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Abstract
The present study was designed to examine whether different measures of physical 
fitness are differentially associated with white matter (WM) microstructure in older 
adults. Fifty-six healthy adults (mean age: 59.14 years) completed a standardized 
evaluation of physical fitness measurements (e.g., VO2peak, push-ups, abdominal sit-
ups, sit-and-reach, t test, and vertical jump). Fractional anisotropy (FA), an index 
of WM microstructure, was assessed using diffusion tensor imaging. The findings 
indicated that the cardiorespiratory fitness was positively associated with FA in the 
right cingulum hippocampus and the left cerebral peduncle. However, other physical 
fitness metrics were not significantly associated with FA in any region. These results 
suggest that cardiorespiratory fitness, but not other metrics of fitness, might be sensi-
tive to WM microstructure.
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1 |  INTRODUCTION

Advancing age is associated with loss of brain tissue, with 
greater degeneration of white matter (WM) microstructure 
in frontal and temporal regions (Lockhart & DeCarli, 2014). 
A decline in WM microstructure likely leads to degradation 
of neural communication, which in turn, is likely related to 
a decline in the cognitive function and risk for neurocogni-
tive dysfunction, such as Alzheimer's disease and other de-
mentias (Debette & Markus, 2010; Pini et al., 2016). In fact, 
previous studies have indicated that decreases in WM micro-
structure are associated with impaired cognitive function in 
older adults, including working memory, processing speed, 
and executive control (Bennett & Madden, 2014; Debette & 
Markus, 2010).

Although cognitive functions decline with increasing 
age, several findings have demonstrated that regular physi-
cal activity (PA) may be an important modifiable factor for 
protection of WM microstructure. Cross-sectional evidence 
has found a positive association between PA and cerebral 
WM microstructure in healthy adults aged between 50 and 
85 years (Gons et al., 2013). Further, a higher volume of PA 
(e.g., greater number of steps, high amounts of active energy 
expenditure, and more time of moderate-vigorous PA) is pos-
itively associated with greater FA in older adults, suggesting 
that regular PA may prevent the loss of WM tracts during the 
course of aging (Tian et al., 2015). Recently, cardiorespira-
tory fitness (CRF), which can be improved by the aerobic 
exercise and measured as aerobic capacity (i.e., VO2peak), 
showed a positive association with WM microstructure 
in cognitively healthy older adults (Hayes, Salat, Forman, 
Sperling, & Verfaellie, 2015; Johnson, Kim, Clasey, Bailey, 
& Gold, 2012; Marks, Katz, Styner, & Smith, 2011; Oberlin 
et al., 2016; Tian et al., 2015; Tseng et al., 2013), in those 
with mild cognitive impairment (Teixeira et al., 2016), and in 
those with Alzheimer's disease (Perea et al., 2016).

To date, studies that explored the association between the 
physical fitness and brain functioning have mainly focused 
on CRF (Bento-Torres et al., 2019; Hayes, Hayes, Cadden, 
& Verfaellie, 2013; Johnson et al., 2012; McAuley et al., 
2011; Oberlin et al., 2016; Prakash et al., 2011; Tian et al., 
2015; Tseng et al., 2013; Wong et al., 2015; Zhu et al., 2015). 
However, physical fitness can be conceptualized as being 
composed of many subcomponents in addition to CRF (i.e., 
muscular strength, muscular endurance, flexibility, agility, 
balance, and coordination) (Caspersen, Powell, & Christenson, 
1985; Pate, 1988). In addition, animal research also suggests 
that different modes of activity and different metrics of fit-
ness might influence the brain differently. For example, ani-
mal research has shown that brain metabolism and activity is 
differentially related to various measures of physical fitness 
(Anderson et al., 1994; Black, Isaacs, Anderson, Alcantara, 
& Greenough, 1990). Specifically, cardiovascular training 

and fitness is linked to angiogenesis, whereas muscular train-
ing and fitness (muscular strength, muscular endurance) and 
skill-related training and fitness (agility) are related to synap-
togenesis (Adkins, Boychuk, Remple, & Kleim, 2006).

