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Here we use magnetic resonance imaging to study the impact of marathon

running on brain structure in humans. We show that the signal for myelin
water fraction—a surrogate of myelin content—is substantially reduced upon
marathon running in specific brain regions involved in motor coordination
and sensory and emotional integration, but recovers within two months.
These findings suggest that brain myelin content is temporarily and
reversibly diminished by severe exercise, a finding consistent with recent
evidence fromrodent studies that suggest that myelin lipids may act as glial
energy reserves in extreme metabolic conditions.

Prolonged endurance exercise mobilizes energy stores throughout
the body to meet energy demands. Marathon runners primarily rely on
carbohydrates as the main energy source during arace’. Once glycogen
becomeslowin muscle, liver and other organs, including brain, mara-
thonrunners utilize fatas an energy source'*. Fatis more abundantin
the body than carbohydrates, and it can provide a sustained source of
energy for prolonged endurance exercise.

Myelinsurrounds and enwraps axonsin the central and peripheral
nervous systems, providing electrical insulation and metabolic sup-
port to axons. The primary components of myelin are lipids, which
make up 70-80% of myelin, whereas myelin proteins compact and
stabilize its multilayered structure. While oligodendroglial fatty acid
metabolism has been proposed to serve as energy reserves during
glucose deprivation®, we further hypothesize that myelin lipids may
contribute to brain activity as does body fat to fuel muscle.

Totest our hypothesis we evaluated brain myelin content by mul-
ticomponent relaxometry magnetic resonance imaging (MRI) in city
and mountain marathon runners. To that end, we acquired multi-echo
T2-weighted MRI sequences post-processed with the DECAES algo-
rithm for multicomponent relaxometry analysis®, thus providing
three-dimensional (3D) parametric maps of the myelin water fraction
(MWF), anon-invasive surrogate imaging biomarker of myelin® . MWF
measures pools of water molecules within myelin lamellae as a proxy,

faithfully reflecting histological staining for myelin, and has high sensi-
tivity to detect subtle variations in the myelin content’. In this manner,
we estimated water trapped between the lipid bilayers of the myelin
sheath around axons and excluded luminal water that accounts for
intra- and extracellular water.

MRI-based MWF maps were constructed from n =10 subjects
within48 hbefore running a marathon (Extended Data Fig.1). Allindi-
viduals showed a similar distribution of MWF across the brain, with
naturally occurring, slight, interindividual variabilities. Maps of the
luminal water fraction (LWF), myelin fraction T2 relaxation times and
luminal fraction T2 relaxation times were also obtained in the fitting
process. High-resolution 3D T1-weighted MRI images of all subjects
showed nosignificantinterindividual variability for the differentimag-
ing sessions (Extended Data Fig. 2). The absence of large differences
among subjects allowed us to build up averaged MWF maps of the brain
(n=10; valueranges between O and 0.25). These value ranges areinline
with MWF values found in healthy subjects over a wide range of ages
(Extended Data Fig. 3)'>".

Similarly, averaged maps of MWF values were constructed for the
second (n=10 individuals), third (n =2 individuals) and fourth (n=6
individuals) imaging sessions, corresponding to post-run (24-48 h
after the marathon), two weeks and two months (recovery) after the
marathon, respectively. Coronal sections integrating imaging maps
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Fig. 1| Myelin water fraction changes in white matter regions after running
amarathon. Top, slab volumes (average intensity projection) of MWF maps
from five consecutive coronal slices centred in motor descending pathways
from anindividual before the marathon (pre-run), two days after the marathon
(post-run, 2 d) and two weeks after the marathon (post-run, 2 w), as well as after
two months (2 m) of recovery. Bottom, histogram with mean + s.e.m. values from
all subjects (n =10 for pre- and post-run, n = 6 for recovery) showing significant

MWEF reduction in white and grey matter areas 1-2 days after the marathon,

and subsequent recovery to pre-run levels during two months of recovery.
Individual data points for each histogram bar (n =20 for pre- and post-run, n =12
for recovery) originated from the two hemispheres in each subject. Notice that
values return to pre-runlevelsin all areas. *P < 0.05 and ***P < 0.005, one-tailed
paired Student’s t-test. See Extended Data Fig. 4 for exact Pvalues and its Source
Data for individual data points.

from a representative individual show a clear post-run reduction in
MWF in motor descending pathways (Fig. 1, top).

Next, to obtain a comprehensive view of MWF changes, we ana-
lysed its values after segmentation of the entire brain into different
regions with the help of an atlas-aided 3D morphometric analysis.
Thus, we divided the brain into 50 white matter regions using the JHU
brain atlas of white matter tracks?and 56 grey matter regions using the
LPBA40 collection of the SRI24 brain atlas”. Mean MWF values were
recorded for these 106 brain regions for each subject at each imaging
session (https://doi.org/10.5281/zenodo0.14726926 (ref. 14) and Fig. 2).

We focused on the regions with higher MWF values, as variations
in this parameter are reflected better in more densely myelinated
regions”. We observed consistent and significant region-variable
MWF reductions in12 white matter areas (Fig. 1, bottom, and Extended
Data Fig. 4). In addition, MWF was lower in a few grey matter regions
(Extended DataFig. 4). However, lower myelin content in grey matter
limits resolution to monitor MWF and those changes are uncertain.

