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Aerobic exercise has both neuroprotective and neurorehabilitative benefits. However,
the underlying mechanisms are not fully understood and need to be investigated,
especially in postmenopausal women, who are at increased risk of age-related
disorders such as Alzheimer’s disease and stroke. To advance our understanding
of the potential neurological benefits of aerobic exercise in aging women, we
examined anatomical and functional responses that may differentiate women of
varying cardiorespiratory fitness using neuroimaging and neurophysiology. A total of 35
healthy postmenopausal women were recruited (59 ± 3 years) and cardiorespiratory
fitness estimated (22–70 mL/kg/min). Transcranial magnetic stimulation was used
to assess -aminobutyric acid (GABA) and glutamate (Glu) receptor function in the
primary motor cortex (M1), and magnetic resonance spectroscopy (MRS) was used
to quantify GABA and Glu concentrations in M1. Magnetic resonance imaging was
used to assess mean cortical thickness (MCT) of sensorimotor and frontal regions,
while the microstructure of sensorimotor and other white matter tracts was evaluated
through diffusion tensor imaging. Regression analysis revealed that higher fitness levels
were associated with improved microstructure in pre-motor and sensory tracts, and
the hippocampal cingulum. Fitness level was not associated with MCT, MRS, or
neurophysiology measures. These data indicate that, in postmenopausal women, higher
cardiorespiratory fitness is linked with preserved selective white matter microstructure,
particularly in areas that influence sensorimotor control and memory.

Keywords: GABA, Glu, MRS, DTI, TMS, cortical thickness, sensorimotor

INTRODUCTION

Physical activity is associated with improved health and longevity and reduced risk of chronic
disease (Warburton and Bredin, 2016). Long-term aerobic exercise is also linked with improved
learning, memory and overall brain function, and delayed age-related cognitive decline (Colcombe
and Kramer, 2003; Ahlskog et al., 2011; Erickson et al., 2011). Additionally, exercise accelerates
rehabilitation in stroke patients and may mitigate symptoms in dementia and Alzheimer’s disease

Frontiers in Aging Neuroscience | www.frontiersin.org 1 May 2020 | Volume 12 | Article 129

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://doi.org/10.3389/fnagi.2020.00129
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnagi.2020.00129
http://crossmark.crossref.org/dialog/?doi=10.3389/fnagi.2020.00129&domain=pdf&date_stamp=2020-05-29
https://www.frontiersin.org/articles/10.3389/fnagi.2020.00129/full
http://loop.frontiersin.org/people/817233/overview
http://loop.frontiersin.org/people/602489/overview
http://loop.frontiersin.org/people/763925/overview
http://loop.frontiersin.org/people/935537/overview
http://loop.frontiersin.org/people/964525/overview
http://loop.frontiersin.org/people/430216/overview
http://loop.frontiersin.org/people/111019/overview
http://loop.frontiersin.org/people/171187/overview
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-12-00129 May 28, 2020 Time: 17:12 # 2

Harasym et al. Fitness and Postmenopausal WM Microstructure

(Heyn et al., 2004; Gallanagh et al., 2011). Previous research
focusing on brain effects of long-term exercise has included
both males and females. However, considering the greater
prevalence of Alzheimer’s disease in women (Mielke et al., 2014;
Ferretti et al., 2018) and more profound stroke-related disability
experienced by women compared to men (Persky et al., 2010),
it is prudent to explore mechanisms by which aerobic exercise
prevents or reduces age-related diseases in women.

Research exploring the role of exercise in brain health of
postmenopausal women has shown that higher cardiorespiratory
fitness correlates with better performance on cognitive
assessments (Yaffe et al., 2001; Weuve et al., 2004; Erickson
et al., 2007; Brown et al., 2010; Albinet et al., 2014; Dupuy et al.,
2015), in addition to greater pre-frontal cortex (PFC) activation
during tasks probing executive function (Albinet et al., 2014;
Dupuy et al., 2015). These fitness-related effects may be related to
structural changes in the brain. For example, fit postmenopausal
women have greater cortical volume in the PFC and subgenual
cortex compared to their low-fit counterparts (Erickson et al.,
2007). High fitness levels in women are also associated with
enhanced pre-frontal white matter (WM) tracts (Erickson et al.,
2007). Evidence of lower resting mean arterial pressure and
greater cerebrovascular conductance in the carotid arteries of fit
older women (Brown et al., 2010) is also suggestive of improved
brain blood flow.

There remain several unanswered questions regarding the
effects of long-term aerobic exercise on the aging female brain.
Gains in fitness have been reported to yield improvements
in multiple tracts, including the corpus callosum, cingulum,
corona radiata, and superior longitudinal fasciculus (Marks
et al., 2011; Johnson et al., 2012; Tseng et al., 2013; Oberlin
et al., 2016). However, the microstructure of WM tracts, as
assessed by a magnetic resonance (MR) technique called diffusion
tensor imaging (DTI), has not been explored in postmenopausal
women. Neurotransmission, which plays a key role in neural
function, has also never been investigated with respect to
fitness in aging women. Magnetic resonance spectroscopy (MRS),
another MR technique, is able to measure the concentration of
neurometabolites in the central nervous system, thus allowing
us to determine whether concentrations of the most prevalent
inhibitory neurotransmitter, γ-aminobutyric acid (GABA), and
excitatory neurotransmitter, glutamate (Glu), change as a
function of fitness level in females. Further, transcranial magnetic
stimulation (TMS) allows us to indirectly assess whether fitness
has an effect on GABAergic and glutamatergic neurotransmitter
receptor function in multiple corticospinal circuits. These
methods measure different aspects of neurotransmission and
whether a relationship exists between these modalities remain
unclear (Stagg et al., 2011; Tremblay et al., 2013; Dyke et al., 2017;
Mooney et al., 2017; Hermans et al., 2018).

