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Abstract 

Animal experiments suggest that astrocytic glycogen may act as an energy source for 

axons especially during heightened activity. In this model astrocytic glycogen breaks down 

to lactate that is shuttled to axons where it is metabolised oxidatively to generate ATP. The 

aim of this study was to investigate whether 1H-magnetic resonance spectroscopy could be 

used to detect a rise in lactate levels in human white matter during enhanced axonal 

activation. Six healthy volunteers (4 women and 2 men; age range 21-38 years) 

participated in the study. We were unable to detect any significant MR spectral change, i.e. 

neither in the peak areas of inositol, choline, creatine, glutamate and N-acetylaspartate nor 

in the lactate level, in the contralateral posterior limb of the internal capsule during intense 

motor activation of the hand (4 successive episodes of squeezing a soft ball for 7 minutes 

followed by 7 min rest). Possible explanations are that the technique is not sensitive 

enough to detect a small rise in lactate, or lactate turnover is too fast to be detected, or that 

another monocarboxylate different from lactate may be involved in axonal energy 

metabolism.   
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Introduction 

 

Lactate produced by the breakdown of glycogen in astrocytes plays an important role in 

energy metabolism of axons, especially during increased physiological activity.1,2 With in 

vivo 1H magnetic resonance spectroscopy (MRS) of the human brain we have detected 

lactate in pathological conditions such as cancer.3 With exception of a phenomenon not 

uncommon with aging beyond 60 years,4 healthy persons do not have brain tissue lactate 

levels beyond a level of 0.5 mM, generally considered to be the MRS detection limit. A 

number of studies with magnetic resonance spectroscopy (MRS) in human volunteers 

claim to have detected transient increases in lactate levels in the relevant brain areas 

following either motor, visual, auditory or cognitive stimulation.5,6,7,8,9,10,11,12  

Because axons can extend over great distances from their cell bodies, they depend on local 

production of ATP to maintain ion gradients and sustain other energy-consuming 

functions, such as axonal transport. Along axons in the white matter, astrocytes extend 

processes that directly abut nodes of Ranvier where axonal energy metabolism primarily 

takes place.13 Astrocytic glycogen is converted to glucose phosphate, and then via pyruvate 

to lactate, which is released in the extracellular space. In this model, the astrocyte to 

neuron lactate shuttle hypothesis based on studies of murine cells,14 astrocytes produce 

lactate in response to synaptically released glutamate. Lactate can be taken up by neurons 

through monocarboxylate transporters and then converted to pyruvate. Pyruvate enters the 

mitochondria where it is metabolized via the oxidative metabolism to generate ATP.1,2 The 

purpose of this investigation was to use 1H MRS to evaluate motor stimulus-dependent 

changes in lactate level, and in the other MRS detectable metabolites (inositol, choline, 

creatine, glutamate and N-acetylaspartate), in human white matter.  

 

Methods 

 

Six right-handed healthy volunteers (4 women and 2 men; age range 21-38 years) 

participated. The ethical committee of the Academic Hospital Groningen approved the 

project and all subjects signed an informed consent paper before participation. All scans 

were performed at 1.5 Tesla. Automated hybrid PRESS (point resolved spectroscopy) 2D-

chemical shift imaging (CSI) measurements with a repetition time (RT) of 1500 ms and an 

echo time of 135 ms were performed. Hybrid-CSI includes pre-selection of a volume of 

interest (VOI) that is located within the brain to prevent the strong interference from 

subcutaneous fat and is smaller than the phase-encode field of view (FOV) that must be large 

enough to prevent wraparound artefacts.15  

The CSI sequence produced a 16x16 transversely oriented matrix that was defined by phase 

encoding with a FOV of varying dimensions to allow for optimal measurement in the posterior 

limb of the internal capsule (Figure 1A). The field homogeneity achieved in automated non-
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localized multiple angle projection (MAP) shimming resulted in water peak line widths of less 

than 8 Hz in the VOI. Excitation with with 2.56 ms sinc-Hanning shaped radio frequency (RF) 

pulses preceded by 25.6 ms Gaussian shaped RF pulses for chemical shift selective excitation 