MWEF can be regarded as a strong correlate of myelin content
reduction”%; nevertheless, the exact correlation factor is to be deter-
mined, and, therefore, MWF-based studies should be considered
as a semiquantitative evaluation of myelin content (see ref. 15 for a
comprehensive analysis of MWF as a myelin imaging biomarker). An
estimate of MWF changes versus ex vivo histopathological myelin
quantification suggests that the former are typically larger than the
latter”, indicating that the reductionin myelin after marathon running

should indeed be lower (approximately 40-50%) than the measured
decreasein MWF.

Bilateral MWF loss in white matter was extensive after comple-
tion of the marathon, and its extent was similar in both hemispheres
(Fig. 2). MWF was lower in the corticospinal tract, pontine crossing
tract, cerebraland all three cerebellar peduncles, aswellin the anterior
and posterior corona radiata (for a complete list see Extended Data
Fig. 4). Quantification of the changes illustrates that the MWF signal
decreases significantly by up to 28% and 26% in the pontine cross-
ing and corticospinal tracts, respectively (Figs.1and 2 and Extended
DataFig.4). Thus, MWF robustly diminished in axonal tracts involving
motor function and coordination along with sensory and emotional
integration'?,

As MWF represents water trapped between myelin lamellae, a
confounding factor of these changes could be dehydration. However,
global dehydration would not change MWF by definition (for details
see Extended DataFig.1). Torule out partial, regional dehydration, we
measured total and partial central nervous system volumes. We found
that the total brain, cerebrospinal fluid (CSF) (ventricles), grey matter,
white matter, deep brain, brainstem and cerebellum volumes did not
significantly change intra-individually acrossimaging sessions. Thus,
P values for comparisons of paired brain regions post-run versus
pre-runscans indicate, in all instances, absences of significant differ-
encesinthe volume of all compared structures (Extended Data Fig. 5).
These data are in line with previous studies showing that extensive
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Fig. 2| Colour-encoded representations of MWF changesin 3D. White matter areas that show a significant reduction in the MWF post-run (n = 10). Segmented white
matter regions are displayed using the JHU atlas (https://neurovault.org/collections/264/ collection:264).

exercise does not alter brain volumes independently of the hydration
state, as measured by MRI.

These observations are also consistent with previous findings
showing that the level of hydration does not change MWF levels™.
In turn, brain water volumes remain unaltered after extensive exer-
cise”. Furthermore, MWF loss was not observed along the entire brain
volume, as it would be as a consequence of dehydration, remaining
unaltered in some axonal tracts (for example, corpus callosum), as
well as in nearly all grey matter areas. Yet, and to exclude the pos-
sibility of selective dehydration in heavily myelinated territories, we
calculated regional water content levels throughout the entire brain
utilizing the grey and white matter atlases used to analyse MWFs. We
found no significant differences in water content between pre- and
post-run values in those areas showing significant reduction in MWF
(Extended DataFigs. 6-8).

Collectively, these data provide solid evidence of bilateral MWF
decrease after marathon running in motor- and non-motor-related
brain connections, with a similar amplitude in each hemisphere. Not-
withstanding, itisimportant to emphasize that the overall MWF reduc-
tion in the whole brain is limited and occurs in restricted areas, thus
leaving the bulk of myelin unaffected.

We next examined whether MWF levels recover at rest after com-
pletion of the endurance effort. To that end, we performed MRl scans
on runners (n =2) two weeks after the run and found that, although
there was a substantial partial increase of MWF values they did not
reach pre-run levels (Fig. 1). These findings prompted us to meas-
ure MWF maps at later stages. We found that MWF values fully recov-
ered from completion of the marathon two months after the run in
all areas with MWF reduction (Fig. 1 and Extended Data Figs. 4 and 9;
https://doi.org/10.5281/zenodo.14726926 (ref. 14). Thus, MWF sta-
tus goes back to normal in myelinated tracts involved in motor and
non-motor functions after two months of strenuous exercise.

Together, these findings provide compelling evidence that white
matter tracts undergo a reduction in MWF that is later restored after
recovery from prolonged endurance exercise. It would therefore be
important to evaluate whether these changes transiently affect neuro-
physiological and cognitive functions associated with those regions.

Our findings show that running a marathonreduces runners’ MWF
levelsin white matter areas, with asimilarimpactinboth hemispheres.
MWF values recover thereafter and reach pre-run values two months
after the event. This reversible reduction in MWF upon prolonged
exercise and recovery after lowering physical activity strongly sug-
gests changes in myelin structure and content that may open up anew
view of myelin as an energy store ready to use when common brain
nutrients are in short supply. We define this process as metabolic
myelin plasticity.

To assess myelin content we used MWF, an MRI imaging surro-
gate of myelin that faithfully represents its levels with a near linear

relationship with ex vivo histopathological myelin quantification™ s,

Accordingly, MWF values correlate with changes in myelin content,
although they represent semiquantitative measurements of myelin.
This limits an accurate account of the actual extent of myelin con-
tent changes. In turn, measured MWF may vary for reasons other
than changes in myelin content, including increases in permeability
of myelin membranes, alterations in iron concentration or axonal
swelling. However, the impact of these features on MWF reduction
in marathon runners is unlikely (see ‘MWF confounding factors’ and
references therein).