In humans, whether different metrics of physical fitness 
relate to different cognitive domains remains debatable. For 
instance, cross-sectional studies have demonstrated differ-
ential associations between physical fitness (e.g., muscular 
strength) and motor fitness (e.g., agility, flexibility, balance, 
and coordination) and cognitive functioning in older adults 
(Voelcker-Rehage, Godde, & Staudinger, 2010). Further, re-
cent studies have shown that cardiovascular fitness and body 
composition were associated with better cognitive perfor-
mance (attention, speed of processing, working memory), 
but the association was not shown with measures of muscu-
lar strength (Chen, Hao, Ku, & Stubbs, 2018). In contrast, 
Narazaki et al. (2014) indicated that each of the five measured 
physical fitness parameters (upper extremity strength, lower 
extremity strength, extremity agility, locomotive coordina-
tion, and postural balance) were associated with performance 
on the Montreal Cognitive Assessment after controlling for 
confounding factors (age, sex, education, and body mass 
index), suggesting that different aspects of physical fitness 
may have similar or equivalent cognitive benefits. Except 
for behavioral performance, an important question emerging 
from the associations between physical fitness and cognition 
is whether these different metrics of fitness have similar and 
overlapping associations with measurements of brain health 
and function or whether they are associated with different 
brain structures or functions.

Overlapping associations would suggest that these differ-
ent metrics of fitness might share similar mechanisms in their 
association with the brain. Unfortunately, few studies have 
systematically studied the differential associations between 
different measures of fitness. In support of the “overlap” hy-
pothesis, Chang, Tsai, Wang, and Chang (2015) observed that 
participants with higher CRF and those with higher muscu-
lar endurance and flexibility, showed no significant differ-
ences in WM microstructure in the basal ganglia. In addition, 
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1. Higher cardiorespiratory fitness is associated 
with greater fractional anisotropy (FA) in the 
right cingulum hippocampus and the left cerebral 
peduncle.

2. Other physical fitness metrics were not signifi-
cantly associated with FA in any regions.

3. Cardiorespiratory fitness metrics might be more 
sensitive to white matter structure than other met-
rics of fitness.
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longitudinal studies have reported that older adults that en-
gage in 1 year of either cardiovascular or coordination training 
exhibited increases in hippocampal volume, suggesting that 
these modes of training have at least some overlapping effects 
on the brain (Niemann, Godde, & Voelcker-Rehage, 2014). 
These results further support the hypothesis that exercises that 
emphasize different components of physical fitness might have 
similar or equivalent associations with WM microstructure.

In contrast, differences in the regions associated with 
different fitness metrics might suggest that different fitness 
and training modes might act through separate mechanisms 
and might impact different cognitive or behavioral outcomes. 
Some studies have produced some support for the “differen-
tial” hypothesis that different components of physical fitness 
have non-overlapping associations with brain and cognitive 
outcomes. For example, older adults that were divided by high 
and low-fit status based upon measures of physical fitness 
(CRF and muscular strength) and motor fitness (agility, bal-
ance, motor coordination, and flexibility) showed a different 
pattern of brain activation as assessed by functional magnetic 
resonance imaging  (fMRI) despite having similar perfor-
mance on cognitive tasks (Voelcker-Rehage et al. (2010). In 
another study, Best, Chiu, Liang Hsu, Nagamatsu, and Liu-
Ambrose (2015) observed reduced cortical WM atrophy in 
older adults engaging in twice-weekly resistance exercise 
training in a 52-week intervention as compared to those in 
balance and toning training. Recently, Esteban-Cornejo et al. 
(2017) examined associations between the different measures 
of physical fitness and gray matter volumes. These findings 
revealed higher cardiovascular fitness associated with greater 
volume in premotor cortex, supplementary motor cortex, hip-
pocampus, caudate, inferior temporal gyrus, parahippocam-
pus, and calcarine cortex, whereas higher speed-agility was 
associated with greater volume in inferior frontal gyrus and 
superior temporal gyrus. Collectively, these findings suggest 
that different metrics of physical fitness might be differen-
tially associated with the structure and function of different 
brain regions.

