inter-cellularly as a gluconeogenic

and oxidative substrate [9–11]. Lactate is produced by reduction of glycolytically-generated

pyruvate [12,13] in the anaerobic synthesis of adenosine triphosphate (ATP) by substrate-level

phosphorylation; ATP is also produced by substrate-level phosphorylation at the expense

of phosphocreatine and by oxidative phosphorylation in the aerobic metabolism mainly of

carbohydrates and lipid. These three processes maintain homeostasis in the face of potentially

high ATP demands of muscle force production [14, 15]; their relative contributions are

regulated depending on the intensity and duration of exercise [15], in ways that are still

not fully understood (see e.g., [13]). For a better understanding of this interplay, dynamic

monitoring of energy metabolites is required, ideally by non-invasive means.

Magnetic resonance spectroscopy (MRS) offers many non-invasive quantitative insights

into muscle energy metabolism [13,16–20]. Lactate can be accessed directly using 1H-MRS,

but its quantification in skeletal muscle is challenging. Firstly, large lipid signals overlap the

main lactate resonance, the methyl group doublet at 1.3 ppm. Even at long echo times (TE)

residual lipid signals dominate at 0.9− 1.5 ppm. Spectral subtraction of averaged pre- and

post-exercise 1H-MR spectra, acquired from the forearm muscle using STEAM (TE = 140 ms),

has been used to eliminate residual lipid signals [21]. However, this introduces strong motion-

sensitivity, which may lead to imperfect lipid nulling and consequently inaccurate absolute

lactate quantification: this is particularly challenging in dynamic exercise experiments. A

second problem is that orientation-dependent dipolar coupling effects significantly alter the

apparent scalar modulation constant of the lactate methyl group in muscle tissue. Dipolar

splitting obeys the orientation dependence of magnetic dipole-dipole interaction and is caused

by incomplete motional averaging [22,23]. According to a model developed using the product

operator formalism, the lactate methyl signal acquired with a double quantum filtered (DQF)
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pulse sequence [24] attains its maximum for muscle fibers orientated parallel to the main

magnetic field B0 and setting the effective echo time to 30 ms, with asymmetric composition of

TE, i.e. (τ1, τ2) = (10 ms, 20 ms). Increasing the angle between muscle fibers and B0 decreases

the detectable lactate signal, while additionally increasing the respective optimum TE (e.g.

37 ms for 24◦ and 57 ms for 33◦) [25]. Inappropriate combinations of fiber orientation and

sequence timing can even lead to complete loss of lactate visibility [24,26,27].

DQF 1H-MRS offers a single-shot approach to selectively acquire the lactate resonance at

1.3 ppm, while entirely removing overlapping lipid resonances [28, 29]. Recently published

experts consensus papers on 1H-MRS have mentioned DQF spectroscopy as the preferred

method for unambiguous lactate quantification [20,30]. Several spatial localization schemes

have been combined with DQF spectroscopy for lactate detection, including stimulated-

echo-acquisition-mode (STEAM) [31], chemical-shift-imaging (CSI) [29] and point-resolved

spectroscopy (PRESS) [25,32,33]. However, 1H-DQF-MRS inherently sacrifices 50 % of the

achievable signal-to-noise ratio (SNR) [34]. Given the relatively low lactate concentrations

produced during sub-maximal exercise (e.g., 7 mmol kg−1 [35]), in vivo quantification using

MRS remains challenging, especially when localizing to a specific muscle group. Exercise

under cuff ischemia can achieve much higher muscle lactate levels (inhibiting both vascular

oxygen supply and lactate clearance), as seen in our study using 3D-localized 1H-DQF-MRS

at 3 T [25]. But this is often not feasible or well-tolerated, particularly by subjects in clinical

research, and limits studying the physiology across the range of normal activity.

Applying localized 1H-DQF-MRS at 7 T, with significantly increased SNR compared

to 3 T, allowed Boer et al. [36] to detect lactate in human calf muscle using slice-selective

excitation followed by frequency-selective pulses for double quantum editing. However, this

came at the cost of losing 3D-localization, and signal was acquired from the entire transversal

slab [36]. The ability to accurately localize a 3D volume of interest on ultra-high field

(UHF) whole-body systems is limited by the bandwidth achievable with classical RF-pulses.