The goal of the present study was to provide a comprehensive
description of the neurophysiological and structural differences
between postmenopausal women of varying cardiorespiratory
fitness. This would enable us to discover potential fitness-
related biomarkers associated with overall brain health in this
population. Neurophysiological measures were assessed using
both TMS and MRS techniques to investigate the primary

neurotransmitters, GABA and Glu, in the sensorimotor cortex.
Structural measures were assessed with standard anatomical MR
images (MRI) and DTI, primarily in the sensorimotor cortex
and regions showing an association with fitness in previous
literature. An improved understanding of how aerobic exercise
and cardiorespiratory fitness achieve their benefits will aid in
the design of effective training programs to help combat aging-
related disease in females.

MATERIALS AND METHODS

Participants
A total of thirty-five healthy postmenopausal females
(59 ± 3 years) participated in the study with a subset of twenty-
four individuals included in the MRI portion of the research.
Participants provided informed written consent approved by the
Hamilton Integrated Research Ethics Board (HiREB). Exclusion
criteria included significant medical conditions such as chronic
pain, epilepsy, Crohn’s disease, Celiac disease or diabetes,
history of head injuries, neurological or psychological disorders,
smoking or certain medications (including hormone replacement
therapy). Permitted medications included Levothyroxine (N = 8),
Risedronate (N = 3), Rosuvastatin (N = 2), Candesartan cilexetil
(N = 1), Hydrochlorothiazide (N = 1), Indapamide (N = 1),
Perindopril (N = 1), Tocilizumab (N = 1), and Lansoprazole
(N = 1). All participants were right-handed as determined
by a modified version of the Edinburgh Handedness Scale
(Oldfield, 1971). Participants were considered postmenopausal
if they had not had a menstrual period in the past 12 months
(Al-Safi and Santoro, 2000). The Montreal Cognitive Assessment
(MOCA) was administered to ensure participants did not have
any symptoms of mild-cognitive impairment (Nasreddine
et al., 2005). Participants were included only if their MOCA
scores were greater than 26. Physical activity as a rate of
energy expenditure (MET-min/week) was determined using the
International Physical Activity Questionnaire (IPAQ), which
evaluates physical activity over the past week (Craig et al.,
2003). Body composition was determined by measuring fat-free
body mass and percent body fat (%BF) via air-displacement
plethysmography (Bod Pod R©; Life Measurement Inc., Concord,
CA, United States) (Ball, 2005). Participants were asked to fast
for 3 h and not to perform any strenuous exercise 12 h prior
to the body composition assessment. Thoracic gas volume was
estimated for each body composition test using the algorithm
provided in the Bod Pod R© software.

Cardiorespiratory fitness was assessed for each participant
by estimating maximal oxygen consumption (VO2max) in
mL/kg/min using a modified version of the submaximal Astrand-
Ryhming protocol (Åstrand and Ryhming, 1954; Siconolfi et al.,
1982; Pescatello et al., 2014), performed on an electronically
braked cycle ergometer (Kettler Ergo Race I; Ense, Germany).
Participants were cleared to participate in the fitness test using
the Canadian Society for Exercise Physiology (CSEP) Get Active
Questionnaire (GAQ). The protocol was initiated with a 1-min
warm up at a workload of 25–50W, followed by a 6-min single
stage of continuous cycling (60RPM) at a workload of 50–75W,

Frontiers in Aging Neuroscience | www.frontiersin.org 2 May 2020 | Volume 12 | Article 129

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-12-00129 May 28, 2020 Time: 17:12 # 3

Harasym et al. Fitness and Postmenopausal WM Microstructure

which was designed to increase the heart rate (HR) of participants
to a target of 60% of their heart rate reserve (HRR). HRR was
estimated for a given individual based on the difference between
age-predicted maximal HR (220-age) and resting HR (HRresting),
as determined by palpation of the radial pulse upon waking and
before rising on the morning of the exercise session. Target heart
rate was determined using the formula:

HRtarget = 0.6 × (HRR) = 0.6 ×
(
HRmax −HRresting

)
If HRtarget was less than 120BPM for a participant it was changed
to 120BPM, a minimum requirement for the accurate estimation
of VO2max using the Astrand-Ryhming test. Measurements were
taken at the end of every minute for at least 6-min using a HR
monitor (Polar A3; Lake Success, NY, United States) fitted prior
to the fitness assessment. If the target HR was not reached by
the 2- and 4-min mark, the workload was adjusted accordingly.
At the 6-min mark, if the participant had not reached steady-
state at the target HR (i.e., within 5BPM), the intensity was again
adjusted and 2 min added to the test. This step was repeated
until participants reached the target HR at steady-state for two
consecutive minutes. The HR and workload at the last 2 min
of the test, along with the participant’s body mass, sex, and
age, were used to estimated VO2max using the Astrand-Ryhming
nomogram (Macsween, 2001; Pescatello et al., 2014). Maximal
oxygen consumption was also adjusted for body composition
(VO2max

ADJ) by using fat-free body mass instead of total mass
(Ekelund et al., 2004). This was to account for the possible
covariance with obesity (Gazdzinski et al., 2010; Ho et al., 2011;
Marks et al., 2011; Dekkers et al., 2019).