Thus, there is still debate about whether different mea-
sures of physical fitness demonstrate similar or equiva-
lent effects on brain architecture and function or whether 
there are differences between different measures of fitness 
and measures of brain health. Here, we focused on cross- 
sectional data to investigate the association between the 
physical fitness and WM microstructure as quantified by FA.

2 |  METHOD

2.1 | Participants

In this study, 56 healthy right-handed participants be-
tween the ages of 55 and 65 years (33 female participants; 

Mean age: 59.14  years; standard deviation: 4.33  years) 
with normal or corrected-to-normal vision were recruited 
from flyers and websites in the Taipei, Taiwan urban and 
surrounding area. To determine eligibility based on inclu-
sion/exclusion criteria, calls were administered to ensure 
participants' health history. Eligible participants were ex-
cluded if they had diagnosed or self-reported cognitive 
problems (e.g., cognitive deterioration, mild cognitive 
impairment, or dementia) or a physical disease (e.g., un-
treated hypertension and chronic heart disease). In addi-
tion, the International Physical Activity Questionnaire 
(IPAQ) was administered for obtaining self-reported PA 
in the past 7  days (Bauman et al., 2009). Before any as-
sessments, participants were not allowed to drink coffee 
because of evidence that it might influence performance 
on tests of physical fitness (Cheng, Hsu, Kuo, Shih, & Lee, 
2016). This study was approved by the institutional review 
board at the National Taiwan University. All participants 
completed written informed consent prior to enrollment 
and they received modest financial compensation (50 US 
dollars). Four participants were unable to finish MRI scan-
ning (i.e., sick, claustrophobia).

2.2 | Attention and working 
memory evaluation

The evaluation of attention and working memory function 
was conducted on the first visit of the experiment, and on the 
same day of MRI scanning. The Digit Span tasks have been 
commonly used to examine the attention and working mem-
ory functions. The task was adopted from the Wechsler Adult 
Intelligence Scale-Third Edition (WAIS-III), including digit 
forward and backward span tasks (Wechsler, 1997). In the 
digit span forward task, numbers were spoken by instructors 
one by one (i.e., 1,000 ms interval for each number) and par-
ticipants began the task from level 1 (e.g., 2-5) and increased 
in difficulty to level 8 (e.g., 2-4-5-6-9-3-1-3-5) with a total 
possible score of 16. The test was stopped if the participant 
got none or only one correct answer out of two trials at each 
level. For the backward span task, all participants were re-
quired to recall the number series in the opposite order (e.g., 
2-5, if administrator said 5-2). The digit backward span task 
had seven levels and it was also stopped if the participant 
failed two trials at one level. The total score on the backward 
span task was 14.

2.3 | Physical fitness measurements

All physical fitness assessments were conducted on the sec-
ond visit, which was approximately 2 weeks after the evalu-
ation of attention and working memory and MRI scanning. 



4 of 11 |   CHEN Et al.

Physical fitness can be classified as CRF, muscular strength 
and endurance, flexibility, agility, and power (Ruiz et al., 
2009). We examined all eligible participants' physical fitness 
according to these definitions, as described in previous stud-
ies (Chang et al., 2017; Chang, Tsai, Wang, & Chang, 2015; 
Song et al., 2017).

