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Abstract
Background  Myelin, which insulates neurons, speeds up information transfer and provides the necessary conditions 
for cognitive and motor functioning. The direct link between physical performance and the total brain myelin volume 
remains unclear.

Methods  This study involved 87 healthy participants (71 women, 16 men) with a mean age of 69.3 ± 3.14 years 
and a mean body mass index of 27.83 ± 3.93 kg/m2. Several measures of physical fitness (isometric muscle strength, 
handgrip strength, and cardiopulmonary exercise testing) were examined for their correlations with the total brain 
myelin volume using Synthetic MRI, an FDA-approved myelin assessment software.

Results  A high maximal respiratory exchange ratio and low maximal heart rate achieved during cardiopulmonary 
exercise testing were associated with higher estimated brain myelin content. In addition, the handgrip strength test 
performance as well as the peak and average peak torque were associated with higher brain parenchymal myelin 
volumes.

Conclusions  We demonstrated that higher brain myelin content was positively associated with better 
cardiorespiratory fitness and higher upper and lower limb muscle strength in older individuals. These findings provide 
new insights into the development of improved rehabilitation and exercise schemes to preserve cognitive health in 
the older adult population.

Keywords  Myelin, Magnetic resonance imaging, Physical activity, Human brain

Association between cardiorespiratory fitness 
and total brain myelin volume among older 
adults
Mariusz J. Kujawa1*, Małgorzata Grzywińska2, Angelika K. Sawicka3, Anna B. Marcinkowska1,3, Maciej Chroboczek4, 
Zbigniew Jost5, Edyta Szurowska1, Paweł J. Winklewski1,6,7, Arkadiusz Szarmach1*  and Sylwester Kujach4,8*

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://orcid.org/0000-0003-3118-014X
http://crossmark.crossref.org/dialog/?doi=10.1186/s11556-025-00371-0&domain=pdf&date_stamp=2025-4-8


Page 2 of 9Kujawa et al. European Review of Aging and Physical Activity            (2025) 22:5 

Background
Lipid-rich myelin sheaths insulate nerve cell axons, pro-
viding protection and ensuring that action potentials are 
conducted without decrement. Myelin is thus indispens-
able for proper information transfer that provides the 
necessary conditions for cognitive binding and motor 
actions [1–3]. The myelin volume increases during brain 
development. The highest brain myelin content (MYC) 
is reached between 30 and 60 years of age, after which 
it gradually declines [4–7]. Demyelination of the brain is 
recognised as a hallmark of Alzheimer’s disease [8]. The 
total brain myelin volume can thus serve as a valuable 
tool to assess the progression of neurodegenerative pro-
cesses associated with physiological ageing [9].

Synthetic MRI (SyMRI) (SyntheticMR, Linköping, 
Sweden) is a CE-marked and FDA-cleared magnetic 
resonance imaging (MRI) software for clinical applica-
tions. It uses a single 5- to 6-minute sequence to acquire 
information regarding the brain tissue properties and 
further calculate the volumes of the whole brain, white 
matter, grey matter, cerebrospinal fluid, and myelin as 
well as the brain parenchymal fraction [10–12]. The 
SyMRI automatic myelin detection system was validated 
in 12 histological samples of human cadaver brains, and 
a correlation of r = 0.74 between the histological myelin 
marker and the SyMRI myelin maps was reported [13].

Physical activity can counteract a number of abnor-
malities associated with brain ageing that lead to myelin 
loss in humans [8]such as reduced availability of trophic 
factors [14–16], reduced cerebral perfusion [17], loneli-
ness and health anxiety leading to depression [18, 19], 
and a general decline in electrical activity in the brain 
due to reduced activities of daily living [20–22]. Animal 
studies show that aerobic exercise can restore the pro-
duction of cholesterol [23], a key component of myelin, 
and promote the differentiation and maturation of oligo-
dendrocytes [24]. These mechanisms operate alongside 
neuro-supporting tissues, including glial tissue and oli-
godendrocytes involved in the myelination process [25]. 
Convincing evidence suggests that physical activity and, 
more broadly, an active lifestyle are associated with an 
improved brain myelin profile in humans [26]. Neverthe-
less, the association between physical performance and 
the brain myelin volume remains unclear [26].

Previous studies have also shown an association 
between cardiorespiratory fitness and cognitive function 
among older adults [33]. Individuals who maintain higher 
levels of cardiorespiratory fitness tend to exhibit better 
cognitive performance than their less fit counterparts 
[34]. Interestingly, it was the cardiovascular fitness and 
sleep quality, but not amount of physical activity itself, 
total sleep time or lower body fat, that were associated 
with increased functional connectivity within key resting 
state networks [27]. Because of the direct link between 

age-related changes in myelination and information pro-
cessing speed, brain myelin content is increasingly recog-
nised as a sensitive biomarker for interventions targeting 
age-related neurodegenerative changes [28].

Therefore, we aimed to identify the physical perfor-
mance markers associated with the total brain myelin 
volume. We hypothesised that cardiorespiratory fitness 
parameters would be associated with the total MYC in 
older adults. As there are no studies on myelin markers 
and their associations with strength/resistance markers 
of physical fitness, we conducted an exploratory study.

Methods
Participants
Older adults were recruited from Gdansk and nearby 
regions of northern Poland through advertisements in 
senior citizen clubs, clinics, third-age universities, and 
social media. One hundred eighty people applied for 
enrolment. After an initial interview and screening tests, 
87 participants (71 women and 16 men) were included 
in the present study (mean age, 69.3 ± 3.14 years; mean 
body mass index [BMI], 27.83 ± 3.93 kg/m2). The criteria 
for inclusion in the study were an age of 62–75 years and 
low to moderate daily physical activity. Individuals with 
any contraindication to magnetic resonance imaging 
(MRI) or the presence of chronic diseases (such as can-
cer, severe heart disease, history of myocardial infarction 
or stroke, musculoskeletal system diseases that prevent 
daily activity, diabetes, neurological and psychiatric dis-
eases, or other conditions requiring psychopharmacolog-
ical or anti-inflammatory drug treatment) were excluded.