Electrophysiological Acquisition
Electrophysiological measures were acquired from all
participants 23 ± 14 days from the initial cardiorespiratory
fitness test. Figure 1 provides a summary of the neurophysiology
assessed using TMS. Participants were asked to refrain from
alcohol consumption and strenuous physical exercise 12 h
prior to TMS testing. Electromyography (EMG) was used to
record motor evoked potentials (MEPs) over the right and left
abductor pollicis brevis (APB) using 9-mm diameter Ag-AgCl
surface electrodes in a bipolar belly tendon arrangement.
A wet ground electrode was placed around the forearm. EMG
recordings were amplified by a gain of ×1000, band-pass
filtered (20 Hz–2.5 kHz) (Intronix Technologies Corporation
Model 2024F with Signal Conditioning; Bolton, ON, Canada),
then sampled at 5 kHz (Power1401; Cambridge Electronic
Design, Cambridge, United Kingdom) and collected using Signal
software (Cambridge Electronic Design; v6.02).

Compound muscle action potentials (CMAP) were recorded
to determine the maximal M-wave (Mmax). Recordings were
acquired from participants that were seated upright in an
armchair with their right arm slightly bent resting on a pillow
in the supine position. Nerve stimulation was performed with a
constant current stimulator (Digitimer DS7AH; Welwyn Garden
City, United Kingdom) and a bar electrode placed over the
median nerve at the wrist with the cathode proximal evoking
a response in the APB using square wave pulses of 0.2 ms.

The nerve stimulator intensity was slowly incremented by 1 mA
every 5 s, until the peak-to-peak amplitude of the M-wave
did not change for three consecutive increments of the nerve
stimulator intensity.

To determine maximum voluntary contraction (MVC),
participants completed three maximal isometric contractions of
the right APB against an immovable structure. Each contraction
lasted 5 s with at least 30 s of rest between trials. Amplified
and filtered EMG activity was full-wave rectified and fed
into an oscilloscope (Tektronix TDS 2004C; Beaverton, OR,
United States) to display the magnitude of the contraction to
the participant. For a given participant, the greatest maximum
EMG activity obtained from the three trials was considered the
MVC. The oscilloscope was set to display a horizontal target line
representing the maximum EMG voltage at 10% of MVC. The
participant then used visual feedback to match their contraction
to the target line during the acquisition of active motor threshold
(AMT), which is detailed below.

Transcranial magnetic stimulation was performed using a
customized figure-of-eight branding coil (50 mm diameter),
connected to a Magstim Bistim stimulator (Whitland,
United Kingdom). The motor hotspots of the right and left
APB muscles were identified in the left and right hemisphere,
respectively, as the cortical location that elicited the largest
and most consistent MEP in the relaxed APBs. The coil was
orientated at a 45◦ angle from the sagittal plane to induce a
posterior-anterior current. Location and orientation of the
motor hotspots were digitally registered using the Brainsight
Neuronavigation system (Rogue Research, Montreal, QC,
Canada). Resting motor threshold (RMT) and AMT were
determined at the motor hotspot for the right APB using
the maximum-likelihood parameter estimation by sequential
testing (ML-PEST) algorithm found in the TMS Motor
Threshold Assessment Tool software (MTAT v2.0) (Ah Sen
et al., 2017). The motor threshold assessment was run without
a priori information and was stopped after 20 stimuli (Ah
Sen et al., 2017). In the rest condition, a MEP was defined
as having a minimum peak-to-peak amplitude of 50 µV in
the relaxed right APB (Rossini et al., 2015). In the active
condition, a MEP was defined as a minimum of 200 µV peak-
to-peak, while participants maintained ∼10% of their MVC
in the right APB using visual feedback from an oscilloscope
(Rossini et al., 2015). All single-pulse and paired-pulse TMS
paradigms were delivered in a randomized fashion at an
interval of 5 s.

Motor evoked potentials recruitment curves (RC) were
acquired from the right APB at rest by delivering 8 TMS
pulses at TMS intensities in increments of 10% between 90
and 200% RMT. Short-interval intracortical inhibition (SICI)
and intracortical facilitation (ICF) were assessed using paired-
TMS pulses with an interstimulus interval (ISI) of 2 ms (Lulic
et al., 2017) and 12 ms (Dyke et al., 2017), respectively. The
conditioning stimulus (CS) was set to an intensity of 90% AMT
and the test stimulus (TS) was set to evoke MEPs with peak-
to-peak amplitudes of ∼1 mV in the right APB at rest. For
each of these measures, 15 conditioned stimuli (CS-TS) and 15
unconditioned stimuli (TS) were randomly delivered.
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FIGURE 1 | Summary of transcranial magnetic stimulation (TMS) circuitry assessed and parameters used during stimulation. AMT, active motor threshold; CS,
conditioning stimulus; ICF, intracortical facilitation; ISI, inter-stimulus interval; SAI, short-latency afferent inhibition; SICI, short-interval intracortical inhibition; SIHI,
short-latency interhemispheric inhibition; TS, test stimulus; LAI, long-latency afferent inhibition; LIHI, long-latency interhemispheric inhibition; PNS, peripheral nerve
stimulation.