Hitherto, changes in MWF have not been evaluated following
strenuous, prolonged exercise. However, ultramarathon multistage
runners may experience subtle reversible brain structural changes
without neurological complications®2® along withincreasing activity”
because of energy deficits. This might resultin usage of myelin-derived
fatty acids for energy production. This idea is plausible, as glial cells
can fuel neural metabolism by B-oxidation, and myelin peroxisomes
are essential for white matter maintenance in flies and mice®*° 2.,
Thus, oligodendrocytes may survive glucose deprivation by local
utilization of myelin lipids, which in turn allows oligodendrocytes to
share energy substrates with axons to support their function®. Indeed,
myelin-derived fatty acids can be B-oxidized and transferred into mito-
chondriafor ATP production by CPT1A transport>****. The amphipathic
nature of these fatty acids makes them easily transferable to axons
as well as to the surrounding glia and neurons and to support energy
demands at various subcellular compartments. Thus, myelin turnover
under low glucose conditions can transiently support axonal energy
metabolism, a feature that may explain the gradual loss of myelin in
neurodegenerative diseases with underlying hypometabolism™.

Oligodendrocytes are particularly resistant to glucose
withdrawal**¥, and therefore use alternative mitochondria-dependent
energy sources that may be relevant in pathology. Thus, continuous
myelinturnover and fatty acid metabolism can help myelinated nerves
to overcome a transient loss of glucose supply, thereby providing an
energyreserve’.Indeed, ongoinginflammatory activity in multiple scle-
rosis lesions may compromise the energy support for (re)myelinating
cells, while neuropathological findings in this demyelinating disease
probably reflect defective oligodendroglial energy homeostasis™®.

Rather limited reduction in MWF, and presumably myelin, after
completion of the marathon makes it unlikely that consumed myelin
contributes to whole-body energy balance. However, we cannot rule
out the possibility that it does in even more extreme exercise condi-
tions and/or disease states, where nutrition is at stake (for example,
anorexia nervosa and famine). Indeed, animal and human studies
show that undernutrition negatively influences myelination®*2. In
particular, dietary scarcity in anorexia nervosa leads to disturbances
in cognition®, paralleled with altered grey and white matter myelin
and connectivity** ™,
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Regular, moderate-intensity, physical activity is a key factor in
maintaining brain health across the lifespan®’. By contrast, strenu-
ous physical activity is a risk factor for amyotrophic lateral sclerosis
(ALS) in individuals with a genetic predisposition to the disease’*.
Therefore, endurance exercise may pose anadditional danger to heav-
ily myelinated disease-vulnerable motor areas (for example, corti-
cospinaltract) inindividuals with ALS geneticrisk, as myelinitselfand
myelin-producing oligodendrocytes are also vulnerable to glutamate
excitotoxicity>.

Myelin plasticity is fundamental to brain adaptation to neuronal
activity, asit modifies myelinstructure by increasing or decreasing the
thickness of the myelin sheath®**. Our findings strongly suggest that
widespread reversible MWF reductioninendurance physical exercise
represents a new form of plasticity to support brain function at the
expense of myelin lipid use.

This pilot observational imaging study has limitations, including
arelatively small number of participants that will require validationin
alarger cohort, difficulty in assessing grey matter MWF changes due
torelatively low myelin content that compromises the signal-to-noise
ratio and limited spatial resolution due to long scanning times and
the inherent slight movement of subjects. Nonetheless, the potential
relevance of the findings described here to brain energy metabolism
warrant additional studies.

Methods

Subjects

Runnerswererecruited at the Donostia city marathon2022 (n=2)and
2023 (n =2), the Zegama-Aizkorri mountain marathon 2023 (n = 2), Hiru
Handiak mountain marathon 2023 (n = 2) and Valencia city marathon
(n=2).Nofinancial compensation was given to volunteers. All of them
were well-trained men (n=8) and woman (n = 2) aged 45-73-years-old
who completed the trial in a healthy state. All subjects provided writ-
ten informed consent before participation, including consent to
share the information provided in the study, and the experiments
were conducted in accordance with the Helsinki Declaration (2001).
The procedure was approved by Comité de Etica de Investigacion de
Euskadi. Imaging sessions were carried out 24-48 hours before and
after the marathon (n =10), two weeks (n =2) and two months later
(n=6) (Extended Data Fig. 10). Randomization was not necessary as
we studied asingle group of subjects. In allinstances, individuals were
well hydrated.

Dataacquisition

MRI scans were acquired on a 3T whole-body MRI system (Achieva
Dstream, Philips Medical System) using the internal quadrature body
coil for transmission and a 32-channel phased array coil for recep-
tion. Each subject underwent animaging protocol thatincluded: (1) a
multi-echo 3D gradient and spin-echo sequence (GRASE) for myelin
water imaging, with the following parameters: TR = 2,000 ms; 32 ech-
oes with a minimum echo time of 9.3 ms and maximum of 298 ms;
SENSE 2.5; flip angle 90°, bandwidth in EPI frequency direction
2,591; field of view (FOV) 230 mm?; 78 slices in transverse orienta-
tion; voxel size 1.2 x 1.2 x 1.8 mm?; total scan time 7:08 min; and (2) a
high-resolution Tlw anatomicalimage in a sagittal orientation with the
following parameters: TR = 7.4 ms; TE = 3.4 ms; matrix size 228 x 228;
flipangle 9°; FOV 250 x 250 x 180 mm; slice thickness1.1 m;300sslices;
acquisition time 4:55 min.