This study was approved by the Medical University 
of Gdansk Bioethical Committee (NKBBN/499/2021). 
All participants were informed about the study proto-
col and provided written informed consent before the 
assessment.

Anthropometric measurements
Body mass and body composition were assessed using a 
multi-frequency impedance body composition analyser 
(InBody 720; InBody Co., Ltd., Seoul, Korea). This device 
precisely evaluates body water and body composition, 
providing detailed measurements of fat mass, free fat 
mass, skeletal muscle mass, and soft lean mass [29].

Muscle strength assessment
Isometric muscle strength was determined using a Bio-
dex System 4 dynamometer (Biodex Medical Systems, 
Inc., Shirley, NY, USA). Peak torque was measured dur-
ing a 5-second isometric contraction with both flex-
ion and extension at the knee joint. After receiving a 
detailed explanation of the assessment, each partici-
pant completed one set of submaximal contractions to 
become comfortable with the testing procedure. After 
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a 10-minute warm-up, each participant was positioned 
on the apparatus in accordance with the manufactur-
er’s manual. Each test was performed while the partici-
pant was seated, with straps stabilising their lower limbs 
and trunk. The knee and hip joints were positioned at a 
90-degree angle to obtain knee torque. The participant 
received verbal encouragement to reach their full poten-
tial during each measurement. Using a Compaq Deskpro 
laptop (Compaq, Palo Alto, CA, USA) and the Biodex 
programme, data were gathered in accordance with the 
Biodex standard protocol [16].

Handgrip strength
Handgrip strength was assessed using a handheld cali-
brated digital hand dynamometer (SAEHAN DHD-1; 
SAEHAN Corporation, Changwon, South Korea). The 
handle width was adjusted to the participant’s hand size. 
The participants stood with their arms parallel to their 
trunk and were encouraged to squeeze the dynamom-
eter as hard as possible. The variables of maximal hand 
grip strength and average strength were used for analy-
sis. Each participant performed three attempts per side 
with a rest period before each attempt. Each attempt was 
assessed in either the right or left hand. The results were 
not stratified by dominant hand because maximal values 
are not always reached in the dominant hand [30]. The 
reliability of dynamometer-based strength measurement 
has been presented elsewhere [31].

Cardiopulmonary exercise testing
All participants underwent cardiopulmonary exercise 
testing in the upright position on an electronically braked 
cycle ergometer (ViaSprint 150P; ergoline GmbH, Bitz, 
Germany). Following a 5-minute warm-up at an intensity 
of 30 W for women and 50 W for men, participants began 
the peak oxygen uptake (VO₂peak) testing. The exer-
cise intensity was increased incrementally by 15 W/min 
until exhaustion (test phase). Participants were required 
to maintain a pedalling frequency of 55 to 65 revolu-
tions per minute (rpm) throughout the test. Pulmonary 
gas exchange was monitored breath-by-breath using Jae-
ger Oxycon Champion equipment (Viasys Healthcare, 
Höchberg, Germany), with measurements averaged at 
10-second intervals. VO₂peak was determined as the 
highest 30-second rolling mean prior to test termination 
[32]. The maximal respiratory exchange ratio (RERmax) 
was also recorded during testing. The values of VO2 and 
VCO2 were used to calculate the RER, which is the ratio 
of exhaled CO2 to inhaled O2 and is an indirect measure 
of the oxidative capacity of skeletal muscle to produce 
energy [33]. Heart rate (HR, b·min⁻¹) was continuously 
monitored using telemetry (Polar Electro-Oy, Finland). 
The maximal load achieved in the last fully completed 

stage was recorded as the maximal aerobic power (MAP), 
serving as the aerobic capacity parameter in this study.

Before each test, the gas analyzer was calibrated using 
standard gases of known concentrations, following the 
manufacturer’s guidelines.

Myelin compounds
The scans were conducted using a 3T Magnetom Vida 
MRI system (Siemens Healthineers, Erlangen, Germany) 
equipped with a head/neck 20-channel coil. Myelin 
mapping was performed with SyMRI software, which 
employs a specialized scanning sequence to precisely 
measure various brain properties, including T1-weighted, 
T2-weighted, and inversion times. The SyMRI scanning 
process utilizes a fast, multi-echo, multi-delay acquisition 
method. The sequence type is a fast spin-echo or gradi-
ent echo, customized explicitly for SyMRI. Acquisition 
parameters include a repetition time (TR) of 4–5 s and an 
echo time (TE) ranging from 20 ms to 120 ms. The voxel 
size is 1.2 × 1.2 × 4 mm, with a slice thickness of 4 mm and 
a matrix size 256 × 256. The total scan time for the proce-
dure is approximately 5 min.

The SyMRI software performs automated tissue seg-
mentation and volumetric assessments. Each voxel is cat-
egorized into contrast compartments for myelin, cellular, 
and water partial volumes based on distinct relaxation 
properties. The software quantifies the myelin-correlated 
volume (MYC) and other brain tissue properties. SyMRI 
implements a unique scanning sequence that precisely 
measures various brain properties. This technology 
enables the creation of 12 adjustable contrast-weighted 
images by modifying the echo time, repetition time, and 
inversion time. In addition, SyMRI performs automated 
tissue segmentation and volumetric assessments.

Within the SyMRI framework, each voxel is catego-
rised into four contrast compartments according to the 
myelin model: myelin partial volume (VMY), cellular 
partial volume (VCL), free water partial volume, and 
excess parenchymal water partial volume. The alloca-
tion for each compartment ranges from 0 to 100%, with 
their sum always reaching 100%. These compartments 
are characterised by unique relaxation attributes delin-
eated by a specific longitudinal relaxation rate, trans-
verse relaxation rate, and proton density. The quantitative 
acquisition sequence of SyMRI captures these values and 
incorporates them into the model. The VMY compart-
ment encompasses the myelin water and sheaths tightly 
surrounding axons, leading to rapid relaxation because of 
their proximity.