Short- and long-latency afferent inhibition (SAI and LAI) were
assessed by delivering a single TMS pulse over the APB hotspot,
preceded by nerve stimulation of the median nerve at the wrist
with an ISI of 24 ms (SAI) and 200 ms (LAI) (Turco et al.,
2018). Nerve stimulation was performed as described above, with
the stimulator intensity set to the motor threshold (MT) of the
APB muscle, which was defined as the minimum intensity (in
mA) that evoked a visible twitch in the APB. The TS was set
to evoke MEPs with peak-to-peak amplitudes of ∼1 mV in the
right APB at rest. For each circuit, 15 conditioned stimuli using
the nerve stimulator (CS-TS) and 15 unconditioned stimuli (TS)
were randomly delivered.

Short- and long-latency interhemispheric inhibition (SIHI and
LIHI) were assessed by delivering a CS to the left APB motor
hotspot and a TS to the right APB hotspot at an ISI of 10 ms
(SIHI) and 40 ms (LIHI) (Hermans et al., 2018). Both the CS
and TS were set to evoke MEPs with peak-to-peak amplitudes of
∼1 mV in the left and right APB, respectively. For each circuit, 15
conditioned stimuli (CS-TS) and 15 unconditioned stimuli (TS)
were randomly delivered.

Neuroimaging Acquisition
Only a randomly selected subset of 24 participants were included
in the MRI portion of the study based on a priori sample
calculations. All participants were scanned using a 3T GE
MR750 scanner with a 32-channel phased-array head coil
(General Electric Healthcare, Milwaukee, WI, United States)
about 10± 15 days after the TMS session. Participants were asked
to refrain from alcohol consumption and strenuous physical
exercise 12 h prior to the session. Following a routine 3-plane

localizer image and ASSET calibration scan for parallel imaging,
an axial 3D IR-prepped T1-weighted fast SPoiled GRadient Echo
(fSPGR) structural scan was acquired (TI = 450 ms, TR = 7.9 ms,
TE = 3.1 ms, flip angle = 12◦, matrix = 240 × 240, FoV = 24 cm,
slices = 180, slice thickness = 1 mm isotropic).

The 3D structural scan was used to position a
20 × 20 × 20 mm voxel of interest (VOI) (i.e., 8 cm3) over
the left hand knob area (M1) with the use of two reliable
anatomical landmarks (Yousry et al., 1997). An example of the
voxel placement can be seen in Figure 2A, which approximately
incorporates the anatomical area stimulated through TMS. The
VOI was rotated in the coronal plane to optimize placement
in gray matter (GM), avoiding cerebrospinal fluid (CSF).
Outer volume suppression (OVS) bands were placed along
the outside of the VOI to suppress outer voxel contamination.
Automated voxel shimming prior to MRS yielded water-line
widths ranging from 3 to 8 Hz. MRS of the VOI was performed
to quantify GABA using Mescher–Garwood point-resolved
spectroscopy (MEGA-PRESS) GABA editing sequence with
water suppression (Mescher et al., 1998) (TR = 2000 ms,
TE = 68 ms, number TE’s per scan = 2, number of averages = 320,
data points = 2048, receiver bandwidth = 2000 Hz). Additionally,
16 unsuppressed water reference spectra were acquired.
Although the Glu composite Glx (Glu + Gln) can be measured
reliably from the MEGA-PRESS sequence (Sanaei Nezhad
et al., 2018), the acquisition itself was not designed to measure
Glu levels. Therefore, Glu concentrations were acquired
from the VOI using a stimulated-echo acquisition mode
(STEAM) sequence optimized to resolve Glu from GABA
and Gln at 3T (TR = 1500 ms, TE = 72 ms, TM = 6 ms,
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FIGURE 2 | (A) The placement of the 20 × 20 × 20 mm voxel of interest (VOI) in the left hand-knob area of the primary motor cortex (M1). The VOI was rotated in
the coronal plane to avoid cerebrospinal fluid (CSF) and incorporated the precentral knob and anteriorly directed “hook” along the postcentral gyrus. (B) Example
spectra and fitting output from Gannet used to measure γ-aminobutyric acid with macromolecule contamination (GABA+) concentrations. (C) Example spectra and
fitting output from LCModel used to measure glutamate (Glu) concentrations.

NEX = 8, number of averages = 512, data points = 2048,
receiver bandwidth = 5000 Hz) (Sheffield et al., 2009), based
on Hu et al. (2007). The STEAM sequence is ideal for coupled
spin systems, such as Glu, and allows for better water and
macromolecule suppression then PRESS sequences. An example
of MEGA-PRESS and optimized STEAM spectra is shown in
Figures 2B,C, respectively.

Finally, axial DTI in 60 non-coplanar directions was carried
out to assess white matter microstructure using a dual-echo echo-
planar imaging (EPI) sequence (TR = 11000 ms, TE = 87 ms,
b-value = 900 s/mm2, matrix = 96× 96, slices = 50, FOV = 23 cm,
slice thickness = 2.9 mm, ASSET = 2). Diffusion was acquired for
all 60-directions using 3 separate scans (19, 20, and 21 directions)
with three T2-weighted (b-value = 0 s/mm2) images incorporated
at the beginning of each of the acquisitions. Diffusion imaging
was acquired last to reduce the effect of frequency offset on MRS
measures (Harris et al., 2014).