Image processing

Image processing and data analysis were performed blinded to group
allocation during data collection. Raw data were exported in DICOM
format for offline processing. First, data were converted into NIFTI
format using decm2niix**. Anatomical brainimages (skull stripped out)
were obtained from T1-weighted images applying BET” implementa-
tion from the FSLv.6.0 distribution®®. Population distributions of T2

values were computed voxelwise from multi-echo data using Julia
implementation DECAES software®. For the analysis of interindividual
andintra-individual changes in MWF maps, all MWF maps for subjects
at different imaging sessions (pre-run, post-run and recovery) were
registered to a T2-weighted anatomical image of the brain of subject
1(echo 8 of the echo train, with TE = 74.48 ms) at session 1using ANT
Syn registration®. For image segmentation and assessment of MWF
values in different regions of the brain, T1-weighted images were
nonlinearly registered to the JHU DTI-based white matter atlas for
white matter track segmentation' and in parallel to the LPBA40
collection of the SRI24 brain atlas” for segmentation of grey matter
regions. Transformation matrices were later applied to the MWF
maps, previously linearly registered to the corresponding TIW image.
Furtherimage processing for the creation of figures was performed
with the freely available software FIJI (Image]J v.2.0) and ITK-Snap
v.4.0.1. Individual MWF data are provided in https://doi.org/10.5281/
zenodo.14726926 (ref.14).

Statistics

We used Microsoft Excel (Office 365, 2024 version) for statistical
analyses, and values were calculated as mean + standard deviation
of the mean (s.d.) or standard error of the mean (s.e.m.). Statistical
significance was defined as *P < 0.05, **P < 0.01, ***P < 0.00S5 (or as
otherwiseindicatedin figure captions). No statistical methods were
used to predetermine sample sizes but our sample sizes are similar
to those reported in previous publications®’. Data distribution was
assumed to be normal but this was not formally tested. Post-run
Versus pre-run groups, or recovery versus post-run groups, were
compared using a one-tailed paired Student’s ¢t-test. Each partici-
pantwas analysed separately and measurements across imaging ses-
sions normalized to pre-run data. We made all statistical analysis and
compared subjects post versus pre (n =10), and recovery versus pre
(2months, n = 6). For the comparison of the different brain regions,
we used MWF mean values obtained for both left and right hemi-
spheres. For the analysis of percentage of change in MWF values,
pretreatment of the data was performed to eliminate outliers using
the interquartile (IQR) method®, discarding all data below Q1 - 1.5 x
IQRor over Q3 +1.5 xIQR limits.

Technical considerations and limitations

Multi-echo T2 sequences allow differentiation between water with
different T2 relaxation times. Water in the brainislocated in the CSF,
extracellular space, intracellular space and between myelin layers.
Approximately 70-85% of the brain mass is water, and approximately
40% of the mass in myelinated axonal tracts is compartmentalized
water.

Inhumanwhite matter, the MRIsignal from water can be separated
into three pools on the basis of the T2 relaxation time. The longest T2
component is due to CSF. The intermediate component arises from
both intracellular and extracellular water (LWF), and the shortest T2
componentis due to water trapped between myelin bilayers (or MWF).
CSF is often neglected in myelin imaging with MRI because of the low
amount of CSF in the white matter®. MWF is defined as the ratio of
the area of short T2 components to the area of all T2 components”'®.
The ranges of T2 relaxation time used for the assignment of MWF and
LWF where 0-30 msand 30-200 ms, respectively, in line with current
standards’. This fully distinguished the myelin-bound and luminal
populations.

T2 mapping is a well-established method for myelin quantifica-
tion. Originally, a T2 multi-echo spin—-echo sequence was developed,
but the main drawback was the long scanning time, which prevented
itsapplicationin clinical scenarios. Inrecent years, together with other
methods, acombined GRASE sequence has been adopted for myelin
water imaging (MWI), reducing the acquisition time to less than 10 min
with full brain coverage®. Reproducibility of MWIwith this technique
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has been demonstrated in a multisite, multivendor study®* and with
different reconstruction methods®.

However, MWI with T2 mapping is not without challenges, and
several factorsneed tobe considered. The signal-to-noise ratioin MWI
with T2 mappingis low. The myelin signal decays rapidly as the MWF is
approximately10%, and the relaxation time of myelin wateris relatively
shortat10 ms, which makes changes in MWF difficult to detect®.

MWF confounding factors. A possible confounding effect on assimi-
lating MWF to myelin content is brain oedema, which may occur in
strenuous exercise, such as high mountain ultramarathons, but has
not been observed in 42.195-km marathons*®’. Moreover, oedema/
inflammation during new lesion formation in multiple sclerosis has a
minor impact, if any, on MWF®°, These previous reports indicate that
evenif minor oedemaappearsinastandard marathonrun, theimpact
on MWF would be marginal.

Another confounding factor canbeiron, the mainsource of para-
magnetic susceptibility in the brain®. Iron shortens T2 components
and thus potentially increases MWF values®. Thus, total iron depletion
in experimental animals reduces MWF values by one-fourth®. How-
ever,serumiron levelsincrease or remain similar after ultramarathon
and marathon running, respectively’®”., Therefore, it is unlikely that
changesiniron homeostasis contribute significantly to MWF reduction
after prolonged endurance exercise, and, if so, it may underestimate
real myelin content reduction.