Additionally, low refocusing pulse bandwidth, and hence high chemical shift displacement,

interferes with the coherence transfer pathways in DQF sequences and leads to a reduced

detection sensitivity of lactate [33]. Adiabatic RF-pulses allowed for a higher bandwidth, are

insensitive to B+
1 inhomogeneities [37] and are extensively used for slice-selective refocusing

in established single-voxel spectroscopy sequences such as semi-LASER [38].
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Here, we present a novel acquisition scheme to acquire 3D-localized selective 1H-DQF-MR

spectra with adiabatic slice-selective refocusing for unambiguous lactate detection in skeletal

muscle tissue at UHF of 7 T.

2 Methods

2.1 MR Pulse Sequence

Following a WET [39] water suppression scheme the localization of the lactate signal to

a user-defined 3D volume was performed similarly to semi-LASER using perpendicular

slice-selective excitation and adiabatic refocusing [38, 40]. A Shinnar-Le-Roux optimized

excitation pulse (pulse duration: 2.6 ms, bandwidth: 3.3 kHz) and two pairs of adiabatic full

passage pulses (AFP smoothed chirp, duration: 4.6 ms, bandwidth: 5 kHz) were used. Time

delays between pulses were adjusted individually, to achieve either symmetric (τ1 = τ2) or

asymmetric (τ1 6= τ2) composition of the overall echo time, (TE = τ1 + τ2), see Figure 1.

[Figure 1 about here.]

To detect the methyl group of lactate at 1.3 ppm while removing overlapping extra-

and intracellular lipid resonances, double quantum coherences (DQC) of the scalar coupled

spin system were created and selected using additional 90◦ pulses and de- and rephasing

gradients (moment ratio 1:2) see Figure 1. After a delay of 1/2J a non-selective rectangular

pulse converts the single quantum coherences (SQC) into invisible double and zero quantum

coherences, which are affected differently by the subsequent dephasing gradient (DQCs are

twice as sensitive to gradients compared to SQCs, while ZQCs are unaffected). Then a

frequency-selective 90◦ pulse on the methine group of lactate (at 4.11 ppm, phantom: RF

bandwidth 120 Hz, in vivo: RF bandwidth 200 Hz) reverts the magnetization back into an

observable single quantum state, and during 1/2J the magnetization is refocused. Only the

magnetization components that evolved as DQC between the two 90◦ pulses are rephased by

the rephasing gradient shortly before readout, while other contributions are dephased due to

these unbalanced gradients. To minimize chemical shift displacement artifacts a frequency

offset relative to the water resonance was added to the localization pulses to target the methyl

group of lactate at 1.3 ppm.
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2.2 Phantom and ex vivo Measurements

First, the sequence was tested using a spherical phantom (160 mm diameter) filled with

lithium lactate (96 mM) and sodium acetate (100 mM). Spectra were acquired from a 27 ml

volume with TR = 3 s and TE = 135 ms. The DQF-sLASER sequence was compared to

DQF-PRESS using a spherical phantom (100 mm diameter) filled with aqueous sodium

lactate (60 % weight per weight). Spectra from a 16 ml volume were acquired with identical

parameters (TR = 3 s, TE = 135 ms, refocusing pulse duration: 6 ms). Additionally, the

influence of varying the interval τm in the DQF-sLASER sequence was investigated. Next, to

investigate fiber orientation-dependence, a porcine meat specimen injected with 30 ml aqueous

sodium lactate (60 % w/w) was measured repeatedly, orienting it (plus coil) at 4 angles from

0◦ to 45◦ relative to B0. TE was modulated between 56 and 200 ms with symmetric (τ1 = τ2)

and asymmetric composition (holding either τ1 or τ2 at minimum).

Spectra were acquired from a 17 ml volume with TR = 3 s. De- and rephasing gradient

moments to select DQCs were set to 16 ms ·mT/m and 32 ms ·mT/m, respectively (amplitude:

20 mT/m, duration: 0.8 ms/1.6 ms). Experiments were conducted within 3 to 16 days after

lactate injection, the specimen was stored at 8 ◦C and brought to room temperature before

measurements.

2.3 In vivo Measurements

Five healthy subjects (2 f / 3 m, BMI: 21± 1 kg/m2, age: 33± 4 y) participated, providing

full written informed consent to the protocol approved by the local research ethics committee.