Electrophysiological Analysis
All MEPs were inspected for background muscle activity, and
trials were discarded if EMG activity exceeded 50 µV in
the 30 ms prior to the TMS stimulus artifact. Data for a
given participant was discarded if there were less than 10

trials for paired-pulse paradigms and less than 5 trials for
any point on the recruitment curve. For the RC the mean
peak-to-peak MEP amplitude was calculated for each %RMT
intensity (90–200%). A MATLAB script was then used to fit
a Boltzmann sigmoid function to the RC as a percentage of
maximal stimulator output (%MSO) using least squares curve-
fitting (Carroll et al., 2001; Kukke et al., 2014; Schambra et al.,
2015). The function was lower bounded by the minimum
noise of the data, which was determined to be 0.013 mV. An
example of the fitted curve from one participant can be seen
in Figure 3. Area under the RC (AURC) was calculated using
trapezoidal integration of the fitted Boltzmann function. Data
with an estimated plateau 15% different from the maximum
amplitude of the fitted curve were excluded, as this showed
that the RC acquired was exponential and had not adequately
captured the plateau (Schambra et al., 2015). For paired-pulse
TMS measures, the mean peak-to-peak MEP amplitude was
calculated for each CS-TS (paired pulse) and TS, separately.
The percentage of inhibition and facilitation was determined
as a ratio of conditioned over unconditioned stimulus (CS-
TS/TS). Inhibition was evident in a circuit when the CS-
TS/TS ratio was ≤0.9, while facilitation was evident when the
ratio was ≥1.10.
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FIGURE 3 | Example recruitment curve (RC). The black circles depict the
average muscle evoked potential (MEP) for a specified percent of the maximal
stimulator output (%MSO), while the red curve depicts the fitted Boltzmann
sigmoid. The area under the recruitment curve (AURC) is calculated as the
trapezoidal area under the fitted Boltzmann.

Neuroimaging Analysis
Magnetic resonance spectroscopy spectra from MEGA-PRESS
acquisitions were processed with Gannet (v3.0) using default
processing parameters (Edden et al., 2014). GABA concentrations
with macromolecule contamination (GABA+) were referenced
to water, corrected for frequency offsets, and normalized for
macromolecule contamination and editing efficiency (Harris
et al., 2015). STEAM spectra were analyzed for Glu with LCModel
using basis sets generated through phantom experiments
(Provencher, 2001), and were also referenced to water. Tissue
composition (%GM, %WM, %CSF) in the VOI was estimated
using Gannet by registering the VOI to the T1-weighted
anatomical image and segmenting the anatomical image into
GM, WM, and CSF using SPM 12 (Ashburner and Friston, 2005).
GABA+ and Glu levels were not correlated with tissue content
(%Tissue) nor %GM in tissue (%GMtissue), hence concentrations
were not partial volume corrected (Bogner et al., 2010). The
quality of the fitted spectra was assessed by analyzing Cramér-
Rao lower bounds (CRLBs) of GABA+ and Glu, which take
into account differences in both SNR and line-width of each
metabolite (Kreis, 2016). If CRLBs were more than 2SD away
from the mean of all participant data for a given measure, the
data was excluded from statistical analysis (Kreis, 2016).

T1-weighted images were reconstructed and segmented with
the freely available FreeSurfer (v6.0) image analysis suite
described in previous literature (Dale and Sereno, 1993; Fischl
et al., 1999a,b, 2001, 2002, 2004a,b; Fischl and Dale, 2000;
Ségonne et al., 2004; Han et al., 2006; Jovicich et al., 2006;
Reuter et al., 2010, 2012), using SHARCNET high-performance
computing clusters (Shared Hierarchical Academic Research
Computing Network and Compute/Calcul Canada). All cortical
reconstructions and volumetric segmentations were visually
inspected for substantial errors but no manual interventions

were applied (McCarthy et al., 2015). Mean cortical thickness
(MCT) in the somatosensory (BA 1, 2, 3a, 3b), anterior and
posterior M1 (BA 4a, 4p), and pre-motor (BA 6) regions in the
left hemisphere were determined by mapping the Brodmann
areas and thresholding (Fischl et al., 2008). Additionally, the
superior frontal gyrus (SFG), middle frontal gyrus (MFG),
inferior frontal gyrus (IFG) and orbitofrontal gyrus (OFG) were
evaluated as reference ROIs, since areas of the frontal lobe have
commonly shown an increase in volume or MCT with fitness
levels (Weinstein et al., 2012; Fletcher et al., 2016; Jonasson et al.,
2016; Wood et al., 2016; Williams et al., 2017). A MFG ROI was
produced by combining the caudal and rostral middle frontal
regions from the Desikan–Killiany anatomical atlas (Fischl et al.,
2004b; Desikan et al., 2006). An IFG ROI was produced by
combining the pars opercularis, pars triangularis and pars
orbitalis. Lastly, an OFG ROI was produced by combining the
lateral and medial orbitofrontal regions. Figures 4A,B depict
reference ROIs in sensorimotor and prefrontal cortices. MCT
was not normalized, since it has not been shown to change as a
function of brain size (Im et al., 2008).

