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A B S T R A C T

Participation in ultra-endurance events has increased in recent years and requires extreme levels of moderate to
vigorous physical activity (MVPA). Moderate levels of MVPA have been associated with increased brain volume
but the effects of extreme levels of MVPA on brain volume is unknown. As a result, we sought to compare the
brains of those who engage in extremely high levels of MVPA with those who are sedentary using magnetic
resonance imaging. We performed whole brain volumetric analyses and voxel-based morphometry on 12 ultra-
endurance athletes (1078.75� 407.86min of MVPA/week) and 9 sedentary persons (18.0� 56.9 min of
MVPA/week). Whole-brain analyses revealed that those who participate in ultra-endurance training have
increased grey (p< 0.0001), white (p¼ 0.031), and total matter volume (p< 0.0001), while regional analyses
revealed that ultra-endurance athletes have smaller regional grey matter volume in the right primary sensory and
motor cortex, inferior and middle frontal gyrus, and left thalamus. Future research is warranted to determine why
ultra-endurance athletes have lower regional volumes in these areas despite having overall increased grey and
white matter volumes.
Introduction

One hundred and 50min of moderate to vigorous levels of physical
activity (MVPA) is recommended per week and it is estimated that 80%
of Americans meet or fall below this criteria.1 However, ultra-endurance
or ironman athletes habitually engage in levels of physical activity far
greater than the recommended amount. These persons typically perform
more than five times the recommended levels of MVPA2 and participa-
tion in ultra-endurance events has dramatically increased in recent
years.3 Ultra-endurance events have been associated with pulmonary and
autonomic dysfunction,4 temporary musculoskeletal injuries,5 cardiac
damage,6 and temporarymarkers of tissue damage,7 which is perhaps not
surprising given that endurance races can involve exercise for several
consecutive days without rest.4

While bodily injuries during endurance races have been well docu-
mented,5 the effects of ultra-endurance training on the brain have
received less attention.8 Ultra-endurance training acutely activates the
hypothalamic pituitary adrenal (HPA) axis9 and ultra-endurance athletes
have been shown to have chronic high levels of cortisol.10 Interestingly,
individuals with Cushing's disease, which is characterized by high levels
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of cortisol, show reduced grey matter (GM)11 volume. On the other hand,
increased aerobic fitness has repeatedly been associated with increased
GM12,13 and both rat14 and human models15,16 show that exercise leads
to increased GM and white matter (WM).17 Furthermore, mice that are
bred to run excessively show increased neurogenesis.18 However, the
effect of extreme levels of habitual exercise on the human brain has not
been examined.

The objective of this study was to understand the potential impact of
habitual extreme levels of physical activity on the brain. To do this we
sought to compare the brains of those who engage in extremely high
levels of physical activity with those who are sedentary. We analyzed T1-
weighted magnetic resonance images of sedentary and ultra-endurance
athletes, which were acquired as part of another study we recently
completed that compared the differences in resting state brain activity in
these populations.19 T1-weighted images are generated using a scanning
protocol sensitive to fat tissue and are used to reveal detailed structural
anatomy. Our hypothesis was that ultra-endurance athletes would have
greater GM and WM volumes.12–18,20 A recent review demonstrated that
the majority of the brain is impacted by exercise21 and thus we do not
have a directed regional hypothesis of the areas that will be dispropor-
tionally altered as a result of high levels of exercise. In order to test these
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List of abbreviations

ANCOVA analysis of covariance
BMI body mass index
GM grey matter
GPAQ generalized physical activity questionnaire
HPA hypothalamic pituitary axis
IFG – inferior frontal gyrus
M1 primary motor cortex
MNI Montreal Neurological Institute
MRI magnetic resonance imaging
MVPA moderate to vigorous levels of physical activity
SD standard deviations
S1 primary sensory
TE echo time
thal Thalamus
TIV total intracranial volume
TR repetition time
VBM voxel based morphometry
WM white matter

Table 1
Demographic information (mean and SD) of ultra-endurance and sedentary
populations. Abbreviations: M –Male, F – Female, BMI – body mass index, MVPA
– moderate to vigorous physical activity in minutes. SD – standard deviation.