Using 25 transversal imaging slices of the calf, which were acquired with a multi-slice

gradient-echo sequence, the voxel (84± 13 ml) was carefully positioned in the gastrocnemius

muscle close to the coil, covering both g. lateralis and g. medialis. Following semi-LASER

1H-MRS reference scans with and without water suppression, subjects underwent an exercise-

recovery protocol to induce lactate production. The protocol consisted of 2 min rest, 3 min

straight-knee plantar flexion exercise and 12 min recovery. No cuff ischemia was used. Data

were continuously acquired throughout the experiment using the DQF-sLASER acquisition

scheme described above. The subjects were instructed to perform a single pedal push

between each acquisition (TR = 3 s), using a custom-built non-magnetic pneumatic ergometer
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(similar to [41]), inflated manually with air to achieve an exercise intensity of 45 % of each

subject’s maximum voluntary contraction force (MVC), which had been measured on the

same ergometer.

To suppress the lipid signal in vivo, dephasing and rephasing gradient moments were set to

277 ms ·mT/m and 554 ms ·mT/m (ratio 1:2) respectively (amplitude: 49.5 mT/m, duration:

5.6 ms/11.2 ms), in accordance with [36]. To achieve 49.5 mT/m two orthogonal gradients

with 35 mT/m amplitude were played out simultaneously, see Figure 1. The interval τm was

set to 9 ms and the overall echo time TE to 84 ms (TE = τ1 + τ2 = 42 + 42 ms). Dephasing of

the lipid resonances was confirmed by acquiring an additional reference scan (10 averages)

prior to the exercise-recovery protocol using the DQF-sLASER acquisition scheme and setting

the voltage for the frequency-selective 90 ◦ pulse (Gaussian at 4.11 ppm) to 0 V. Following

exercise-recovery, additional semi-LASER 1H reference scans were acquired with and without

water suppression to account for potential frequency drifts.

2.4 Experimental Setup

All measurements were conducted on a Siemens Terra dot Plus 7T scanner (Siemens, Erlangen,

Germany). For phantom measurements a surface coil with a single transmit/receive 1H loop

(∼ 10 cm, RAPID Biomedical GmbH, Germany) was used, while measurements on meat

specimens and in vivo were performed with a custom-built surface coil array with two

transmit/receive 1H loops, form-fitted to the anatomy of the human calf [42]. The coils’

available 31P elements were not used.

2.5 Postprocessing

1H-MR spectra were extracted and processed from the Siemens raw data format using in-house

Python scripts (http://www.python.org) including phasing and channel combination. Phasing

was performed to the highest peak amplitude of post exercise lactate at 1.3 ppm for each

channel before summation. The lactate doublet at 1.3 ppm was quantified using jMRUI [43]

with the fitting routine AMARES [44]. Sensor data from the ergometer were acquired using

the Labjack U6 multifunction device (https://labjack.com) and in-house Python scripts.
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3 Results

In solution (Figure 2a) the lactate doublet at 1.3 ppm (peak splitting J = 7.3 Hz) was

successfully quantified using the novel DQF-sLASER acquisition scheme. Compared to

conventional semi-LASER, DQF spectra achieved 53 % and 49 % of the integrated signal area

in a repeated experiment. In addition to that, increasing τm to 9 ms caused a minor signal

reduction of 4 % compared to the minimum achievable of 3 ms. In contrast, DQF-PRESS

achieved only 3.5 % of the integrated signal area compared to regular PRESS. Resonances

such as sodium acetate (∼ 1.9 ppm, spherical phantom) or lipid signals (0.9− 1.5 ppm, ex

vivo and in vivo) were suppressed almost entirely by the unbalanced gradients (1:2) with

DQF-sLASER.

In the meat specimen, the injected sodium lactate gave rise to a doublet (Figure 2b), with

an increased peak splitting compared to lactate in solution, due to orientation-dependent

effects (dipolar coupling (∆dc), such that ∆ = ∆dc + J = 13 Hz [24]). The fiber orientation is

a vector in 3D, and its angle α relative to the z-direction is therefore defined by

[Figure 2 about here.]

a component ϕ in the coronal plane (visible as striation in Figure 3b) and the inclination ϑ

in the sagittal plane (Figure 3c). A rotation of the coil on the patient table by Φ (together

with the meat specimen) only affects the coronal component, and the effective fiber angle α

relative to ~B0 can be calculated via tan2α = tan2(Φ− ϕ) + tan2 ϑ. This resulted in α ≈ 41◦

for Φ = 0◦ and α ≈ 16◦ for Φ = 45◦.