Lastly, fibre orientation may also affect myelin water T2, as well
as the intracellular and extracellular water T2; however, MWF has a
weaker innate orientation dependence’. Moreover, MWF value com-
parisons within and among subjects at all stages were made at similar
MRI plane levels and orientations.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Numerical data and materials used in this work are available viaZenodo
at https://doi.org/10.5281/zenodo0.14726926 (ref. 14). Images from
subjects are available upon request (contact: Pedro Ramos-Cabrer,
pramos@cicbiomagune.es). Source data are provided with this paper.

Code availability
Codeusedinthisworkisavailable viaZenodoathttps://doi.org/10.5281/
zen0do.14726926 (ref. 14).
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Acquisition of multi-echo MRI data
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(deconvolution in 3 water

pool populations)
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water
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Extended Data Fig. 1| Schematic representation of the DECAES procedure

to extract myelin water fraction (MWF) values. MRI T2 weighted multi-echo
images were processed using decomposition and component analysis of
exponential signals (DECAES). This procedure uses the relaxation curves in each
pixel to deconvolve the signal from 3 different pools of water: 1) water protons
inmyelin sheaths (short T2 values), 2) inter- and intracellular water molecules
(luminal water fraction, with intermediate T2 values), and 3) signal from CSF
(unrestricted water pool, with very large T2 values). Thus, a set of two T2 maps

ELEEN + + area

(short T2 population and intermediate T2 population, the CSF contribution s
generally obviated) are generated, along with two maps of water fraction

(% of contribution of that fraction to the total signal), one reflecting MWF and the
other reflecting the luminal water fraction (LWF). The approach used in this study
computes MWF derived from the area of myelin protons without differentiating
luminal protons and unrestricted water pools whose combined area is estimated,
as established by Doucette et al.®, MacKay et al.”, Caverzasi et al.® ms, millisecond.
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Runner 1 Runner 2

PRE

POST

Extended Data Fig. 2| High-resolution 3D T1-weighted MRIimages of four Images show no significant interindividual differences for the differentimaging
representative subjects. Sagittal, axial and coronal views of the 3D images sessions. Volumes of whole brain and structures was unaltered (see also
acquired with T1weighting for anatomical reference, pre- and post-run. Extended Data Fig. 5).
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Extended Data Fig. 3| Myelin water fraction (MWF) parametric maps from representative subjects before the marathon challenge. Top) Pre-exercise MWF
maps for subjects scanned in this study. From top to bottom, arbitrarily chosen axial, coronal and sagittal planes. Bottom) Average maps obtained after ANTs Syn
registration of allimages to acommon spatial frame.
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Region Mean (% pre-run) SEM Student’s t values
Recovery Recovery Postvs  Recov. vs
White Matter Pre-run  Postrun {2 mo) Pre-run  Postrun (2 mo) Pre Pre
Middle cerebellar peduncle 100 80 94 6,8 4,9 56 0,018 0,214
Pontine crossing tract 100 72 99 12,7 6,7 12,3 0,031 0,288
Genu of corpus callosum 100 84 109 6,5 10,2 11,5 0,099 0,217
Body of corpus callosum 100 103 117 1,7 91 10,3 0,151 0,250
Splenium of corpus callosum 100 93 97 7,5 6,9 13,2 0,220 0,472
Fornix {column and body) 100 85 105 10,1 16,2 21,3 0,296 0,429
Corticospinal tract 100 74 103 5,4 4,0 72 0,000 0,475
Medial lemniscus 100 85 94 8,9 7,5 11,9 0,037 0,117
Inferior cerebellar peduncle 100 86 90 5,8 58 9,2 0,039 0,052
Superior cerebellar peduncle 100 84 103 6,6 41 7,9 0,015 0,493
Cerebral peduncle 100 87 104 3,9 52 7,8 0,013 0,349
Anterior limb of internal capsule 100 84 104 10,0 9,0 14,6 0,175 0,458
Posterior limb of internal capsule 100 91 105 5,4 73 7,5 0,076 0,470
Retrolenticular part of internal capsule 100 92 107 6,7 6,5 11,7 0,069 0,346
Anterior coronaadiata 100 85 105 9,7 7,7 9,6 0,017 0,495
Superior coronaadiata 100 99 115 7,8 6,3 9,1 0,436 0,074
Posterior coronaadiata 100 87 94 4,6 6,7 8,7 0,026 0,455
Posterior thalamicadiation 100 103 101 6,5 5,5 13,0 0,243 0,451
Sagittal stratum 100 103 103 6,5 6,6 11,4 0,358 0,494
External capsule 100 89 111 8,8 9,4 13,6 0,056 0,369
Cingulum (cingulate gyrus) 100 83 109 9,2 8,6 12,2 0,003 0,295
Cingulum (hippocampus) 100 83 112 11,0 10,7 15,4 0,085 0,258
Fornix (cres) / Stria terminalis 100 93 117 10,9 78 14,6 0,246 0,217
Superior longitudinal fasciculus 100 102 116 7,2 7,2 9,5 0,320 0,029
Superior fronto-occipital fasciculus 100 84 112 10,5 9,0 14,1 0,171 0,352
Inferior fronto-occipital fasciculus 100 80 103 9,6 9,0 13,6 0,011 0,417
Uncinate fasciculus 100 91 99 14,2 9,0 19,6 0,081 0,347
Tapetum 100 86 91 8,2 5,2 19,0 0,048 0,442
| Gray Matter
superior frontagyrus 100 100 98 5,0 58 4,6 0,389 0,452
middle frontagyrus 100 101 100 9,3 9,3 8,6 0,367 0,380
inferior frontagyrus 100 84 98 8,2 6,9 8,0 0,016 0,313
precentragyrus 100 110 107 6,0 6,8 59 0,028 0,246
middle orbitofrontagyrus 100 94 101 7,7 7,1 5,7 0,094 0,275
lateraorbitofrontagyrus 100 91 100 6,4 7,3 5,0 0,075 0,464
gyrus rectus 100 110 85 8,9 9,8 10,5 0,167 0,018
postcentragyrus 100 107 106 5,6 76 45 0,089 0,107
superior parietagyrus 100 110 125 7,0 8,0 11,2 0,149 0,000
supramarginagyrus 100 104 90 10,8 10,9 11,7 0,450 0,175
angular gyrus 100 107 112 11,8 12,9 14,6 0,290 0,071
precuneus 100 93 108 6,9 8,9 12,3 0,251 0,131
superior occipitagyrus 100 114 126 8,0 7,0 59 0,035 0,001
middle occipitagyrus 100 111 112 6,7 8,4 9,0 0,147 0,082
inferior occipitagyrus 100 93 98 6,2 8,6 8,7 0,142 0,362
cuneus 100 105 107 6,5 59 6,4 0,253 0,114
superior temporagyrus 100 94 91 7,5 8,3 74 0,234 0,039
middle temporagyrus 100 85 77 6,9 6,8 73 0,002 0,004
inferior temporagyrus 100 93 91 6,8 8,4 7,7 0,165 0,023
parahippocampagyrus 100 87 106 6,0 51 8,7 0,009 0,249
linguagyrus 100 97 105 4,6 53 8,4 0,283 0,123
fusiform gyrus 100 101 111 8,9 9,5 12,8 0,292 0,321
insular cortex 100 75 99 4,6 6,9 11,7 0,003 0,443
cingulate gyrus 100 77 105 5,4 52 9,5 0,000 0,196
caudate 100 98 87 10,3 11,9 14,3 0,472 0,301
putamen 100 92 97 8,3 9,8 14,1 0,244 0,312
hippocampus 100 95 116 9,0 9,6 12,5 0,302 0,149
cerebellum 100 86 92 7,0 53 43 0,065 0,131
brainstem 100 79 102 5,8 56 8,0 0,024 0,360