(CHESS) and subsequent spoiling of the resultant water signal, was followed by collection of 

the second spin echo using 1024 data points and a spectral width of 500 Hz. All 16x16 2D-CSI 

measurements were 1 acquisition per phase encoded step with 4 pre-scans and RTs of 1500 ms 

(acquisition time 7 min). Time domain data were multiplied with a Gaussian function (center 0 

ms, half width 256 ms), 2D-Fourier transformed, phase and baseline corrected and quantified 

by means of frequency domain curve fitting with the assumption of Gaussian line shapes, 

using the standard "Numaris-3" software package provided with the MR system. Sixth order 

polinomial lines with a 0-4.3 ppm calculation range were used for baseline correction. In the 

curve fitting the number of peaks fitted included the chemical shift ranges restricted to 3.4-3.6 

ppm for inositol, 3.1-3.3 ppm for choline (Cho), 2.9-3.1 for creatine (Cr), 2.2-2.4 for glutamate 

(Glu), 1.9-2.1 for N-acetylaspartate (NAA), and 1.2-1.5 ppm for lactate, and their line widths 

and peak intensities unrestricted. We acknowledge that inositol and Glu are best detected at 

TE’s shorter than the 135 ms used here and that in our case one might fail to detect a small 

change in the level of these particular metabolites. Part of our TE-135 ms CSI measurements 

was therefore repeated at TE 40 ms. Using standard post-processing protocols the raw data 

were thus processed automatically, allowing for operator-independent quantifications.  

In all subjects a T2 weighted MRI series was used as guidance for defining the volume of 

interest for MRS. The VOI typically was a transversely oriented volume of approximately 

8x8x2 cm3, phase encoded into 64 voxels of 2 cm3 each, extending over both hemispheres 

and including 24 voxels containing caudate nucleus, posterior limb of the internal capsule, 

putamen and thalamus (Figure 1C and D). The MRS measurements were performed at rest 

(7 min) and subsequently while the subject was squeezing a soft ball at a frequency of 

1/1.5sec with the dominant right hand for 7 min. A total of 4 successive measurements at 

rest and during activation were performed. The investigator verified that hand squeezing 

was performed correctly.  

 

Results 

 

A representative example of MRS measurements is shown in Figure 1B. No lactate was 

detected either in rest or during right hand motor stimulation in any of the 12 voxels shown 

in Figure 1C and D. No significant differences in other metabolites (inositol, Glu, NAA, 

Cr, Cho) were found between the resting state and during motor activation. Upon repeating 

part of our TE-135 ms CSI measurements at TE 40 ms we still failed to detect any lactate 

or any change in the peak areas of inositol and Glu, compounds with comparatively short 

T2’s and thus more accurately quantified at shorter TE, during motor activation. Table 1 

illustrates that at motoric activation the levels of Cr and NAA are not affected. The trend of 
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comparative Cho decrease on the contralateral (=left) side is not significant, neither is any 

change in any MRS voxel when considered separately.  

 

 

 
Figure 1 1H-magnetic resonance spectroscopy. CSI performed at TE=135ms yields a map 

of 64 spectra (A) showing peaks of  Cho, Cr, Glu and NAA (B). The white arrow points to 

the spectrum where lactate should appear.  Only some noice is seen. Below are 12 spectra 

containing caudate nucleus (c), posterior limb of the internal capsule (i), putamen (p), and 

thalamus (t), of the left (C) and right (D) hemisphere.  

 

 

Table 1 Metabolite peak areas at right hand motor activation, in % of the areas at rest 

±SEM, in two volumes in the left and right brain hemisphere containing capsula/caudate 

nucleus/putamen. 