Diffusion tensor imaging data was analyzed using the
FMRIB Software Library (FSL; v5.0.11) (Jenkinson et al.,
2012). Participant data was first skull-stripped using the
Brain Extraction Tool (BET) (Smith, 2002), then corrected
for susceptibility artifacts using B0 field maps with FUGUE,
and finally corrected for eddy-current distortions and head
motion using the eddy_correct tool (Andersson and Sotiropoulos,
2016). Using dtifit (Behrens et al., 2003, 2007) from the FSL
Diffusion Toolbox (FDT), diffusion tensors were reconstructed
by encoding raw diffusion data as a rank-2 tensor, producing
images of fractional anisotropy (FA), axial diffusion (AD), and
mean diffusion (MD). Radial diffusion (RD) was calculated using

FIGURE 4 | Regions of interests (ROI) used to determine the mean cortical
thickness (MCT) in (A) the somatosensory (BA 1, 2, 3a, 3b), anterior and
posterior primary motor (BA 4a, 4p), and pre-motor (BA 6) regions of the
sensorimotor cortex and (B) the superior frontal gyrus (SFG), middle frontal
gyrus (MFG), inferior frontal gyrus (IFG) and orbitofrontal gyrus (OFG) of the
pre-frontal cortex.
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fslmath by averaging the second and third eigenvalues. Tract-
Based Spatial Statistics (TBSS) was then used to create a WM
skeleton representing WM tracts common to all participants
in 1 mm3 standard Montreal Neurological Institute (MNI152)
space using the FMRIB58_FA standard (Smith et al., 2006).
The WM skeleton was thresholded at an FA of 0.02 and can
be seen overlaid on the FMRIB58_FA standard in Figure 5.
Participant DTI were then aligned to this common space
using the individualized transformation matrix produced by the
non-linear registration tool FNIRT in TBSS (Rueckert et al.,
1999; Andersson et al., 2007a,b). Each participant’s aligned
DTI data was then masked using the WM skeleton, thereby
ensuring every participant had diffusion data from WM common
to all participants. Next, ROIs on the WM skeleton were
selected using the sensorimotor area tract template (SMATT)
(Archer et al., 2018), which included tracts running between
the corticospinal tract and the left M1, dorsal pre-motor cortex
(PMd), ventral pre-motor cortex (PMv), supplementary motor
area (SMA), pre-supplementary motor area (preSMA) and
primary somatosensory cortex (S1) as shown in Figure 6A.
The corpus callosum (CC), left corona radiata (CR), cingulum,
and superior longitudinal fasciculus (SLF) from ICBM-DTI-
81 white matter labels atlas (Marks et al., 2011; Johnson
et al., 2012; Tseng et al., 2013; Oberlin et al., 2016) were
also selected as ROI references based on numerous studies
that found associations between the WM microstructure of
these regions with fitness (Marks et al., 2011; Tseng et al.,
2013; Oberlin et al., 2016). A total of 9 reference ROIs were
selected and are shown in Figure 6B. Subsequently, average
FA, AD, RD and MD were calculated for each ROI in
every participant.

Statistical Analysis
All statistical analyses were carried out using PRISM 6 (GraphPad
Software, Inc., v6.0e) and R software [R Core Team (2018), R
Foundation for Statistical Computing; v3.5.0]. Normality was
assessed using the Shapiro-Wilk test. Outliers were identified
using the ROUT method with Q = 1% in PRISM (Motulsky and
Brown, 2006), which allows for multiple outliers to be detected.

FIGURE 5 | The average white matter (WM) skeleton overlaid on a fractional
anisotropic (FA) standard representing WM tracts common to all participants
in standard space.

FIGURE 6 | White matter (WM) tracts evaluated using DTI. (A) Tracts running
between the left corticospinal tract and the left motor cortex (M1), dorsal
pre-motor cortex (PMd), ventral pre-motor cortex (PMv), supplementary motor
area (SMA), pre-supplementary motor area (preSMA) and primary
somatosensory cortex (S1) and (B) tracts of the corpus callosum (CC), left
corona radiata (CR), cingulum, and superior longitudinal fasciculus (SLF).

Outliers removed from regression modeling and correlations are
stated in the footnote of each results table.

Correlation analyses were primarily used to determine if
spectroscopic data was unaffected by age and voxel composition
to ensure good quality data. Data was analyzed using either
Pearson’s product moment correlation coefficient r for normally
distributed data or Spearman’s rank correlation coefficient ρ

for non-parametric data. Correlations between neurotransmitter
concentrations and voxel composition (%Tissue and %GMtissue)
were Bonferroni corrected by a factor of two, where results
were considered significant at a threshold of p < 0.025. The
correlations between water concentrations, which were used as
a reference for both GABA+ and Glu, and age had a significance
threshold of p < 0.05.

Multiple linear regression analysis was used to determine
if a relationship existed between neuroimaging and
neurophysiological measures and fitness. All dependent
measures (Yd) were modeled with the following equation:

Yd = β0 + βFitnessXFitness + βAgeXAge + SEi

where β are the regression coefficients and SE is the standard
error associated with fitting the model. Two continuous
independent measures (Xi) were used without any interaction
terms, one for fitness (VO2max

ADJ) and the other to account
for age. VO2max

ADJ was used instead of VO2max to correct
for body composition differences. All tests were considered
significant at a threshold of p < 0.05. Both the 95% confidence
interval (CI) and the coefficient of determination (R2) are
presented for each model.

Frontiers in Aging Neuroscience | www.frontiersin.org 7 May 2020 | Volume 12 | Article 129

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-12-00129 May 28, 2020 Time: 17:12 # 8

Harasym et al. Fitness and Postmenopausal WM Microstructure

RESULTS

Cardiorespiratory Fitness
Demographics and descriptive information of all participants
can be found in Table 1. The distribution of VO2max in both
TMS and MRI samples is shown in Figure 7. Both samples
had values across a range of fitness levels (low to extremely fit)
and within normative values based on the Astrand-Ryhming
test in females between the ages of 50–65 years (Astrand,
1960). VO2max in the TMS sample was normally distributed
(p = 0.089; skewness = 0.1548, kurtosis =−1.184), while the MRI
sample had a non-normal distribution of VO2max (p = 0.047;
skewness = 0.1653, kurtosis =−1.469).