Cardiorespiratory fitness (CRF) was assessed on a tread-
mill (Ergoselect 100/200; Ergoline GmbH, Germany) with 
maximal graded exercise testing using the YMCA protocol 
(Golding, 1989). The YMCA protocol includes three stages 
of 3-min consecutive cycling. In the initial stage, participants 
started cycling at a power of 25W with a pedaling rate of 
50 rpm for 3 min. Heart rate (HR) was continuously assessed 
and the last 15–20s of HR at each stage was used to determine 
the workload of the next two stages. Workload of the second 
and third stages were elevated based on the adjusted heart 
rate. For example, if a participant's HR in the initial stage was 
less than 80 bpm, the experimenter increased the power to 
125W (750 kpm/min) for the second stage and then to 150W 
(900  kpm/min) for the third stage. VO2peak was calculated 
by using the participant's body weight and age-predicted 
maximal HR (i.e., 220-age) (American College of Sports 
Medicine, 2017).

Muscular strength for each hand was assessed via a hand-
grip dynamometer, and muscular endurance was determined 
using two approaches: 60-s push-ups for men or 60-s bent 
knee push-ups for women, and 30-s and 60-s abdominal sit-
ups. Flexibility was determined using the sit and reach test to 
test ductility of lower back and hamstring. For body composi-
tion, we calculated percentage of fat mass via a bioimpedance 
spectroscopy instrument (InBody 3.0 DS12B887, Dallas). 
We examined agility using the t test, which required partici-
pants to run around cones arranged in a T shape as fast as pos-
sible and total time was the outcome. Power was determined 
via a vertical jump test, which asked participants to jump as 
high as possible within a circular area, height reached was 
the outcome.

2.4 | DTI acquisition and processing

MRI scans were acquired using a 3 Tesla Siemens TIM 
TRIO scanner (Erlangen, Germany). DTI images were ob-
tained using single-shot spin-echo echo planar imaging se-
quence (TR  =  11,000  ms; TE: 104  ms; Flip angle  =  90°; 
FOV = 230.4 × 230.4 mm; matrix size = 128 × 128; voxel 
size: 2 mm × 2 mm; 70 axial oblique slices with 2-mm gaps; 
30 non-collinear direction of b = 0 and 1,000 s/mm2; non-dif-
fusion-weighted image of b = 0 and 0 s/mm2; three repeats). 
All DTI images were checked by technical operators for any 
abnormalities. There were no participants with any incidental 
findings (e.g., tumor).

DTI processing was assessed using the FMRIB Software 
Library (FSL v5.0.1, http://www.fmrib.ox.ac. uk/fsl/) (Smith et 
al., 2004). In the first stage, all diffusion data were preprocessed, 
including (a) motion and eddy current correction, (b) removal 
of non-brain tissue using the Brain Extraction Tool (BET), (c) 
computation of voxelwise eigenvalues and eigenvectors of dif-
fusion parameters via local fitting of the diffusion tensor model, 
which can calculate the FA values for each image. Next, FA 
values (between 0 to 1, directionality of diffusion from low to 
high) were fed into FSL (v4.1.8). We conducted a region of in-
terest analysis on the FA values (described below).

2.5 | Region of interest and 
statistical analysis

Regions of interest were chosen from the JHU ICBM-DTI-81 
white-matter atlases (Hua et al., 2008; Wakana et al., 2007). 
These white-matter atlases are available in the FSL software 
(https ://fsl.fmrib.ox.ac.uk/fsl/fslwi ki/Atlases), which has 48 
WM tract labels for diffusion MRI tensor maps. We focused 
our hypothesis testing on a subset of these tracts that had a 
theoretical basis as demonstrated by the existing literature on 
fitness and WM microstructure (Johnson et al., 2012; Oberlin 
et al., 2016; Tian et al., 2015; Tseng et al., 2013). These re-
gions included: the superior corona radiata, the cingulum 
cingulate gyrus, the cingulum hippocampus, and cerebral 
peduncle.

We provide demographic data (mean and standard devia-
tion) and examined gender differences using an independent 
samples t test and set significance at p < .05. Further, we ex-
amined the correlation between each physical fitness metric 
and the digit span task (e.g., forward and backward) values 
using Pearson's correlation coefficients and set significance 
at .006 (adjusting for analysis of nine physical fitness met-
rics) to correct for multiple comparisons using Bonferroni 
correction.