By contrast, the VCL compartment includes a mixture 
of intracellular and extracellular water, axonal water, and 
cellular macromolecules unrelated to myelin, resulting 
in a median relaxation time of VCL that is slower than 
that of VMY but faster than that of the free water partial 
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volume. Magnetisation exchange is observed between 
VMY and VCL. Normally, brain parenchyma voxels 
contain a combination of VMY and VCL, with grey and 
white matter voxels exhibiting lower and higher myelin 
partial volumes, respectively [9, 13].

Quality assurance (QA) metrics for segmentation 
involve software-specific evaluations to ensure accuracy 
and reliability. One commonly used metric is the Dice 
Similarity Coefficient (DSC), which compares SyMRI 
segmentation outputs to manually labeled ground truth 
or another validated segmentation method; DSC values 
of 0.85 or higher. Another critical metric is the Hausdorff 
Distance (HD), which evaluates boundary agreement by 
measuring the maximum distance between the edges of 
the segmentation and the ground truth.

Visual inspection of segmentation involves two key 
aspects: overlay assessment and anatomical accuracy. 
For overlay assessment, segmentation results are over-
laid onto the corresponding synthetic images, such as 
T1-weighted or T2-weighted images, to evaluate their 
alignment. It is essential to ensure that segmentation 
boundaries closely follow anatomical structures. Regard-
ing anatomical accuracy, the segmentation should respect 

major anatomical landmarks. This includes ensuring that 
gray matter boundaries align with cortical folds, ventri-
cles are delineated as CSF and subcortical structures, if 
segmented, correspond to their known shapes.

Statistical analysis
All analyses were conducted using SPSS software (ver-
sion 26.0, IBM Corp.). A two-tailed p-value of ≤ 0.05 was 
considered statistically significant unless adjustments for 
multiple comparisons were applied. Descriptive statis-
tics summarized participants’ characteristics, with con-
tinuous variables presented as mean ± standard deviation 
(SD) and categorical variables as percentages.

The dataset’s distribution was evaluated using nor-
mality tests, including the Kolmogorov-Smirnov test, 
to assess whether the data followed a normal distribu-
tion. Non-parametric tests were employed for variables 
that did not meet normality assumptions. Correlation 
analyses were performed using the Spearman correlation 
method to examine relationships between physiological 
measurements and myelin-related variables.

Group comparisons were conducted using one-way 
ANOVA among multiple groups. These analyses focused 
on distinctions in BMI, VO₂peak, and myelin levels. 
Regression analyses were performed to explore the rela-
tionships between myelin levels and various indepen-
dent variables, with coefficients and R² values reported 
to quantify the proportion of variance explained by the 
predictors.

Additionally, cross-sectional and comparative analy-
ses examined group-level trends, such as the association 
between BMI quartiles and mean myelin levels.

PostHoc power analysis
A post-hoc power analysis was conducted using G*Power 
[34]. The analysis assumed a medium effect size (r = 0.30) 
and a significance level of α = 0.05. The total sample size 
was 70. The achieved power was 0.83, indicating that the 
test had an 83% chance of detecting an effect of this size 
if such an effect exists. The obtained power exceeded the 
commonly recommended threshold of 0.80 [35], suggest-
ing that the sample size was sufficient to conduct a reli-
able statistical analysis.

Results
Participants’ characteristics
Descriptive statistics of the study population are pro-
vided in Table 1.

The proportions of myelin relative to intracranial vol-
ume and brain parenchymal volume (MYC/ICV and 
MYC/BPV) are close in range. The low standard devia-
tions in both cases suggest that the participants show rel-
atively consistent levels of myelin fraction, regardless of 
whether it is referenced to ICV or BPV (Table 1).

Table 1  Descriptive statistics of the study population and results
VARIABLES Mean SD
Anthropometric
Age 69.30 3.14
Height [cm] 161.57 7.03
Weight [kg] 72.75 11.70
BMI [kg·m− 2] 27.83 3.93
Aerobic capacity
VO2peak [mL·min− 1·kg− 1] 22.93 5.18
MAP [W] 118.43 28.57
HRmax [beat ·min− 1] 146.71 17.58
RERmax 1.20 0.11
Anaerobic capacity
Peak Torque -away [Nm] 127.93 40.35
Peak Torque -towards [Nm] 48.96 16.03
Average Peak Torque -away [Nm] 121.13 38.75
Average Peak Torque -towards [Nm] 46.07 16.14
Hand grip strength – Left [kG] 28.18 7.80
Hand grip strength – Right [kG] 30.66 8.53
Myelin compound
Myelin fraction (MYC/ICV) 13.07 0.96
Myelin fraction (MYC/BPV) 10.71 0.98
Myelin-correlated compound [ml] 149.16 17.21
Brain parenchymal volume [ml] 1140.00 84.67
Intracranial volume [ml] 1393.56 106.09
Brain parenchymal volume [%] 13.06 0.94
Intracranial volume [%] 10.71 0.97
Brain parenchymal fraction (BPV/ICV) [%] 81.88 3.19
SD – standard deviation, BMI – body mass index, VO2peak – peak oxygen 
uptake, MAP – maximal aerobic power, HRmax – maximal heart rate, RERmax – 
maximal respiratory exchange ratio
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Correlation analysis between Myelin compound and 
anthropometric variables
Positive correlations were identified between MYC and 
height as well as between MYC and brain parenchymal 
volume. The intracranial volume was positively associ-
ated with age, height, weight, and BMI. The brain paren-
chymal fraction was negatively correlated with age. These 
results suggest that brain volume measures (both paren-
chymal and intracranial) are consistently associated with 
anthropometric characteristics such as height, weight, 
water mass, and lean mass, whereas myelin-related mea-
sures showed weaker or nonsignificant correlations. The 
positive correlations with body composition parameters 
highlight a potential link between brain structure and 
overall body composition (Table 2).