TABLE 1 | Demographics and descriptive information.

TMS (N = 35) MRI (N = 24)

Age (years) 59.49 ± 3.40 59.58 ± 3.56

Vo2max (mL/kg/min) 45.89 ± 14.26 45.38 ± 15.92

Vo2max
ADJ (mL/kg/min) 69.71 ± 14.48 68.50 ± 16.15

IPAQ (MET/min) 5412 ± 4635 5406 ± 4135

%BF 35.24 ± 9.92 35.17 ± 10.35

Weight (kg) 65.42 ± 10.75 68.75 ± 17.00

Education (years) 17.17 ± 2.53 17.50 ± 2.64

MOCA score 28.14 ± 1.52 28.25 ± 1.48

Mean ± SD displayed. VO2max , maximal oxygen consumption; VO2max
ADJ,

maximal oxygen consumption adjusted for fat-free body mass; IPAQ, International
Physical Activity Questionnaire; %BF, percent body fat; education, full time in years
including primary and secondary school; MOCA, Montreal Cognitive Assessment
was scored out of 30 possible points.

Corticospinal Excitability and Receptor
Function
Table 2 shows the regression model for measures of corticospinal
excitability and TMS circuits as a factor of fitness and age. One RC
was discarded for having less than five trials for multiple points
and a total of 4 RCs were discarded for not adequately capturing
the plateau. The goodness of fit of the Boltzmann sigmoid to the
RC for the remaining participants was adequate with an R2 of
0.88 ± 0.15. There was no relationship between fitness level and
measures of RMT, AMT, AURC, and Mmax. Age was also not
significant factor in the model, except for Mmax which showed
an increase with age (βAGE = 0.42, SE = 0.16, p = 0.01).

The depth of inhibition or facilitation of each TMS circuit
is depicted in Table 2. There were no significant relationships
between fitness or age and each circuit. For intracortical
circuits, six participants did not show any facilitation for ICF
and 4 participants did not show inhibition for SICI. For
interhemispheric circuits, only two participants did not show
any SIHI and four participants showed no LIHI. When assessing
afferent circuitry, 14 participants showed no SAI and two
participants showed no LAI.

Neurotransmitter Concentrations
One GABA+ and one Glu dataset were poorly fit, with CRLBs
2SDs away from the mean, and hence were discarded. All
remaining CRLBs were <20%. Water concentrations were found
to be stable across all participants regardless of age (r = 0.331,
p = 0.143). VOI tissue segmentation revealed average %Tissue
of 0.83 ± 0.04 and %GMtissue of 0.46 ± 0.09. GABA+ was
not correlated with %Tissue (ρ = 0.22, p = 0.34) nor %GMtissue
(ρ = 0.39, p = 0.07). Glu concentrations were also not correlated

FIGURE 7 | Distribution of VO2max and fitness levels in both TMS and MRI samples.
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TABLE 2 | Results of multiple linear regression of corticospinal excitability and TMS circuits against fitness and age.

Coefficients (β) SE 95% CI p-value R2 (Adj.)

RMT (%MSO) N = 35 VO2max
ADJ 0.03 0.11 −0.19 : 0.25 0.79 0.04

47.26 ± 9.09 Age 0.54 0.46 −0.41 : 1.48 0.26

AMT (%MSO) N = 35 VO2max
ADJ 0.13 0.09 −0.04 : 0.31 0.14 0.03

34.74 ± 7.40 Age 0.38 0.37 −0.37 : 1.13 0.31

Mmax (mV) N = 35 VO2max
ADJ 0.04 0.04 −0.04 : 0.11 0.32 0.15

13.96 ± 3.35 Age 0.42 0.16 0.10 : 0.74 0.01

AURC N = 30 VO2max
ADJ 0.09 0.86 −1.67 : 1.85 0.91 0.01

85.83 ± 62.85 Age −1.15 3.38 −8.09 : 5.79 0.74

SICI N = 35 VO2max
ADJ

−0.003 0.004 −0.01 : 0.005 0.41 0.02

0.52 ± 0.32 Age −0.01 0.02 −0.05 : 0.02 0.44

ICF N = 34 VO2max
ADJ 0.007 0.008 −0.009 : 0.02 0.39 0.04

1.64 ± 0.67 Age 0.01 0.03 −0.06 : 0.08 0.72

SAI N = 35 VO2max
ADJ

−0.0003 0.004 −0.009 : 0.008 0.94 0.04

0.86 ± 0.35 Age −0.02 0.02 −0.02 : 0.06 0.27

LAI N = 35 VO2max
ADJ

−0.002 0.002 −0.008 : 0.003 0.41 0.02

0.59 ± 0.25 Age −0.02 0.01 −0.04 : 0.007 0.15

SIHI N = 35 VO2max
ADJ 0.0004 0.003 −0.006 : 0.007 0.90 0.003

0.52 ± 0.27 Age −0.004 0.01 −0.03 : 0.02 0.79

LIHI N = 35 VO2max
ADJ 0.004 0.003 −0.002 : 0.01 0.21 0.05

0.64 ± 0.27 Age 0.004 0.01 −0.02 : 0.03 0.78

Means ± SD displayed. One outlier removed from ICF. Bolded values indicate significance as shown.

with %Tissue (ρ = 0.31, p = 0.15) nor %GMtissue (ρ = −0.05,
p = 0.82). Coefficient of variation (%CV) were 19.13% for
GABA+ and 9.60% for Glu. All residuals passed normality
testing. However, no significant relationship existed between
fitness or age and GABA+ or Glu concentrations as seen
in Table 3.