Variables Ultra-Endurance Group (n¼ 12,
10M, 2F)

Sedentary Group (n¼ 9,
2M, 7F)

Age (years) 27.9� 6.44 31.4� 13.8
BMI (kg/m2) 22.67� 1.62 29.59� 5.71
MVPA (min/
week)

1078.75� 407.86 18.0� 56.9
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hypotheses, we employed voxel-based morphometry (VBM) to perform
whole brain analyses.

Experimental procedure

Ethical approval

Participants of the study provided written informed consent. This
study was approved by the human research ethics committee of the
University of Cape Town, South Africa (Ref:336:2009) and was carried
out in accordance with the Declaration of Helsinki on the use of human
participants in experiments.

Participants

We performed secondary analyses on 22 healthy right-handed par-
ticipants without any history of cardiovascular, metabolic, neurological,
or psychiatric disease. These participants were originally recruited for
another study,19 which examined resting state connectivity in these two
populations. As part of the resting state connectivity study, T1-weighted
images were collected and this manuscript examines those images.

Participants had no recent history of drug, nicotine, or alcohol use
and were excluded if in the past month they had used psychoactive
medication (determined by structured interview, see Familiarization
section); regardless of whether that was substance of abuse (determined
by saliva sample, Detect a Drug, South Africa) or prescription. All of our
participants had at least one year of tertiary education. Participants were
telephonically screened as being either sedentary or an ultra-endurance
athlete who has been training for at least 1 year. Our ultra-endurance
athlete participants were recruited from the ironman athlete commu-
nity in Cape Town, South Africa using social media, sports clubs, through
posters, and by word of mouth. The term athlete in this study is defined as
a person who aims to improve his/her performance, is actively partici-
pating in competition, formally registers in sport, and to have sport
training and competition as his or her focus for an amount of time that
exceeds the time allocated for other types of professional or leisure ac-
tivities.22 Groups were defined by the amount of physical activity they
completed in a typical week using the generalized physical activity
questionnaire (GPAQ23). The GPAQ includes physical training andMVPA
occurring outside training, such as active transportation. Physical activity
was defined by the amount the minutes of MVPA. Moderate activity was
defined to participants as moderate physical effort causing small
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increases in breathing or heart rate, while vigorous activity was defined
as hard physical effort causing large increases in breathing or heart rate.

We excluded one of the participants in the sedentary population with
a body mass index (BMI) of 59.1, which was 3.65 standard deviations
(SD) from the BMI mean of the study population. As a result, the dataset
we analyzed included 21 participants, which was split into two groups;
the ultra-endurance group were highly active participants (n¼ 12,
1078.75� 407.86 MVPA in minutes) while the sedentary group were
highly inactive (n¼ 9, 18� 56.9 MVPA in minutes, Table 1). It should be
noted that the sedentary population were also overweight (BMI of
29.59� 5.71) but were otherwise healthy.

Familiarization

Participants underwent a structured diagnostic interview (Mini In-
ternational Neuropsychiatric Interview) by a psychologist in order to
assess the presence of any psychiatric disorders.24 Height and weight
were measured to obtain BMI and two participants in each group were
excluded as outliers. We defined an outlier by a BMI z-score of greater
than 2.68. All participants were included as part of another investigation
examining brain activity during a fatiguing handgrip task and were
familiarized with procedures relevant to those investigations at this
time.25–27

MRI image acquisition, processing and analyses

All participants were scanned on a 3 T S Skyra whole-body MRI
scanner (Erlangen, Germany) at the Cape Universities Body Imaging
Centre in South Africa with a 32 channel head coil. For each participant a
structural T1-weighted volume was acquired using a multiecho magne-
tization prepared rapid gradient echo sequence (TR (repetition
time)¼ 2530ms, TE (echo time)¼ 1.59ms, 7� flip angle, voxel
size¼ 1.14� 1.14� 1.14mm, field of view 256� 256� 192mm3, 128
slices). Images were analyzed using VBM 8 statistical package within
SPM 8 (Wellcome Dept of Cognitive Neurology, London, UK) and Matlab
2017a (The MathWorks Inc. Natick, MA, USA) according to default pre-
processing steps. All images were inspected for image quality, manually
centered to the anterior/posterior commissure, and segmented into GM
and WM using SPM 8 prior to pre-processing. All images were then
normalised to the MNI (Montreal Neurological Institute) standard space
and smoothed using an 8mm full-width half-maximum Gaussian kernel,
which was done to reduce noise and reduce the effect of small potential
errors in registration.