Correlation analysis between Myelin compound and 
aerobic capacity
Positive correlations were identified between MAP and 
MYC, brain parenchymal volume, and intracranial vol-
ume. The maximal respiratory exchange ratio (RERmax) 

was positively associated with MYC, brain parenchymal 
volume, and intracranial volume. Both MYC/ICV and 
MYC/BPV show a consistent moderate positive corre-
lation with the respiratory exchange ratio (RERmax) and 
a negative correlation with maximal heart rate (HRmax). 
However, minimal correlations were observed between 
myelin fractions and measures of aerobic capacity, such 
as VO2peak and maximal aerobic power (MAP), indicating 
that aerobic fitness levels have limited association with 
myelin fraction in this dataset (Table 3).

Correlation analysis between Myelin compound and 
anaerobic capacity
A positive correlation was identified between MYC and 
handgrip strength. Positive correlations were also shown 
between brain parenchymal volume and peak torque-
away, average peak torque, and handgrip strength as well 
as between intracranial volume and peak torque-away, 
average peak torque, and handgrip strength. Myelin Frac-
tion (MYC/BPV) shows a moderate positive trend with 
peak torque away from the body (R² = 0.43). However, 
it weakly correlates with hand grip strength and other 
torque measures. In contrast, myelin fraction (MYC/
ICV) displays no meaningful correlations with physical 
performance measures (Table 4).

Most of the participants were slightly overweight. MYC 
had a moderate positive correlation with height (0.229) 
and a weaker correlation with weight and BMI. Weight 
shows a strong negative association with MYC/BPV.

There were no differences in MYC across BMI percen-
tiles in the investigated population (Table  5). The mean 
MYC was 151.19 mL and 148.97 mL for Q1 and Q3, 
respectively.

Discussion
The two main findings of this study are as follows. First, 
the parameters of cardiorespiratory fitness (high RERmax, 
low HRmax) were associated with a higher myelin frac-
tions (MYC/ICV and MYC/BPV). Second, the peak 

Table 2  Results of correlation analysis between Myelin compound and anthropometric variables
R2 Age Height 

[cm]
Weight 
[kg]

Intracel-
lular 
Water 
Mass

Extracel-
lular 
Water 
Mass

Protein 
Mass

Min-
eral 
Mass

Body 
Fat 
Mass

Total 
Body 
Water 
Mass

Skel-
etal 
Lean 
Mass

Fat 
Free 
Mass

Myelin-correlated compound [ml] 0.05 0.26* 0.09 0.21 0.21 0.21 0.22 -0.06 0.21 0.20 0.21
Myelin fraction (MYC/BPV) -0.09 0.01 -1.14 -0.05 -0.05 -0.05 -0.01 -0.16 -0.05 -0.05 -0.05
Myelin fraction (MYC/ICV) -0.16 -0.04 -0.10 -0.08 -0.09 -0.08 -0.03 -0.04 -0.09 -0.08 -0.08
Brain parenchymal volume [ml] 0.15 0.38** 0.259* 0.35** 0.36** 0.36** 0.34** 0.04 0.36** 0.35** 0.35**

Intracranial volume [ml] 0.27* 0.40** 0.257* 0.41** 0.41** 0.41** 0.37** -0.04 0.41** 0.40** 0.40**

Brain parenchymal volume [%] -0.09 0.01 -0.14 -0.04 -0.04 -0.04 -0.01 -0.16 -0.05 -0.04 -0.04
Intracranial volume [%] -0.16 -0.04 -0.09 -0.08 -0.08 -0.08 -0.02 -0.03 -0.08 -0.08 -0.08
Brain parenchymal fraction (BPV/
ICV) [%]

-0.26 -0.13 -0.02 -0.15 -0.17 -0.15 -0.10 0.15 -0.15 -0.15 -0.15

R2-correlation coefficient, * p ≤ 0.05, ** p ≤ 0.01

Table 3  Results of correlation analysis between Myelin 
compound and aerobic capacity parameters
R2 VO2peak MAP HRmax RERmax
Myelin-correlated com-
pound [ml]

0.18 0.24* 0.04 0.25*

Myelin fraction (MYC/BPV) 0.10 -0.15 -0.26* 0.33*
Myelin fraction (MYC/ICV) 0.05 -0.22 -0.29* 0.32*
Brain parenchymal volume 
[ml]

0.12 0.24* -0.02 0.07

Intracranial volume [ml] 0.13 0.283* -0.02 -0.04
Brain parenchymal volume 
[%]

0.10 0.09 0.05 0.32**

Intracranial volume [%] 0.05 0.02 0.05 0.32**

Brain parenchymal fraction 
(BPV/ICV) [%]

-0.07 -0.16 0.00 0.16

R2-correlation coefficient, VO2peak – peak oxygen uptake, MAP – maximal 
aerobic power, HRmax – maximal heart rate, RERmax – maximal respiratory 
exchange ratio, * p ≤ 0.05, ** p ≤ 0.01
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Table 4  Results of correlation analysis between Myelin compound and anaerobic capacity parameters
R2 Peak Torque 

-away [Nm]
Peak Average Peak 

Torque -away 
[Nm]

Average Hand grip 
strength

Hand grip 
strength

Torque Peak Torque -Left [kG] -Right 
[kG]

-towards [Nm] -towards [Nm]
Myelin-correlated compound [ml] 0.23 0.04 0.22 0.06 0.16 0.28*

Myelin fraction (MYC/BPV) 0.43 -0.16 0.03 -0.14 0.04 0.07
Myelin fraction (MYC/ICV) -0.01 -0.11 -0.2 -0.09 0.02 0.04
Brain parenchymal volume [ml] 0.27* 0.16 0.2* 0.17 0.20 0.35**

Intracranial volume [ml] 0.31** 0.15 0.30* 0.17 0.20 0.35**

Brain parenchymal volume [%] 0.04 -0.16 0.03 -0.13 0.04 0.07
Intracranial volume [%] 0.00 -0.11 -0.01 -0.09 0.01 0.04
Brain parenchymal fraction (BPV/ICV) [%] -0.16 -0.04 -0.16 -0.04 -0.04 -0.06
R2-correlation coefficient, * p ≤ 0.05, ** p ≤ 0.01

Fig. 1  Association between myelin compound and cardiorespiratory fitness. (a) RERmax vs. MYC/ICV, (b) RERmax vs. MYC/BPV (c) HRmax vs. MYC/ICV, (d) 
HRmax vs. MYC/BVP. Both, the proportions of myelin relative to intracranial volume and brain parenchymal volume MyC/ICV and MyC/BPV show a consis-
tent moderate positive correlation with the respiratory exchange ratio (RERmax) and a negative correlation with maximal heart rate (HRmax)
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torque was associated with higher myelin fraction (MYC/
BPV).