   Cho Cr NAA Lactate 

Left (sum of 12 

voxels=24 ml) 

 

  98±5 

 

 100±7 

 

  99±7 

 

 _____* 

Right (sum of 12 

voxels=24 ml 

 

103±4 

 

 

100±5 

 

 

 99±7 

 

 

 _____* 

 

Total VOI (64 

voxels) 

 

103±4 

 

100±5 

 

 99±5 

 

 _____* 

*Not detected 
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Discussion 

 

There are a number of possible explanations why we were unable to detect an activation-

induced increase in lactate levels in the corticospinal tract at the level of the posterior limb 

of the internal capsule. First, the theory concerning lactate as energy resource for axons 

may be wrong. Brown and colleagues found that intense neural activity reduced glycogen 

content in adult mouse optic nerve, a prototypic white matter preparation.1 Axon function 

was quantified by measuring the compound action potential (CAP) area. The CAP declined 

more rapidly during high frequency stimulation if monocarboxylate transport out of 

astrocytes or into axons was inhibited. Although most probably lactate, the exact nature of 

the monocarboxyate has not been demonstrated with certainty. Thus, another 

monocarboxyate might be involved. Second, lactate buildup is not a necessary condition of 

the astrocyte to neuron lactate shuttle hypothesis. In fact the key event leading to glycogen 

breakdown may be a fall in baseline lactate precipitated by increased axonal lactate uptake 

as local glucose is depleted. This event may be ‘sensed’ by neighboring astrocytes which 

would then increase their lactate export through glycogen breakdown. The sum of these 

shifts might not increase measurable lactate concentration. Third, the motor stimulus may 

have been inadequate. This may be true, although in our experiment the motor activity was 

much stronger than in the previous MRS study of motor activation by Kuwabari and co-

workers who reported a rise in lactate in the basal ganglia (putamen, globus pallidus) 

following finger opposition movements.6 Fourth, lactate produced by astrocytes is readily 

converted into pyruvate and oxidatively metabolised and cannot be detected because it 

does not accumulate.  

To our knowledge the above mentioned study of Kuwabari is the only published MRS 

study of motoric activation. The claim of lactate increases in the basal ganglia brain region 

following finger opposition movements is not reproduced in our study in which a much 

stronger stimulus was applied. Our failure to detect true lactate does not reflect inadequate 

sensitivity of the MRI equipment used in this study; to the contrary, in terms of signal–to-

noise ratio and resolution the spectra shown here (Fig.1) are not inferior to those published 

by others. Considering the appearance of the “Lactate” in the spectrum shown in reference 

6, it appears likely that artefacts, such as out-of-phase lipid signals, were erroneously 

interpreted as lactate. In a recent  paper we have shown how out of phase lipid signals from 

outside the VOI are easily mistaken for lactate.16 An other explanation for the discrepancy 

is partial volue effect due to the substantial ventricular space included in the large MRS 

voxels measured by Kuwabara et al6; whereas in normal brain tissue the lactate levels are 

in the order of 0.3 mM and up to a couple of mMs in severe hypoxia or pathology, in 

cerebrospinal fluid the lactate level can easily be even higher as well as more visible in the 

MR spectrum because of a longer T2 relaxation time.17 Although in our study we zoomed 

in on the motoric activity brain areas with a spatial resolution of 2 cm2, this may still have 
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been too crude for being able to detect the metabolism in the corticospinal tracts involved. 

A (maybe still optimistic) filling of the relevant MRS voxels by 10% with the corticospinal 

tracts involved with hand movement would require a tract lactate level of 10 x 0.5 mM = 5 

mM to yield a clear lactate level in the MR spectrum.   

The trend of comparative contralateral (= left side) Cho decrease upon (right hand) motoric 

stimulation, though not significant and unexplained, resembles the trends of Cho decrease 

observed recently in occipital brain tissue upon optic stimulation.16  

In conclusion, MRS of the internal capsule in humans is not a suitable method for studying 

the so-called lactate shuttle from astrocytes to axons during physiologic activation of the 

corticospinal tract. With the use of  higher field MRS eqiupment (3T or higher) it might be 

possible to detect any subtle changes in lactate level that might happen in the concentration 

range up to 0.5 mM (or higher if one takes partial volume effects into account). 
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