Statistical analysis for demographic data was conducted using IBM
Statistical Software package version 21 (SPSS, IBM Corporation, NY,
USA) and results were graphed using Prism (GraphPad Prism 5.0 soft-
ware, La Jolla, CA, USA). We performed t-tests to compare age, BMI, and
MVPA.We performed Fisher's exact test to compare gender ratio between
groups. We defined significant findings as p< 0.05.

Whole brain tissue analyses and correction for total intracranial volume
(TIV)

In order to compare whole brain tissue differences in WM, and GM,
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we used a custom script to extract brain volumes from images after pre-
processing was completed. This script also extracted cerebrospinal fluid
volume. Males have been shown to have larger TIV than females and this
is thought to have an effect on brain matter volume.28 To address this
issue, we corrected each matter type for TIV using a recently developed
method by Sanchis-Segura et al. (2019).29 The adjusted matter volume
controlling for TIV was calculated using the following formula with WM
used as an example: WMadjusted¼WMsubject - b (TIV - TIVmean), where
b¼ the slope of the regression line that described the relationship be-
tween WMsubject and TIVsubject. We then compared GMadjusted and
WMadjusted volumes in separate one-tailed t-tests between groups and
assessed effect size (Cohen's d, which indicates the number of standard
deviation differences between the group mean) using the SPSS. A
one-tailed t-test was chosen given the extensive research illustrating the
effect of exercise on exercise induced total brain volumetric increases in
WM and GM.15,16 Using SPM 8 and VBM, regional brain differences in
GM between groups were examined using an analysis of covariance
(ANCOVA) model with total matter volume and gender as covariates and
post-hoc t-tests to compare groups. We set a cluster threshold to p< 0.05
corrected for family-wise error (FWE). A cluster is a set of continuous
significant voxels whose significance is determined by various methods
such as FWE or false discovery rate.30 To further account for
non-stationary biases associated with cluster significance in VBM ana-
lyses, all significant clusters were further corrected using the
non-stationary correction toolbox.31,32

We interpreted our results using the SPM Anatomy Toolbox 1.7. This
toolbox is a probabilistic atlas defined by cytoarchitecture structure33

and was created to resolve the problematic use of macro-anatomical
landmarks, which do not take into account microscopical architectonic
organization34 which is aligned with function.

Results

Demographic results

Our groups did not differ in age (T(18)¼ 0.107, p¼ 0.916), but the
sedentary group had a higher BMI (T(18)¼ 4.02, p¼ 0.001, Cohen's
d¼ 1.86), had more males (p¼ 0.009), and lower MVPA (T(18)¼ 7.68,
p< 0.0001, Cohen's d¼ 3.56).

Whole brain results

Analyses comparing GM and WM volumes adjusted for TIV between
ultra-endurance and sedentary groups found that the ultra-endurance
group has significantly higher GM volume (Fig. 1 A, T(18)¼ 7.24,
p< 0.0001, Cohen's d¼ 3.24, large effect35) and higher WM volume
(Fig. 1B, T(18)¼ 1.99, p¼ 0.0311, Cohen's d¼ 0.911, large effect35).
Fig. 1. Mean (�SD) volumetric differences between ultra-endurance and sedentary g
SD – standard deviation, GW – Grey matter, WM – White matter.
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Regional results

Our ANCOVA model revealed a main effect of physical activity levels
and follow up contrast analyses between ultra-endurance and sedentary
groups show that volumes of GM structures in ultra-endurance were
smaller as compared to corresponding GM volumes in sedentary groups.
Specifically, the right IFG (p. triangularis, Area 45), right middle frontal
gyrus, right motor cortex (M1, area 1), Right somatosensory cortex (S1,
area 1), left thalamus (thal: prefrontal and temporal), left pallidum (thal:
prefrontal) were smaller in ultra-endurance group (Fig. 2, Table 2).