The ageing process is naturally associated with the loss 
not only of physical fitness, as evidenced by declines in 
aerobic capacity and muscle strength correlated with sar-
copenia, but also with a decline in cognitive performance 
[36, 37]. Animal studies and human experiments using 
advanced neuroimaging tools indicate that the decline 
in cognitive performance is accompanied by structural 
changes in the brain [25, 37–39]. These findings were 
largely confirmed in our study as indicated by a decrease 
in the brain parenchymal fraction with age.

Intriguingly, a similar decrease in skeletal muscle 
strength has been shown to coincide with changes in the 
structure of skeletal muscle (loss of skeletal muscle mass 
together with an increase in adipose tissue) [40]. There-
fore, both pharmacological and non-pharmacological 
therapies are still being sought to influence the structural 
and consequently functional changes in the brains of 
older adults.

Myelin, a complex blend of proteins and lipids, with lip-
ids comprising approximately 70–85% of its dry weight, 
is indirectly detected by MRI through T2 relaxation anal-
ysis. The presence of a short T2 component suggests that 
water is trapped within myelin layers. MYC is a product 
of a novel model that estimates myelin’s partial volume 
by examining its effect on water inside and outside cells 
with the use of rapid quantitative MRI. This method indi-
rectly assesses myelin by measuring its impact on specific 
MRI parameters [13, 41, 42]. In our study, the MYC was 
then scaled to total intracranial volume and brain paren-
chymal volume (MYC/ICV and MYC/BPV) to adjust for 
individual differences in head size intracranial volume.

In a cross-over study, Boa Sorte Silva et al. [43] dem-
onstrated that physical activity in older adults with mild 
cerebrovascular pathology was positively associated with 
greater MYC in the brain white matter. The assessment 
of the participants’ physical activity was based on an 
established questionnaire titled ‘Physical Activity Scale 
for the Elderly’. The results of other longitudinal studies 
have indicated that high-intensity aerobic exercise (such 
as cycling, walking, or dancing) augments myelination 
in brain regions related to a particular exercise scheme 
(i.e., motor cortex) or late myelinating regions that are at 
highest risk of ageing-related demyelination [26, 44–46]. 

All the above-mentioned studies except that by Rowley et 
al. [44] assessed the myelin fraction in brain white matter.

The present study demonstrates that better cardiore-
spiratory fitness performance (as indicated by RERmax 
and HRmax values) is associated with an improved whole-
brain myelination index (measured with MYC/ICV and 
MYC/BPV). Subsequent studies have linked white matter 
microstructural integrity to the rate of cognitive decline 
in normative ageing. Thus, MRI myelin metrics, which 
are relatively easy to assess, appear not only to reflect 
microstructural changes but also to be potentially pre-
dictive of cognitive trajectories [47, 48]. As a result, MRI 
metrics could become a useful tool to be used in cardio-
vascular rehabilitation programmes [49].

In particular we showed a significant positive correla-
tion between the RERmax achieved during the cardiopul-
monary test and the MYC/ICV and MYC/BPV. To the 
best of our knowledge we are the first to demonstrate 
such association. We speculate that an increased RERmax 
may indicate increased buffering efficiency. Because 
of the sensitivity of tissues to low pH, more efficient 
removal of H+ ions could have a protective effect on both 
neurons and MYC. Although RER does not directly cor-
relate with VO2max, its association with various indicators 
of physical fitness has been established [33, 50].

Maximum (or peak) heart rate (HRmax), in turn, refers 
to the upper limit of what the cardiovascular system can 
handle during physical activity or a cardiopulmonary 
exercise test. It can therefore be considered an easily 
measured indicator of physical fitness [51].

Upper limb muscle strength has been shown to be 
associated with better functioning in selected cognitive 
domains (e.g., verbal learning and memory) in nursing 
home residents [52]. The handgrip test, historically used 
to detect autonomic neuropathy of diabetic origin, has 
recently been associated with parameters of hyperten-
sion-related target organ damage. Because of its simplic-
ity, the handgrip might be useful as a screening tool to 
identify patients with high cardiovascular risk [53]. The 
relationship between cardiovascular health and cognitive 
functioning in adults, although very intuitive [17], has 
been supported by very few experimental studies to date 
[39, 54]. In our study MYC/ICV and MYC/BPV were 
weakly correlated with hand grip strength.

Another study showed that 12 weeks of lower limb 
muscle strength training was positively correlated with 
performance of the digit symbol substitution test [55]. 
However, more general neuropsychological tests do 
not seem able to detect cognitive changes evoked by 
lower limb muscle strength [56]. A cross-sectional study 
involving functional near-infrared spectroscopy showed 
no relationship between lower limb strength and either 
the level of oxygenated haemoglobin in the prefrontal 
cortex or improvement of cognition [57]. Therefore, the 

Table 5  Mean and standard deviation for two BMI quartiles (Q1 
and Q3) in relation to MYC levels
VARIABLES Mean SD
Myelin-correlated compound (MyC) [ml
Q1 BMI 151.19 13.86
Q3 BMI 148.97 19.22
SD-standard deviation, BMI-body mass index
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relationship between lower limb muscle strength and 
cognitive functioning requires further investigation. We 
demonstrated for the first time that lower limb strength 
is positively correlated with the total myelin brain paren-
chymal and intracranial volumes fractions.