[Figure 3 about here.]

This affected the splitting of the lactate doublet, varying from 13 to 20 Hz (Figure 4). Signal

modulations of the lactate doublet were observed with increasing TE, showing signal nulling

and negative amplitudes for echo times with either τ1 or τ2 held constant. Fiber angles with

a more parallel alignment to B0 showed signal inversion at short TE, in good agreement with

simulations [25] and measurements [24,26]. A separate experiment confirmed that rotating

the coil by up to 45◦ relative to B0 caused a minor effective reduction of B+
1 below 10 %, due

to the resulting suboptimal transmit phase offset per channel and varying B1 component in

z-direction.
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[Figure 4 about here.]

In vivo (Figure 2c), lactate produced during plantar flexion was successfully detected post

exercise in gastrocnemius (∆ = 22 Hz). Figure 5a shows a representative voxel placement

during in vivo measurements on a transversal gradient-echo image of the human calf muscle,

covering m. gastrocnemius (medialis and lateralis). Elevated post-exercise lactate was seen in

all subjects as a clearly resolved doublet at 1.3 ppm with splitting ranging from 14 to 22 Hz,

which corresponds to fibre angles in the range of 11◦ to 34◦ [22,26]. After peaking ∼ 1 min

post-exercise, the lactate signal decreased continuously towards noise level throughout the

recovery. At rest and during exercise, no lactate resonance could be detected above noise

level. Figure 5b shows the time-course of fitted lactate concentrations (corresponding to the

sum of integrated areas of the doublet, averaged over all subjects) and representative spectra

(average over 10 spectra, i.e., 30 s, per subject) from rest, exercise and recovery.

Averaged frequency drifts calculated over all subjects from pre- and post exercise 1H-semi-

LASER reference scans were 5± 3 Hz, which is negligible compared to peak linewidth and

splitting.

[Figure 5 about here.]

4 Discussion

This study presents a novel 3D-localized single-shot acquisition scheme to dynamically detect

glycolytically-generated lactate using double quantum editing in exercising human muscle

tissue at UHF of 7 T. The methyl group of lactate resonating as a doublet at 1.3 ppm was

successfully detected in all experiments, all overlapping resonances being suppressed. In

phantoms, the DQF-sLASER sequence reached full theoretical efficacy, detecting 50 % of the

excitable magnetization.

Pulse durations were chosen to achieve the required 90◦ flip angles and fulfil the adiabatic

condition for full refocusing at the voxel (up to 3 cm distance from the coil), while complying

with the hardware constraints and SAR limits. Using DQF spectroscopy together with

slice-selective 3D localization at 7 T, the chemical shift displacement needs to be minimized as

it interferes with coherence transfer pathways, which significantly affects spatial localization
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accuracy and detection sensitivity of lactate [33]. This was confirmed by results acquired using

the DQF-PRESS sequence, which showed to be highly inefficient at 7 T. By implementing adi-

abatic full passage pulses for slice-selective refocusing, the time-bandwidth-product increased

by almost 4-fold compared to conventional MAO pulses used e.g. in PRESS (22.8 ms·kHz vs.

6 ms·kHz), hence, significantly reducing chemical shift displacement with DQF-sLASER.

Results from the porcine meat using different orientations of the coil relative to B0 are

shown in Figure 4. Both the increased splitting of the lactate doublet upon closer alignment

of muscle fibers to B0 and the observed signal evolution for an asymmetric composition

of the overall TE are in good agreement with simulations and literature results [24, 25].

Especially the correlation between the peak splitting of the lactate doublet and the measured

fiber orientation is in excellent agreement with literature [26], see Figure 4e. In theory, an

asymmetric composition offers maximum lactate signal for a specific fiber angle, but is more

sensitive to subtle changes in orientation compared to a symmetric composition [25]. This is

in good agreement with results presented in Figure 4. The coil orientation with a maximum

angle of 45◦ had a minimal effect on B+
1 with a reduction of < 10 % compared to 0◦, negligible

in context, since the goal was to measure the signal modulation with TE for different angles

and not to compare signal intensities between different coil orientations. The signal intensity

simulated in [25] comprises contributions from intra- and extracellular components with

different T2s and ∆s. The intra- vs. extracellular fraction are certainly different in vivo and

in a meat specimen infused with lactate, in which lactate concentrations will presumably

equilibrate during the several days after injecting the lactate, and fiber orientation may have

been heterogeneous in our selected voxel. The evolution of signal with TE will therefore be

quantitatively different, in vivo. Hence rotating a meat specimen serves as illustration and

qualitative proof that fiber orientation does in fact influence the peak splitting of the lactate

doublet at 1.3 ppm. The position of zero-crossing (with asymmetric τ combinations) indicate

that orientation effects have indeed an effect on echo-time dependence of the DQF signal.