Discussion

Main findings

Our main findings were that (1) the ultra-endurance group had
greater overall GM and WM than the sedentary group (Fig. 1) but (2)
demonstrated smaller regional volumes in the right S1, M1, inferior
frontal gyrus, middle frontal gyrus, and left thalamus.

Whole brain volumetric changes

Our results are consistent with previous findings showing an associ-
ation between exercise and increased GM and WM volume.12–18,20

Possible mechanisms for this association include increased vasculariza-
tion (i.e. angiogenesis) in order to meet the demand of increased activity,
which in turn facilitates the development of new neurons (i.e. neuro-
genesis) and neuron survival. Angiogenesis and neurogenesis are thought
to be mediated by exercise-induced increases in angiogenic and neuro-
trophic factors, such as insulin-like growth factor and brain derived
neurotropic factor. Exercise has been shown to influence WM by
increasing oligodendrogenesis36 and myelination.37 Furthermore, exer-
cise has been shown to induce neuron remodelling by increasing total
neuron length, dendritic length, and complexity.38 It is possible that
these mechanisms underlie the observed whole brain differences in this
study.

Regional changes

Despite global matter increases, we observed that ultra-endurance
athletes had smaller GM volumes of the right S1, M1, inferior frontal
gyrus, middle frontal gyrus, and left thalamus. These regions are highly
relevant given their fundamental role in sensorimotor function (S1, M1)
and proposed role in mediating exercise fatigue (inferior frontal gyrus,39

thalamus40). Freund et al. (2014)41 examined the effect of an
ultra-endurance race (4487 km in 64 days, ~70 km of running per day)
on GM volume and demonstrated focal decreases in the temporal cortex,
occipito-parietal cortex and caudate.41 These volumetric changes were
roups. The ultra-endurance group shows higher volume of GM (A) and WM (B).



Fig. 2. Sedentary participants show greater volume changes regionally in the R Middle Frontal Gyrus, R IFG, (p. Triangularis), R Precentral Gyrus (M1), R Postcentral
Gyrus (S1), L Thalamus, L Pallidum (Table 2). Colour bar on graph indicates T value range. (*Color reproduction for web only*). IFG – inferior frontal gyrus, M1 –

primary motor cortex, S1 – primary sensory cortex.

Table 2
The ultra-endurance group demonstrated significantly smaller regional volumes than the sedentary group. The locations of these differences are listed in terms of
macroscopic areas (column 3) cytoarchitectonic areas (column 4) as well as MNI brain coordinates (column 6). The clusters listed here correspond to the clusters in Fig. 2
and were located in the R IFG (p. triangularis, Area 45), Rmiddle frontal gyrus, R M1 (Area 1), R S1 (Area 1), L thalamus (prefrontal and temporal), L pallidum (thalamus
prefrontal) (Fig. 2). Abbreviations – FWE – family wise error, IFG – inferior frontal gyrus, S1 – somatosensory cortex, M1 – primary motor cortex, thal – thalamus, MNI –
Montreal Neurological Institute.

Cluster # FWE Cluster Significance SPM Anatomy Macroscopic Label Cytoarchitectonic Assignment and Probability Coordinate Peak T - Value Coordinate (x,y,z)

#1 <0.001 R IFG
(p. Triangularis)

Area 45
(31%)

5.66 52, 26, 22

– R Middle Frontal Gyrus – 7.09 48, 22, 42
– R Middle Frontal Gyrus – 6.10 50, 46, 15

#2 0.003 R S1 Area 1
(51%)

5.34 54, �21, 58

– R M1 Area 1
(14%)

5.58 45, �24, 64

– R M1 Area 4a
(11%)

4.76 45, �12, 57

#3 0.034 L Thalamus Thal (prefrontal)
66%

6.27 �9, �9, 18

L Thalamus Thal (temporal)
66%

3.65 �6, �9, 12

L Pallidum Thal (prefrontal)
10%

5.79 �9, 0, 0
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thought to be independent of dehydration and were restored to baseline
levels before the race and thus, it appears that this effect is temporary.
Our results are partially consistent with Freund's study41 but the findings
are in different regions. Another study, examining dendritic complexity
in high and low trained rats demonstrated that highly trained rats show
reduced dendritic complexity in cardiorespiratory and locomotor re-
gions.42 It was proposed that high volumes of locomotor activity preserve
the most critical components related to locomotor processing. We may be
observing this pattern of plasticity whereby overall GM volume is
increased but specific regions related to exercise are specifically pruned.