In order to examine the relation between measurements 
of each physical fitness variable and FA values, we analyzed 
both variables using partial two-tailed correlation tests and a 
significant p value was considered as less than .007 (adjust-
ing for analysis of eight brain regions) using Bonferroni cor-
rection for multiple comparisons. For testing the correlation 
between FA and physical fitness metrics, we first present the 
results of the correlation without controlling the potentially 
confounding factors (e.g., age, gender, and years of educa-
tion) and then conducted follow-up correlations using these 
variables as covariates.

Finally, we examined the correlation between the digit 
span task and FA values, and between IPAQ and FA values 
using Pearson's correlation coefficients and set significance 
at .007 (adjusting for analysis of eight brain regions).

http://www.fmrib.ox.ac
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases
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3 |  RESULTS

3.1 | Demographic data

All participants' background, cognitive evaluation, and 
physical fitness data are presented in Table 1. There were 
several significant gender differences including weight 
[t(54) = 4.01, p <  .001], body mass index [t(54) = 3.95, 
p  <  .001], muscular strength [t(54)  =  8.26, p  <  .001], 
push-ups [t(54)  =  2.39, p  <  .020], muscular endurance 
for 30s [t(54)  =  3.08, p  <  .003], muscular endurance 
for 60s [t(54)  =  2.85, p  <  .006], agility [t(54)  =  −2.90, 
p < .005], power [t(54) = 6.12, p = .000], and body mass 
[t(54)  =  −4.96, p  <  .001]. As such, gender was consid-
ered a covariate in all further analyses related to physical 
fitness.

In addition, to ensure that attention and working memory 
abilities would not be confounding the associations between 
WM microstructure and fitness metrics, we examined the 
digit span task performance and found that all participants 
performed in the normal range for older adults on both the 
forward digit span score (M = 12.20) and backward digit span 

score (M = 6.39) (Ardila, 2007). Further, Pearson's correla-
tion analysis showed that neither forward digit span score nor 
backward digit span score was associated with any physical 
fitness metrics (all p  >  .006) after correcting for multiple 
comparisons.

3.2 | Correlations between measures of 
physical fitness

The correlations between each physical fitness measure 
without controlling for confounding factors is reported in 
Supporting Information Table S1. After controlling for con-
founding factors (age, gender, education), VO2peak was as-
sociated with power (p  <  .006). In addition, measures of 
muscular strength were associated with measures of mus-
cular endurance (push-ups, abdominal sit-ups for 30s and 
60s) (p < .006) and power (p < .006); and not surprisingly 
measures of muscular endurance (push-ups, abdominal sit-
ups for 30s and 60s) were correlated with one another as well 
as with power (p < .006). Agility was associated with power 
(p < .006) (Table 2).

T A B L E  1  All participants' demographic data

Variable

Male (n = 23) Female (n = 33) Total (n = 56)