The setting of our experiments on meat however comes with the limitations of uncertain

fibre orientation (in particular regarding ϕ), cell membrane integrity, repositioning accuracy

between orientations (measured on different days) and uncertain T2s of the compartments.

For the selection of DQCs in vivo, gradient moments had to be drastically increased to

277 ms ·mT/m and 554 ms ·mT/m (ratio 1:2), respectively, compared to 16 ms ·mT/m and
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32 ms ·mT/m for phantom and ex vivo measurements. This could be because the temperature

of the porcine specimen was lower compared to in vivo measurements and the viscosity of

intra/intermuscular fat is higher at lower temperature, leading to shorter T2. Gradient

moments used in vivo were only slightly higher to values proposed by Boer et al. [36], the

difference probably being due to our more sensitive coil type (surface coil instead of volume

coil). Although the plantar flexions were performed between DQF-sLASER acquisitions to

avoid motion, lactate could not be reliably detected during exercise. This might be due

to sensitivity to tissue motion on a microscopic (e.g. pulsation) or macroscopic scale (e.g.

repositioning of the muscle between pedal pushes).

To confirm that the acquired signal cannot be confused with overlapping lipid signals but

indeed reflects the lactate methyl group, we performed a similar reference scan prior to the

exercise-recovery experiment as in [36] by setting the pulse voltage for the frequency-selective

90◦ pulse to 0 V. In contrast to [36] we did not observe lactate signals during rest when

compared to scans with the frequency selective RF pulse switched on.

The TE of 84 ms (42 + 42 ms) used in vivo was not optimized to fully account for muscle

fiber orientations, but covers a broad range of assumed fiber orientations (in m. gastrocnemius

between ∼ 24◦ and 35◦ [25]) to prove the functionality of the sequence. The measured

lactate doublet’s splitting corresponds to realistically close to these numbers. A symmetric

composition of τ1 and τ2 should avoid possible signal nulling, in accordance with simulations

[25]. Therefore it is not feasible in this work to achieve a meaningful estimation of lactate

concentration, as true compensation of dipolar coupling effects by TE optimization requires

knowledge of muscle fiber orientation, ideally measured prospectively. Also the ratio between

lactate concentrations in the intra- and extra-cellular compartments with different T2 and

couplings influences the DQF lactate signal. This ratio is presumably time-dependent, with

accumulation starting in intracellular and wash-out via extracellular space, and affected by,

e.g., exercise (power, type, duration etc.) and blood perfusion, which should be controlled or

quantified [19]. This and estimations of compartmentation will be subject of future studies.

The limitations of using adiabatic pulses for slice-selective refocusing are higher SAR

and increased minimal TE, especially in combination with long gradients necessary to select

DQCs in vivo. This could be problematic for fiber orientations parallel to B0, where the

maximum signal amplitude of lactate is expected for TEs below 40 ms [25]. One way to
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address this would be to use global fat inversion prior to excitation and shorter de- and

rephasing gradients, at the cost of SNR. The signal models [24, 26] may need to be extended

to account for magnetization evolution during the RF pulses, which is likely to shift the

optimum towards longer echo times, which is also qualitatively consistent with our results of

measurements in meat (Figure 4).

The relatively large voxel size was chosen to cover both gastrocnemius medialis and

lateralis as the main contributors to force during plantar flexion exercise. Both muscle groups

are predominantly composed of type II muscle fibers [45], leading to stronger glycolytic

contribution to ATP synthesis, and more pronounced acidification during anaerobic exercise

compared to other muscle groups, which are considered to work in a more oxidative regime,

e.g., m. soleus.

To the best of our knowledge, the present study is the first to present 3D-localized 1H-DQF-

MR spectra of lactate acquired in human muscle tissue at 7 T. It is worth mentioning that

readily detectable lactate accumulation in vivo was induced by exercise without cuff ischemia.