Interestingly, body weight shows a strong negative 
association with MYC/BPV, possibly indicating that body 
composition, rather than absolute body weight, plays 
a key role in explaining variations in myelin fractions. 
However, we did not find an association with body fat 
mass or skeletal lean mass.

Most of the participants were slightly overweight. This 
particular study group composition might be seen as a 
limitation. However, it represents a very typical pattern 
of Western societies. Another potential weakness is the 
imbalance between male and female participants. As less 
than 20% of participants were male, this may limit the 
generalisability of the findings. The main strengths of our 
study are the large investigated population, performance 
of physical fitness testing that included several measures, 
and myelin assessment with FDA-approved technology.

In conclusion, we have shown that better cardiorespi-
ratory fitness and higher limb muscle strength are asso-
ciated with higher brain MYC in older adults. These 
findings may pave the way for the development of more 
effective rehabilitation strategies that preserve cogni-
tive health in older adults. MRI myelin-based metrics 
may offer new ways to assess the effectiveness of such 
strategies.

Supplementary Information
The online version contains supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​1​1​8​6​​/​s​​1​1​5​5​6​-​0​2​5​-​0​0​3​7​1​-​0.

Supplementary Material 1

Acknowledgements
The authors are grateful to the participants who devoted their precious time 
to the study.

Authors’ contributions
Mariusz Kujawa, Paweł Winklewski, Arkadiusz Szarmach and Sylwester Kujach 
contributed to conception and design of the study. Małgorzata Grzywińska 
performed the statistical analysis. Angelika Sawicka, Anna Marcinkowska, 
Małgorzata Grzywińska, Maciej Chroboczek, Zbigniew Jost contributed to 
testing and data collection. Mariusz Kujawa, Paweł Winklewski, Arkadiusz 
Szarmach, Sylwester Kujach wrote the first draft of the manuscript. Mariusz 
Kujawa, Paweł Winklewski, Arkadiusz Szarmach, Edyta Szurowska, Sylwester 
Kujach had a role in supervision. All authors contributed to manuscript 
revision, read, and approved the submitted version.

Funding
This research was supported by a grant from the National Science Centre 
(Poland) under grant Opus no: 2019/33/B/NZ7/01980.

Availability of supporting data
The datasets used and/or analysed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
The protocol was approved by the Medical University of Gdansk Bioethical 
Committee (NKBBN/499/2021). All participants were informed about the study 
protocol and provided written informed consent before the assessment.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 13 May 2024 / Accepted: 28 March 2025

References
1.	 Saab AS, Nave KA. Myelin dynamics: protecting and shaping neuronal func-

tions. Curr Opin Neurobiol. 2017;47:104–12.
2.	 Bechler ME, Swire M, ffrench-Constant C. Intrinsic and adaptive myelination-

A sequential mechanism for smart wiring in the brain. Dev Neurobiol. 
2018;78:68–79.

3.	 Elazar N, Vainshtein A, Rechav K, Tsoory M, Eshed-Eisenbach Y, Peles E. Coor-
dinated internodal and paranodal adhesion controls accurate myelination by 
oligodendrocytes. J Cell Biol. 2019;218:2887.

4.	 Naumburg E, Strömberg B, Kieler H. Prenatal characteristics of infants 
with a neuronal migration disorder: A National-Based study. Int J Pediatr. 
2012;2012:1–5.

5.	 Grydeland H, Walhovd KB, Tamnes CK, Westlye LT, Fjell AM. Intracortical 
Myelin links with performance variability across the human lifespan: results 
from T1- and T2-Weighted MRI Myelin mapping and diffusion tensor imag-
ing. J Neurosci. 2013;33:18618.

6.	 Bouhrara M, Kim RW, Khattar N, Qian W, Bergeron CM, Melvin D, et al. Age-
related estimates of aggregate g‐ratio of white matter structures assessed 
using quantitative magnetic resonance neuroimaging. Hum Brain Mapp. 
2021;42:2362.

7.	 Sui YV, Masurkar AV, Rusinek H, Reisberg B, Lazar M. Cortical Myelin profile 
variations in healthy aging brain: A T1w/T2w ratio study. NeuroImage. 
2022;264:119743.

8.	 Butt TH, Tobiume M, Re DB, Kariya S. Physical exercise counteracts Aging-
Associated white matter demyelination causing cognitive decline. Aging Dis. 
2024;15:2136–48.

9.	 Warntjes M, Engström M, Tisell A, Lundberg P. Modeling the presence of 
Myelin and edema in the brain based on multi-parametric quantitative MRI. 
Front Neurol. 2016;7(FEB):168992.

10.	 Ouellette R, Mangeat G, Polyak I, Warntjes M, Forslin Y, Bergendal Å, et al. 
Validation of rapid magnetic resonance Myelin imaging in multiple sclerosis. 
Ann Neurol. 2020;87:710–24.

11.	 Bao S, Liao C, Xu N, Deng A, Luo Y, Ouyang Z, et al. Prediction of brain age 
using quantitative parameters of synthetic magnetic resonance imaging. 
Front Aging Neurosci. 2022;14:963668.

12.	 Ladopoulos T, Matusche B, Bellenberg B, Heuser F, Gold R, Lukas C et al. Relax-
ometry and brain Myelin quantification with synthetic MRI in MS subtypes 
and their associations with spinal cord atrophy. NeuroImage Clin. 2022;36.

13.	 Warntjes JBM, Persson A, Berge J, Zech W. Myelin detection using rapid 
quantitative MR imaging correlated to macroscopically registered Luxol fast 
Blue-Stained brain specimens. AJNR Am J Neuroradiol. 2017;38:1096–102.

14.	 Langhnoja J, Buch L, Pillai P. Potential role of NGF, BDNF, and their receptors in 
oligodendrocytes differentiation from neural stem cell: an in vitro study. Cell 
Biol Int. 2021;45:432–46.