M SD M SD M SD

Background

Age (year) 59.22 4.94 59.09 3.93 59.14 4.33

Weight (kg) 68.53 8.04 60.28 7.24 63.67 8.55

Body mass index (kg/m2) 26.52 2.90 23.33 3.02 24.64 3.34

Education (year) 13.17 3.10 11.09 3.71 11.95 3.60

Income (US dollar) 782.61 356.88 909.09 450.87 857.14 416.13

IPAQ (MET) 2,454.78 2,059.65 3,630.30 2,545.18 3,147.50 2,409.64

Attention and memory evaluation

Digit span forward 12.04 2.36 12.30 2.20 12.20 2.25

Digit span backward 6.70 2.16 6.18 2.05 6.39 2.09

Physical fitness

VO2peak (ml/kg.min) 39.49 12.37 34.08 9.24 36.31 10.87

Muscular strength 80.07 16.42 50.30 10.57 62.53 19.77

Muscular endur./push up 13.91 8.39 7.55 10.68 10.16 10.22

Muscular endur./ASU 30 12.35 7.40 7.12 5.34 9.27 6.72

Muscular endur./ASU 60 20.65 12.79 11.91 10.14 15.50 12.01

Flexibility (cm) 32.52 11.49 34.65 10.75 33.78 11.01

body fat mass (%) 23.77 4.65 30.47 5.14 27.72 5.94

Agility (ms) 17.77 4.38 21.40 4.78 19.91 4.92

Power (cm) 36.48 10.32 23.00 6.14 28.54 10.46

Note: Muscular endur./ASU 30 = endurance/abdominal sit-ups for 30s; muscular endur./ASU 60 = endurance/abdominal sit-ups for 60s.
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3.3 | The correlation between physical 
fitness and FA values

The Pearson's correlation analysis showed that higher VO2peak 
scores were associated with greater FA values in right cingu-
lum hippocampus (r(56) = .421, p = .001) and left cerebral 
peduncle (r(56) = .355, p < .007) (Figure 1 and Supporting 
Information Table S2).

After controlling for confounding factors (age, gender, edu-
cation), higher VO2peak scores were associated with greater FA 
values in right cingulum hippocampus (r(51) = .373, p = .006) 

(Figure 2 and Table 3). Yet, for other physical fitness metrics, 
we did not find significant associations with FA in any region.

3.4 | The correlations between digit 
span and IPAQ scores and FA values

There were no significant correlations between the digit span 
scores (forward and backward) and FA values in any region 
(all p > .007) and no significant correlations between IPAQ 
scores and FA value in any regions (all p > .007).

T A B L E  2  The correlation between each physical fitness measure after controlling for confounding factors (age, gender, education)

  VO2peak Muscular strength Push ups ASU 30 ASU 60 Flexibility Body fat mass Agility Power

VO2peak

Muscular strength .327                

Push up .165 .453*              

ASU 30 .152 .551* .535*            

ASU 60 .182 .540* .560* .957*          

Flexibility .054 .210 .258 .277 .339        

body fat mass −.280 −.391 −.346 −.306 −.390 −.077      

Agility .156 .254 .382 .386 .369 .327 −.401    

Power .469* .597* .531* .523* .565* .149 −.588* .485*  

Note: ASU 30 = abdominal sit-ups for 30 s; ASU 60 = abdominal sit-ups for 60 s.
*Represent the significant correlation, p < .006. 

F I G U R E  1  Correlation analysis between VO2peak and FA values (all p < .007) after correcting for multiple comparisons. FA, fractional 
anisotropy; right C.H, right cingulum hippocampus; right C.P, right cerebral peduncle

F I G U R E  2  Analyzed image showing patterns between cardiorespiratory fitness and increased fractional anisotropy
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After controlling for confounding factors (age, gender, ed-
ucation), there was no significant correlations between digit 
span scores and FA values in any region (all p > .007) and no 
significant correlations between IPAQ scores and FA value in 
any regions (all p > .007).

4 |  DISCUSSION

Previous studies have found that higher CRF levels are as-
sociated with greater WM microstructure (i.e., FA) in older 
adults (Johnson et al., 2012). In this study, we examined 
whether different parameters of physical fitness were simi-
larly or differentially associated with WM microstructure. 
Our cross-sectional results suggest that CRF was associated 
with FA in particular areas of the WM skeleton, whereas 
other fitness measures were not associated with FA.

Previous research suggested a positive association be-
tween the physical fitness and cognitive performance in older 
adults. For instance, greater physical fitness (e.g., cardiovas-
cular fitness, muscular strength) and motor fitness (speed, 
balance, motor coordination, and flexibility) were correlated 
with better inhibitory control (Voelcker-Rehage et al., 2010). 
Inconsistent with this, we did not find that measures of 
physical fitness were significantly associated with working 
memory performance using the Digit span task. Several prior 
studies have indicated that higher fitness levels are associ-
ated with better performance on a spatial working memory 
task (Erickson et al., 2009; Kennedy et al., 2018). Yet, these 
studies have only showed the association between cardiovas-
cular fitness or a global measure of physical fitness and cog-
nition and not with other measures of fitness (e.g., muscular 
strength). Taken together, the evidence that different physical 
fitness metrics might differentially relate to various cognitive 
domains in an older population is limited and unclear.