Extended Data Fig. 4| Myelin water fraction changes (%) in brain regions post-run and after 2 months of recovery. one-tail paired Student’s t-test.
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Resih Pre-run V (cm® Post vs Pre
S1 S2 S3 S4 S5 S6 S7 S8 S9 [ S10 Mean | SDV | SEM| | Student's t values
Total brain tissue | 1383 | 1222 | 1372 | 1379 | 1234 | 1357 | 1235 [ 1331 | 1069 | 985 1257 138 | 44 0.196
CSF 290 | 223 | 235 [ 232 | 242 | 254 | 241 | 252 | 188 | 189 235 | 30 10 0.445
Gray matter 610 | 559 | 621 | 623 | 560 | 628 | 583 [ 626 | 507 | 448 576 | 60 19 0.155
White matter 483 | 440 | 516 | 524 | 433 | 475 | 411 | 453 | 374 | 348 446 | 57 18 0.249
Deep brain 47 47 49 48 41 48 41 45 39 37 44 4 1 0.232
brainstem 23 24 23 24 19 22 20 24 19 21 22 2 1 0.493
Cerebellum 138 | 155 | 147 | 148 | 132 | 137 | 141 | 164 | 138 | 131 143 10 3 0.192
Region Post-run V (cm?
S1 S2 S3 S4 S5 S6 S7 S8 S9 [ S10 Mean | SDV | SEM
Total brain tissue | 1385 | 1226 | 1379 | 1237 | 1234 | 1347 | 1239 [ 1336 | 1071 | 984 12441 131 | 42
CSF 291 | 220 | 232 | 239 | 240 | 254 | 244 | 251 | 187 | 189 235 | 31 10
Gray matter 609 | 561 | 623 [ 563 | 559 | 615 | 584 | 629 [ 508 | 448 570 | 57 18
White matter 485 | 445 | 524 | 435 | 435 | 478 | 411 | 456 | 376 | 347 439 | 52 16
Deep brain 46 47 48 42 42 48 41 45 40 38 44 4 1
brainstem 23 24 24 19 20 22 21 24 20 22 22 2 1
Cerebellum 139 | 154 | 148 | 133 | 132 | 136 | 143 [ 164 | 137 | 131 142 | 11 3

Extended Data Fig. 5| Volumes of brain regions across subjects and pre-run and post-run MRI sessions. Student’s t values were calculated using a one-tail
paired t-test.
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(a) T2 (low mobility) T2 (high mobility)

Extended Data Fig. 6 | Regional SO images from T2 fitting of multi-echo data
maps are unaltered after marathon running. To assess further the lack of post-
run dehydration as a confounding factor in MWF values, we analyzed images as
described below: 1) We carried out a bi-exponential decay analysis on acquired T2
multi-echo sets of images to obtain (a) 2 sets of T2 maps (low and high mobility
protons) and (b) 2 sets of SO images (Signal extrapolated at TE=0 ms). (c) Total SO
maps were obtained by adding the two individual SO components. 2) CSF regions

200
..