Absolute quantification of lactate was not the focus of this work, but the promising results

acquired in vivo demonstrate the sensitivity and functionality of the presented acquisition

scheme. To correctly quantify absolute lactate concentrations in skeletal muscle using 1H-MRS,

the fiber orientation relative to B0 and compartmentation has to be taken into account [25].

5 Conclusion

We successfully demonstrated a novel acquisition scheme to detect lactate using 3D-localized

1H-DQF-MR spectra with adiabatic refocusing pulses at 7 T. The relationship between

the fiber orientation and the lactate signal amplitude underlines the importance of this

phenomenon for future quantitative in vivo studies.
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Figure 1: Pulse diagram of double quantum filtered 3D localized 1H MRS using adiabatic slice
selective refocusing. During a delay of 1/2J (τ1) the first four pulses 90◦–180◦–180◦–
90◦ convert the magnetization into a multi-quantum state. The subsequent frequency
selective 90◦ pulse creates anti-phase magnetization, which is refocused during 1/2J (τ2).
DQCs are selected by the de- and rephasing gradients (filled black trapezoids, ratio 1:2)
while other non-coupled SQCs are dephased due to unbalanced gradient moments. Slice
selection gradients (full trapezoids) and spoiling gradients (dashed trapezoids) are not
drawn to scale and intended only to qualitatively illustrate the spoiling scheme.
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Figure 2: Averaged 1H MR spectra (a/b/c: 10/30/5 averages, TR = 3 s) acquired using conventional
semi-LASER (left) and with the novel DQF-sLASER acquisition scheme (right). Spectra
were acquired (a) in vitro from lithium lactate in aqueous solution (96 mM), (b) ex vivo
from porcine meat injected with sodium lactate (60 % w/v) and (c) in vivo from m.
gastrocnemius of one representative subject. Only lactate is visible in the DQF-sLASER
spectra (at 1.3 ppm) with a peak splitting of 7.3/13/22 Hz for a/b/c respectively. Other
resonances such as sodium acetate (a), lipid signals and other non-coupled resonances (b,
c) were suppressed entirely. The in vivo spectrum showing lactate (c,right) was acquired
during the first minute of recovery.
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Figure 3: Position of the pork meat specimen placed on the calf coil transceiver array (a). The
yellow box illustrates the approximate position of the localized 3D volume of interest
where lactate was injected prior to the MR measurement. Estimated fiber angles were
∼ 41◦ (ϕ ≈ 40◦, measured in the coronal plain) for parallel orientation of the coil relative
to the B0 field (b). The inclination in anterior-posterior direction (ϑ ≈ 15◦) was taken
into account for calculating the fiber angle relative to ~B0 (c).
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Figure 4: Signal sum of the fitted lactate doublet at 1.3 ppm as a function of the total echo time
TE with symmetric (red) and asymmetric (blue, green) composition of τ1 and τ2. The
angle Φ of the coil (grey box) containing the meat specimen relative to the B0 field
was increased from 0◦ to 45◦ in the coronal plane (a-d). This decreased the effective
muscle fiber angle α to B0 (red hatching indicates the projection to the coronal plane,
i.e. Φ− ϕ) from 41◦ to 16◦ and leads to increased peak splitting of the lactate doublet
(13− 20 Hz). Peak splitting measured in spectra (e, black symbols) as a function of the
measured muscle fiber orientation is in excellent agreement with simulations (black line)
according to literature. Signal modulations of the lactate doublet for increasing echo
times and different compositions of τ1 and τ2, are in good agreement with literature.
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Figure 5: Transversal gradient-echo image of the calf from a representative subject with a typical
voxel position for 3D localized semi-LASER and DQF-sLASER 1H MRS covering m.
gastrocnemius lateralis (blue) and m. gastrocnemius medialis (yellow) (a). Time course
of fitted lactate concentrations (sum of fitted doublet areas averaged over all subjects,
mean ± SD) during 2 min rest, 3 min plantar flexion exercise, free perfusion, and 12 min
recovery (b). Ten consecutive spectra acquired in a representative subject were averaged
(resulting in 30 s acquisition time per displayed spectrum), during rest (green), and early
(red) / late (blue) recovery. Maximum lactate signal was observed approximately 1 min
after the end of exercise visible as a clearly resolved doublet at 1.3 ppm.
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