To our knowledge, the current study was the first to ex-
amine the relationship between different physical fitness 
metrics and WM microstructure in older adults. Because of 
this lack of information and mechanistic models, it is diffi-
cult to predict which tracts would be differentially related to 
the different metrics of physical fitness, and the reasons for 
such differences. Our data support previous studies indicat-
ing that higher VO2peak is related to greater FA (Hayes et al., 
2013; Johnson et al., 2012; McAuley et al., 2011; Oberlin 
et al., 2016; Prakash et al., 2011; Tian et al., 2015; Tseng et 
al., 2013; Wong et al., 2015; Zhu et al., 2015). These results 
are important because these regions associated with VO2peak, 
such as the cingulum, are important in supporting the default 
mode network and attentional regulation (Fernandez-Espejo 
et al., 2012; Hoekzema et al., 2014). In addition, our results 
revealed that high levels of CRF were associated with higher 
FA values in the cerebral peduncle, a region including the 
tegmentum, crus cerebri, and pretectum at the front of the 
midbrain which contains sensory and motor nerve tracts. 
Also, greater prefrontal cortex and hippocampus volumes 
were also found in individuals with higher VO2peak in volu-
metric imaging studies (Colcombe et al., 2003; Erickson et 
al., 2011). Collectively, our results suggest that higher CRF 
as measured by VO2peak might be associated with a distrib-
uted network of regions which relates to attention regulation, 
integration, sensory motor, and executive function processes.

We found that measures of physical fitness other than 
VO2peak were not significantly associated with WM micro-
structure. According to a review conducted by Voelcker-
Rehage and Niemann (2013), they classified CRF and 
resistance training (which aims to increase muscular strength) 
as metabolic exercise and suggested that both of these two 
exercise types influence the WM structure. Further, func-
tional MRI evidence in older women who engaged in resis-
tance training showed functional changes in the left middle 

T A B L E  3  Overview relationship between physical fitness measures and FA after controlling for confounding factors (age, gender, education)

Physical fitness

Region

Right S.C.R Left S.C.R Right C.C.G Left C.C.G Right C.H Left C.H Right C.P Left C.P

VO2peak .312 .309 .333 .302 .373* .277 .337 .348

Muscular strength −.024 .124 .004 .021 .061 .072 .194 .258

Push up −.028 .043 −.075 −.015 .002 −.132 .000 .084

ASU 30 −.042 −.018 .190 .119 .032 −.059 .108 .171

ASU 60 .020 .053 .177 .107 .020 −.055 .156 .205

Flexibility .085 .168 .047 −.012 .054 .134 .166 .197

Body fat mass −.134 −.281 −.131 −.082 −.019 .112 −.125 −.203

Agility −.071 −.021 −.005 .031 .010 .027 .091 .180

Power −.039 .130 .098 .154 .008 −.108 .132 .178

Note: ASU 30 = abdominal sit-ups for 30s; ASU 60 = endurance/abdominal sit-ups for 60s.
Abbreviations: C.C.G, cingulum cingulate gyrus; C.H, cingulum hippocampus; C.P, cerebral peduncle; S.C.R, superior corona radiata.
*Represent the significant correlation (p < .007). 
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temporal gyrus and the left anterior insula extending into the 
lateral orbitofrontal cortex (Liu-Ambrose, Nagamatsu, Voss, 
Khan, & Handy, 2012). Although these findings suggest that 
CRF and muscular strength might both be related to WM 
structure in older adults, we found that muscular strength was 
not significantly associated with WM. Similarly, other fitness 
metrics (e.g., flexibility, body mass, power) were not signifi-
cantly associated with FA in any region.