On the other hand, it is possible that excessive levels of cortisol
observed in endurance athletes may have led to glucocorticoid mediated
decreased volume in these regions. Endurance exercise activates the HPA
axis10 and chronic activation of this pathway has been shown to lead to
neuronal atrophy in rodent models43 and adult humans, potentially
through BDNF mediated44 neuronal remodelling.43 Our voxel based
morphometry analyses did not reveal any differences between pop-
ulations in the hippocampus, a region with high glucocorticoid receptor
concentration and that has previously been shown to be altered in
response to chronic stress.43 Furthermore, it is not clear why a gluco-
corticoid mediated induced decrease in volume would occur selectively
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in the regions that our analyses revealed since these regions are not
selectively high in glucocorticoid receptors. Freund's work45 demon-
strated that ultra-endurance athletes were lesion-free, which might
indicate that atrophy might not be the mechanism for decreased volume.
Future research is warranted to further investigate the source of the
potential volumetric differences.

This study has several limitations. Firstly, because of the secondary
nature of our dataset we did not recruit participants to be aged and
gender matched controls. The groups differed not only in physical ac-
tivity levels but also in gender, which is known to be an important factor
for brain tissue volume.46,47 We mitigated this confounding factor in two
ways: (i) we corrected for TIV in our whole brain analyses using a
recently established method29 and (ii) we covaried for gender for the
regional analyses. Despite this approach our results should be interpreted
with caution.

Secondly, we quantified MVPA by self-report using the GPAQ and did
not differentiate between aerobic and resistance training, although pre-
sumably the large majority of the training was aerobic based given that
these athletes were taking part in ultra-endurance racing. It is not clear
whether ultra-endurance athletes have inherently different brain
morphology or whether the observed differences are due to the extreme
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levels of MVPA. Previous research48 suggests that elite power-based
athletes (javelin, sprinting, long jump) show greater GM in the stria-
tum but no difference in M1 or S1 or whole brain volume as compared to
non-active age matched controls (defined as persons with MVPA<
120min/week with no formal athletic training). Furthermore, data from
the same study suggested that up-and-coming athletes (defined as
training for 9years at least 5 times per week but not elite) did not show
GM differences with non-active age matched controls; suggesting that
highly skilled power athletes are uniquely different. Comparatively, the
participants were not elite ultra-endurance athletes yet demonstrated
volumetric differences, presumably from aerobic exercise mediated
changes.

Thirdly, the sedentary group was overweight as defined by BMI and
the ultra-endurance group was not, which offers a potential confounding
factor given that BMI is thought to affect brain morphology.49 It has
previously been found that waist circumference and BMI are negatively
associated with volume of the motor cortices50 and IFG,51 respectively.
Importantly, we found the opposite where these regions were larger in
the sedentary (higher BMI) group. One might expect that this group
would have smaller volumes in these regions but this was not the case.
Thus, it is possible that the confounding factor of BMI may not have
played a role in these results.

Conclusion

Our results indicate that those who participate in ultra-endurance
training have overall increased GM and WM, while sedentary in-
dividuals have larger regional volume in the right inferior frontal gyrus,
middle frontal gyrus, S1, M1, and left thalamus. Previous research by
Freund and Schutz41 showed that participating in an ultra-endurance
activities can reduce total GM volume and decrease regional brain vol-
ume. On the other hand, our analyses shows that those who habitually
exercise at extremely high levels of MVPA have greater baseline levels of
GM and WM volumes but also reduced regional GM volumes. Future
research is required to confirm the effect of extreme levels of exercise on
whole brain and regional changes.
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