(b) SO (low mobility) SO (high mobility)

asl
(%)

-100:

were segmented out, registering pre- (c) and post-runimages (d). 3) Percentage
of change of SO images were determined pixel by pixel for each subject using the
following image operation100*(pre-post)/pre (e). Notice that maps reflect %
changes. Subjects were scanned with identical acquisition sequence in the same
scanner, with equal repetition time and flip angle. At fixed T1 weighting changes
onwater content should be reflected as change in SO maps between pre-and
post-run.
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WHITE MATTER
Pre run Post run Post vs Pre  t-test
Region p-
Mean Stdev Mean Stdev %o change

value

Middle cerebellar peduncle 44.7 2.8 43.9 2:5 -1.4 0.263
Pontine crossing tract 47.0 3.6 47.0 2.4 0.4 0.480
Genu of corpus callosum 47.1 7.5 45.9 5.2 -1.5 0.249
Body of corpus callosum 473 6.5 47.6 6.9 2.0 0.458
Splenium of corpus callosum 44.1 4.1 44.0 5.0 0.5 0.483
Fornix (column and body of fornix 34.0 73 34.6 5.4 4.8 0.402
Corticospinal tract 45.7 3.0 44.9 2.3 -1.2 0.214
Medial lemniscus 45.4 2.6 45.1 %2 -0.4 0.332
Inferior cerebellar peduncle 44.2 2.9 44.0 3.0 -0.3 0.387
Superior cerebellar peduncle 41.1 34 40.5 33 -1.2 0.230
Cerebral peduncle 47.1 32 45.9 3.3 2.2 0.127
Anterior limb of internal capsule 49.6 8.8 50.1 7.4 3.0 0.410
Posterior limb of internal capsule 45.7 34 44.9 3.6 -1.2 0.249
Retrolenticular part of internal capsule 47.0 4.1 45.9 4.7 -1.7 0.219
Anterior corona radiata 42.8 3.1 41.9 3.2 -1.2 0.223
Superior corona radiata 43.0 2.8 42.9 3.4 0.0 0.441
Posterior corona radiata 44.2 3.5 44.4 4.4 0.9 0.407
Posterior thalamic radiation 43.7 3.7 45.3 T3 4.0 0.152
Sagittal stratum 47.1 5.2 49.1 75 4.8 0.132
External capsule R 53.7 115 53.4 10.2 1.5 0.461
Cingulum (cingulate gyrus) 48.5 6.7 48.8 8.6 1.2 0.447
Cingulum (hippocampus) 45.2 4.1 43.0 4.6 -4.3 0.042
Fornix (cres) / Stria terminalis 47.8 3.5 47.5 5.0 -0.1 0.419
Superior longitudinal fasciculus 42.0 3.2 42.3 4.0 1.0 0.372
Superior fronto-occipital fasciculus 47.8 5.2 49.4 9.3 4.8 0.295
Inferior fronto-occipital fasciculus 54.9 125 50.8 9.3 -5.6 0.058
Uncinate fasciculus 0.7 8.1 47.0 8.6 -6.6 0.028
Tapetum 42.2 6.6 43.5 79 4.2 0.253

Extended Data Fig. 7| Regional SO images from bi-exponential fitting of T2 multi-echo data maps of white matter regions. Values (mean + stdev) derived from
S0 images obtained after bi-exponential fitting of T2 multi-echo data images for all subjects. White matter regions were mapped using atlas in Ref. 18. Comparisons
were made using one-tail paired Student’s t-test.
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GRAY MATTER
Pre run Post run Post vs Pre t-test
Region
Mean Stdev Mean  Stdev %o change p-value

superior_frontagyrus 27.8 1.9 26.9 4.2 -3.1 0.178
middle frontagyrus 28.8 2.5 213 5.4 -4.6 0.137
inferior_frontagyrus 30.1 3.0 28.6 5.3 -4.8 0.112
precentragyrus 29.8 3.2 28.4 6.0 -5.2 0.095
middle orbitofrontagyrus 32.6 5.5 32.0 5.1 -1.4 0.228
lateraorbitofrontagyrus 29.6 4.2 29.0 4.8 -1.6 0.259
gyrus_rectus 26.2 2.8 27.0 5.4 3.5 0.279
postcentragyrus 29.2 3.3 28.2 6.0 -4.0 0.153
superior_parictagyrus 31.9 3.0 30.8 6.2 -34 0.202
supramarginagyrus 27.5 3.8 26.5 5.6 -4.2 0.116
angular gyrus 29.8 3.9 28.9 52 -3.3 0.140
precuneus 37.3 4.9 35.1 5.5 -5.2 0.069
superior_occipitagyrus 35.5 3.3 33.8 5.8 -4.7 0.093
middle occipitagyrus 352 4.3 35.1 4.9 -0.1 0.453
inferior_occipitagyrus 38.0 6.3 39.0 6.4 3.9 0.202
cuneus 41.2 4.1 40.3 49 -1.6 0.259
superior_temporagyrus 323 4.9 32.1 3.9 -0.6 0.373
middle temporagyrus 32.5 6.9 31.7 7.8 -1.6 0.277
inferior temporagyrus 32.5 6.1 32.5 6.3 1.6 0.484
parahippocampagyrus 38.2 3.0 379 5.7 -0.1 0.432
linguagyrus 41.8 3.8 42.5 52 2.3 0.275
fusiform gyrus 41.3 6.0 41.4 7.6 1.1 0.473
insular _cortex 46.0 7.9 43.1 7.4 5.4 0.049
cingulate gyrus 43.0 4.3 40.0 6.8 -6.6 0.038
caudate 46.9 94 46.0 8.9 -0.2 0.331
putamen 529 9.7 49.2 6.7 -4.9 0.053
hippocampus 40.1 3.6 39.4 8.0 -1.3 0.357
cerebellum 32.2 4.4 32.5 5.5 1.0 0.435
brainstem 38.7 3.1 38.1 3.1 -0.9 0.354