Unexpectedly, we found that neither the measures of 
agility nor muscular endurance were associated with FA in 
any brain region. Assessing agility abilities (t test) involved 
a combination of aerobic and coordination exercise. There 
has been speculation that coordination exercise might in-
fluence the brain structure differently than aerobic exercise 
(Voelcker-Rehage & Niemann, 2013). Yet, our null result is 
consistent with the results of a previous experimental study 
focused on the shape of subcortical brain structures in chil-
dren (Ortega et al., 2017) and in obesity (Esteban-Cornejo 
et al., 2017). Notably, we should interpret these null results 
with caution because the sample size in the present study is 
relatively small.

It is important to speculate about what mechanisms might 
be playing a role in the association between physical fitness 
and WM health. Several studies have shown that brain de-
rived neurotrophic factor (BDNF) may be a possible molec-
ular pathway by which physical fitness training influences 
the brain. For example, Erickson et al. (2011) found that 
participation in an exercise intervention increased the hippo-
campal volume and that the changes in volume were associ-
ated with increases in BDNF levels. In addition, Voss et al. 
(2013) demonstrated that changes in BDNF were associated 
with resting-state functional connectivity in a 12-month ex-
ercise intervention. In addition, recent work has also shown 
the importance of BDNF and WM microstructure in ro-
dents (Ramos-Cejudo et al., 2015) and humans (Driscoll et 
al., 2012). There is also evidence that 12 weeks of strength 
and endurance training is associated with cognitive function 
and BDNF in older adults (Byun & Kang, 2016). Further, a 
randomized controlled trial of 49 older women in a 16-week 
multimodal exercise intervention was related to cognitive im-
provements and increases in BDNF (Vaughan et al., 2014). 
Of course, BDNF is likely to be working in tandem with other 
molecules and pathways. For example, a reduction of pro-in-
flammatory cytokines might be involved (Wersching et al., 
2010) and modifications of insulin pathways and cerebral cir-
culation may also be facilitating the changes of WM micro-
structure (Liu et al., 2016; Ryu, Coutu, Rosas, & Salat, 2014).

We recognize several limitations of this study. First, our 
design was cross-sectional, so we cannot make any causal 
claims about how changes in fitness modify the morphol-
ogy of WM. Along these lines, it is equally plausible that 
greater WM integrity in certain brain regions is what drives 

the differences in measures of fitness. Further, there could be 
third variables that we did not measure or control for that are 
confounding these associations. Conducting longitudinal and 
randomized trials will help determine causal relationships 
and minimize the influence of third variables and help deter-
mine the direction of effect between these fitness measures 
and WM integrity. Second, we focused here on older adults 
using a submaximal VO2 peak rather than a maximal test of 
CRF. It will be important for future work to use a maximal 
VO2 peak as well as additional measures of physical fitness 
to confirm the results that we report here. Third, we suggest 
that future work should target other indices of WM (e.g., 
radial diffusivity, axial diffusivity) and biomarkers along 
with larger samples to better understand the potential mech-
anisms. Fourth, to be confident of these associations and to 
determine whether these different fitness metrics really re-
flect independent constructs it will be necessary to conduct 
studies with larger sample sizes. Fifth, we employed a very 
brief cognitive battery that limited our ability to assess the 
impact of these associations with cognitive outcomes. Future 
work should include a broader assessment of cognitive func-
tion to get a better sense of the importance of these associa-
tions with cognition (Audiffren & Andre, 2019; Pindus et al., 
2019). Finally, it will be important for future studies to exam-
ine whether these associations are modified by other factors. 
For example, recent work has found that the apolipoprotein-E 
epsilon 4 (APOE-ε4) allele and some factors might influ-
ence associations between fitness, PA and cognitive function 
(Chen et al., 2019; Etnier & Chang, 2019; Smith et al., 2016).

In conclusion, our findings indicate that when considering 
the associations between physical fitness and brain health in 
older adults, it might be important to consider other metrics 
of fitness in addition to the more traditional measure of CRF. 
However, we find that only CRF was associated with greater 
WM microstructure in a diffuse set of tracts in older adults.
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