15.	 Fletcher JL, Murray SS, Xiao J. Brain-Derived neurotrophic factor in central 
nervous system myelination: A new mechanism to promote Myelin plasticity 
and repair. Int J Mol Sci. 2018;19.

16.	 Drouin JM, Valovich-McLeod TC, Shultz SJ, Gansneder BM, Perrin DH. Reliabil-
ity and validity of the biodex system 3 pro isokinetic dynamometer velocity, 
torque and position measurements. Eur J Appl Physiol. 2004;91:22–9.

17.	 Renke MB, Marcinkowska AB, Kujach S, Winklewski PJ. A systematic review 
of the impact of physical Exercise-Induced increased resting cerebral blood 
flow on cognitive functions. Front Aging Neurosci. 2022;14.

https://doi.org/10.1186/s11556-025-00371-0
https://doi.org/10.1186/s11556-025-00371-0


Page 9 of 9Kujawa et al. European Review of Aging and Physical Activity            (2025) 22:5 

18.	 Małkiewicz MA, Małecki A, Toborek M, Szarmach A, Winklewski PJ. Substances 
of abuse and the blood brain barrier: interactions with physical exercise. 
Neurosci Biobehav Rev. 2020;119:204–16.

19.	 Małkiewicz MA, Szarmach A, Sabisz A, Cubała WJ, Szurowska E, Winklewski PJ. 
Blood-brain barrier permeability and physical exercise. J Neuroinflammation. 
2019;16.

20.	 Gibson EM, Purger D, Mount CW, Goldstein AK, Lin GL, Wood LS et al. Neuro-
nal activity promotes oligodendrogenesis and adaptive myelination in the 
mammalian brain. Science. 2014;344.

21.	 Wake H, Ortiz FC, Woo DH, Lee PR, Angulo MC, Fields RD. Nonsynaptic junc-
tions on myelinating glia promote Preferential myelination of electrically 
active axons. Nat Commun. 2015;6.

22.	 Demerens C, Stankoff B, Logak M, Anglade P, Allinquant B, Couraud F, et al. 
Induction of myelination in the central nervous system by electrical activity. 
Proc Natl Acad Sci U S A. 1996;93:9887–92.

23.	 Hu Z, Yuan Y, Tong Z, Liao M, Yuan S, Wu W et al. Aerobic exercise facilitates 
the nuclear translocation of SREBP2 by activating AKT/SEC24D to contribute 
cholesterol homeostasis for improving cognition in APP/PS1 mice. Int J Mol 
Sci. 2023;24.

24.	 Fu C, Tang H, Liu L, Huang Y, Zhou H, Huang S et al. Constraint-Induced 
movement therapy promotes Myelin remodeling and motor function by 
mediating Sox2/Fyn signals in rats with hemiplegic cerebral palsy. Phys Ther. 
2024;104.

25.	 Gomez-Pinilla F, Hillman C. The influence of exercise on cognitive abilities. 
Compr Physiol. 2013;3:403–28.

26.	 Kujawa MJ, Marcinkowska AB, Grzywińska M, Waśkow M, Romanowski A, 
Szurowska E, et al. Physical activity and the brain Myelin content in humans. 
Front Cell Neurosci. 2023;17:1198657.

27.	 Wing D, Roelands B, Wetherell JL, Nichols JF, Meeusen R, Godino JG et al. 
Cardiorespiratory fitness and sleep, but not physical activity, are associated 
with functional connectivity in older adults. Sport Med - open. 2024;10.

28.	 Gong Z, Bilgel M, An Y, Bergeron CM, Bergeron J, Zukley L et al. Cerebral white 
matter myelination is associated with longitudinal changes in processing 
speed across the adult lifespan. Brain Commun. 2024;6.

29.	 Kujach S, Chroboczek M, Jaworska J, Sawicka A, Smaruj M, Winklewski P et al. 
Judo training program improves brain and muscle function and elevates the 
peripheral BDNF concentration among the elderly. Sci Rep. 2022;12.

30.	 Bohannon RW. Grip strength: a summary of studies comparing dominant 
and nondominant limb measurements. Percept Mot Skills. 2003;96(3 Pt 
1):728–30.

31.	 Lee SY, Jin H, Arai H, Lim JY. Handgrip strength: should repeated measure-
ments be performed in both hands? Geriatr Gerontol Int. 2021;21:426–32.

32.	 Jones AM, Kirby BS, Clark IE, Rice HM, Fulkerson E, Wylie LJ, et al. Physi-
ological demands of running at 2-hour marathon race Pace. J Appl Physiol. 
2021;130:369–79.

33.	 Ramos-Jiménez A, Hernández-Torres RP, Torres-Durán PV, Romero-Gonzalez 
J, Mascher D, Posadas-Romero C et al. The respiratory exchange ratio is 
associated with fitness indicators both in trained and untrained men: A pos-
sible application for people with reduced exercise tolerance. Clin Med Circ 
Respirat Pulm Med. 2008;2:CCRPM.S449.

34.	 Faul F, Erdfelder E, Lang AG, Buchner A. G*Power 3: a flexible statistical power 
analysis program for the social, behavioral, and biomedical sciences. Behav 
Res Methods. 2007;39:175–91.

35.	 Cohen J. Statistical power analysis for the behavioral sciences second edition. 
Lawrence Erlbaum Assoc. 1988;:567.

36.	 Sujkowski A, Hong L, Wessells RJ, Todi SV. The protective role of exercise 
against age-related neurodegeneration. Ageing Res Rev. 2022;74.

37.	 Northey JM, Cherbuin N, Pumpa KL, Smee DJ, Rattray B. Exercise interven-
tions for cognitive function in adults older than 50: a systematic review with 
meta-analysis. Br J Sports Med. 2018;52:154–60.