Extended Data Fig. 8| Regional SO images from bi-exponential fitting of T2 multi-echo data maps of gray matter regions. Values (mean + stdev) derived from
SO images obtained after bi-exponential fitting of T2 multi-echo data images for all subjects. Gray matter regions were mapped using atlas in Ref. 19. Comparisons were
made using one-tail paired Student’s t-test.
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Extended Data Fig. 9| Myelin water fraction (MWF) imaging from all subjects scanned individuals) at imaging sessions before the marathon (pre-exercise),
together showing post-run signal decay and recovery thereafter. Left, Slab after (post-exercise) (n=10) and at 2-months of recovery (n=6). Color code bar
volumes (average intensity projection) of MWF maps from 5 consecutive coronal displays represented values. Notice that MWF values return to pre-run values at
slices centered in motor descending pathways from all subjects (mean MWF of 2-months of recovery.
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Extended Data Fig. 10 | CONSORT diagram showing number of MRI scanned subjects at all stages. Diagram illustrates the time points at which the runners were
scanned. Imaging sessions were carried out 24-48 hours before (Pre-run) and after (Post-run) the marathon (n =10), two weeks (n = 2) and two months later (n = 6).
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Plants

Seed stocks N/A

Novel plant genotypes  N/A

Authentication N/A

Magnetic resonance imaging

Experimental design

Design type

Design specifications

Longitudinal MRI imaging of subjects before and after task performance

Longitudinal examination (repeated measurements) of the subjects

Behavioral performance measures  Behavior was not assessed in the study

Acquisition
Imaging type(s)

Field strength

Sequence & imaging parameters

Area of acquisition

Diffusion MRI [ ] Used

Preprocessing

Preprocessing software

Normalization

Normalization template

Noise and artifact removal

Volume censoring

Multi-echo 3D gradient and spin echo sequence (GRASE); T1w anatomical image
3T

MRI scans were acquired on a 3T whole body MRI system (Achieva Dstream, Philips Medical System, Best, The
Netherlands) using the internal quadrature body coil for transmission and a 32-channel phased array coil for reception.
Each subject underwent an imaging protocol that included:

1) a multi-echo 3D gradient and spin echo sequence (Grase) for myelin water imaging, with the following parameters:
TR = 2000 ms; 32 echoes with a minimum echo time of 9.3 ms and maximum of 298 ms; SENSE 2.5; flip angle 902, band
width in EPI frequency direction 2591; field of view (FOV) 230 mm?2; 78 slices in transverse orientation; voxel size 1.2 x
1.2 x 1.8 mm; total scan time 7:08 min

2) a high-resolution T1w anatomical image in a sagittal orientation with the following parameters: TR=7.4 ms; TE=3.4
ms; matrix size 228 x 228; flip angle 92; FOV 250 x 250 X180 mm; slice thickness 1.1 m; 300 slices, acquisition time 4:55
m.

whole brain

Not used

FSL and Python

Raw data were exported in DICOM format for off-line processing. First, data were converted into NIFTI format using
dcm2niix. Anatomic brain images (skull stripped out) were obtained from T1-weighted images applying BET implementation
from the FSL 6.0 distribution. Population distributions of T2 values were computed voxelwise from multitecho data using
Julia implementation of DECAES software. For the analysis of interindividual and intraindividual changes in MWF maps, all
MWF maps for subjects at different imaging sessions (pre-run, post-run, recovery and rest) were registered to a T2 weighted
anatomical image of the brain of subject 1 (echo 8 of the echo train, with TE=74.48 ms) at session 1 using ANTS Syn
registration. For image segmentation and assessment of MWF values in different regions of the brain, T1 weighted images
were nonlinearly registered to the JHU DTl-based white matter atlas for white matter track segmentation and in parallel to
the LPBA4O collection of the SRI24 brain atlas for segmentation of gray matter regions. Transformation matrices were later
applied to the MWF maps, previously linearly registered to the corresponding TIW image.

JHU DTI-based white matter atlas for white matter track segmentation
LPBA40 collection of the SRI24 brain atlas for Gray matter segmentation

No noise and artifact removal were done

Anatomic brain images (skull stripped out) were obtained from T1-weighted images applying BET implementation from the
FSL 6.0 distribution.
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Statistical modeling & inference

Model type and settings univariate
Effect(s) tested student t-test

Specify type of analysis: [ | whole brain ROl-based | | Both

automatic segmentation of brain regions using the JHU DTl-based white matter atlas for white matter

Anatomical location(s) track segmentationand th LPBA40 collection of the SRI24 brain atlas for Gray matter segmentation

Statistic type for inference N/A, no fMRI data have been analyzed in this study

(See Eklund et al. 2016)

Correction N/A, no fMRI data have been analyzed in this study
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Models & analysis

n/a | Involved in the study
IZ |:| Functional and/or effective connectivity

IZ |:| Graph analysis

IZ |:| Multivariate modeling or predictive analysis
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