38.	 Castells-Sánchez A, Roig-Coll F, Dacosta-Aguayo R, Lamonja-Vicente N, 
Sawicka AK, Torán-Monserrat P et al. Exercise and fitness neuroprotective 
effects: molecular, brain volume and psychological correlates and their 
mediating role in healthy Late-Middle-Aged women and men. Front Aging 
Neurosci. 2021;13.

39.	 Erickson KI, Donofry SD, Sewell KR, Brown BM, Stillman CM. Cognitive aging 
and the promise of physical activity. Annu Rev Clin Psychol. 2022;18:417–42.

40.	 Santilli V, Bernetti A, Mangone M, Paoloni M. Clinical definition of sarcopenia. 
Clin Cases Min Bone Metab. 2014;11:177.

41.	 Frullano L, Zhu J, Wang C, Wu C, Miller RH, Wang Y. Myelin imaging com-
pound (MIC)-enhanced magnetic resonance imaging of myelination. J Med 
Chem. 2012;55:94.

42.	 Schneider R, Matusche B, Ladopoulos T, Ayzenberg I, Biesalski AS, Gold R et al. 
Quantification of individual remyelination during short-term disease course 
by synthetic magnetic resonance imaging. Brain Commun. 2022;4.

43.	 Boa Sorte Silva NC, Dao E, Liang Hsu C, Tam RC, Lam K, Alkeridy W, et al. 
Myelin and physical activity in older adults with cerebral small vessel disease 
and mild cognitive impairment. J Gerontol Biol Sci Med Sci. 2023;78:545–53.

44.	 Rowley CD, Bock NA, Deichmann R, Engeroff T, Hattingen E, Hellweg R, et al. 
Exercise and microstructural changes in the motor cortex of older adults. Eur 
J Neurosci. 2020;51:1711–22.

45.	 Mendez Colmenares A, Voss MW, Fanning J, Salerno EA, Gothe NP, Thomas 
ML et al. White matter plasticity in healthy older adults: the effects of aerobic 
exercise. NeuroImage. 2021;239.

46.	 Kirby ED, Frizzell TO, Grajauskas LA, Song X, Gawryluk JR, Lakhani B et al. 
Increased myelination plays a central role in white matter neuroplasticity. 
NeuroImage. 2022;263.

47.	 Gong Z, Bilgel M, Faulkner ME, Bae J, Laporte JP, Guo A, et al. White matter, 
aging, and cognition: new insights using advanced MR relaxometry and sym-
metric Data-driven fusion. Alzheimer’s Dement. 2024;20:e089744.

48.	 Tinney EM, Warren AEL, Ai M, Morris TP, O’Brien A, Odom H, et al. Understand-
ing cognitive aging through white matter: A Fixel-Based analysis. Hum Brain 
Mapp. 2024;45:e70121.

49.	 Faulkner ME, Gong Z, Bilgel M, Laporte JP, Guo A, Bae J et al. Evidence of 
association between higher cardiorespiratory fitness and higher cerebral 
myelination in aging. Proc Natl Acad Sci U S A. 2024;121.

50.	 Goedecke JH, Gibson ASC, Grobler L, Collins M, Noakes TD, Lambert EV. 
Determinants of the variability in respiratory exchange ratio at rest and dur-
ing exercise in trained athletes. Am J Physiol Endocrinol Metab. 2000;279.

51.	 Wolf C, Blackwell TL, Johnson E, Glynn NW, Nicklas B, Kritchevsky SB, et al. 
Cardiopulmonary exercise testing in a prospective multicenter cohort of 
older adults. Med Sci Sports Exerc. 2024;56:1574–84.

52.	 Arrieta H, Rezola-Pardo C, Echeverria I, Iturburu M, Gil SM, Yanguas JJ et al. 
Physical activity and fitness are associated with verbal memory, quality of 
life and depression among nursing home residents: preliminary data of a 
randomized controlled trial. BMC Geriatr. 2018;18.

53.	 Körei AE, Putz Z, Vági OE, Tordai DZ, Menyhárt A, Istenes I et al. The handgrip 
test - A historical test for diabetic autonomic neuropathy or a marker of 
something else? J Diabetes Complications. 2024;38.

54.	 Guadagni V, Drogos LL, Tyndall AV, Davenport MH, Anderson TJ, Eskes GA, et 
al. Aerobic exercise improves cognition and cerebrovascular regulation in 
older adults. Neurology. 2020;94:e2245.

55.	 Katsura Y, Takeda N, Inami T, Yamaguchi S, Takahashi S, Nakamura M, et al. 
Effects of lunges inserted in walking (eccentric walking) on lower limb 
muscle strength, physical and cognitive function of regular walkers. Eur J 
Appl Physiol. 2024. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​​o​r​​g​​/​​1​0​​.​1​0​​​0​7​​/​S​0​0​​4​2​1​-​​0​2​4​-​0​​5​4​5​3​-​Y.

56.	 Coelho-Júnior HJ, Araújo EM, Uchida MC, Marzetti E, Aguiar S. da S. Effects of 
resistance training associated with a verbal fluency task on physical perfor-
mance and cognitive function in frail nursing home residents. Arch Gerontol 
Geriatr. 2024;121.

57.	 Cai Z, Wang X, Wang Q. Does muscle strength predict working memory? 
A cross-sectional fNIRS study in older adults. Front Aging Neurosci. 
2023;15:1243283.

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

https://doi.org/10.1007/S00421-024-05453-Y

	﻿Association between cardiorespiratory fitness and total brain myelin volume among older adults
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Participants
	﻿Anthropometric measurements
	﻿Muscle strength assessment
	﻿Handgrip strength
	﻿Cardiopulmonary exercise testing
	﻿Myelin compounds
	﻿Statistical analysis
	﻿PostHoc power analysis

	﻿Results
	﻿Participants’ characteristics
	﻿Correlation analysis between Myelin compound and anthropometric variables
	﻿Correlation analysis between Myelin compound and aerobic capacity
	﻿Correlation analysis between Myelin compound and anaerobic capacity

	﻿Discussion
	﻿References