Cortical Thickness
Fitness did not significantly model MCT in the sensorimotor area
nor in the frontal reference ROIs as seen in Table 4.

White Matter Microstructure
Fitness was shown to have a significant positive relationship with
FA in the PMd (βFITNESS = 0.001, SE = 0.0002, p = 0.01) and a
significant positive relationship with AD in S1 (βFITNESS = 8.24E-
07, SE = 3.76E-07, p = 0.04). Regression models of the reference
ROIs revealed a significant positive relationship between fitness
and AD in the hippocampal cingulum (βFITNESS = 19.19E-07,
SE = 6.63E-07, p = 0.01). A significant positive relationship
between age and RD existed in the preSMA (βAGE = 33.70E-07,
SE = 14.85E-07, p = 0.03) and S1 (βAGE = 24.98E-07, SE = 10.78E-
07, p = 0.03) and the cingulum connected to the cingulate gyrus
(βAGE = 53.41E-07, SE = 21.48E-07, p = 0.02). A detailed summary
of all DTI results can be seen in Supplementary Tables S1–S4.

DISCUSSION

In this study, we investigated the neurophysiological and
structural biomarkers that may vary as a function of fitness in
postmenopausal women. It is the first study to evaluate WM

microstructure in an exclusive cohort of postmenopausal females,
and to report that cardiorespiratory fitness is associated with
improved WM tracts in pre-motor, sensory and hippocampal
areas. Although previous studies have found fitness-related
increases in cortical volume in regions of the PFC in
postmenopausal women (Erickson et al., 2007), our results did
not show an effect of fitness on MCT in the PFC. This study is
also the first to evaluate neurophysiological measures in women
as a function of fitness and to find no significant effect of fitness
on corticospinal excitability or GABAergic and glutamatergic
receptor function in the motor cortex. Similarly, we did not
observe any significant effect of fitness on the concentration of
GABA or Glu within the motor cortex.

We determined that cardiorespiratory fitness was associated
with the microstructure of WM tracts traveling between the
corticospinal tract and the pre-motor and sensory areas in
postmenopausal women. Our results indicated a significant
positive relationship between fitness and FA of WM tracts
traveling from the corticospinal tract to the left PMd. More fit
individuals showed elevated PMd tract FA, suggesting improved
microstructure integrity and possibly function (Alexander et al.,
2007). Johnson et al. (2012) demonstrated that the majority of
WM tracts stemming from a fitness-related region of the CC,
connected to the pre-motor cortex. The PMd is associated with
motor selection and planning using visual and somatosensory
integration, thus playing a critical part in motor initiation and
learning (Kantak et al., 2012). One study assessing motor function
in aged rhesus monkeys found that faster motor function
was associated with greater FA and lower RD in WM tracts
contributing to motor processing, such as the internal capsule
(Sridharan et al., 2012). Similar results have been seen in humans,
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TABLE 3 | Results of multiple linear regression of neurotransmitter concentrations against fitness and age.

Coefficients (β) SE 95% CI p-value R2 (Adj.)

GABA+(mM) N = 22 VO2max
ADJ 0.002 0.004 −0.007:0.01 0.66 0.03

1.61 ± 0.31 Age −0.01 0.02 −0.06:0.03 0.55

Glu (mM) N = 23 VO2max
ADJ <0.0001 0.01 −0.02:0.02 0.99 0.03

8.58 ± 0.82 Age −0.04 0.05 −0.15:0.06 0.42

Means ± SD displayed. One outlier removed from GABA+.

TABLE 4 | Results of multiple linear regression of cortical thickness in the sensorimotor area and frontal cortex reference ROIs against fitness and age.

Coefficients (β) SE 95% CI p-value R2 (Adj.)

BA 1 VO2max
ADJ

−0.0001 0.002 −0.004:0.004 0.95 0.08

Age −0.017 0.009 −0.035:0.001 0.06

BA 2 VO2max
ADJ 0.0005 0.002 −0.004:0.003 0.80 0.03

Age −0.006 0.009 −0.024:0.011 0.47

BA 3a VO2max
ADJ 0.0008 0.001 −0.002:0.003 0.55 0.03

Age −0.004 0.006 −0.016:0.009 0.55

BA 3b VO2max
ADJ 0.002 0.002 −0.001:0.005 0.23 0.07

Age 0.001 0.007 −0.014:0.017 0.84

BA 4a VO2max
ADJ 0.002 0.001 −0.002:0.005 0.31 0.09

Age −0.012 0.006 −0.025:0.002 0.09

BA 4p VO2max
ADJ 0.002 0.002 −0.003:0.007 0.38 0.04

Age 0.001 0.011 −0.022:0.025 0.91

BA 6 VO2max
ADJ

−0.001 0.001 −0.004:0.002 0.48 0.06

Age −0.005 0.06 −0.017:0.007 0.39

SFG VO2max
ADJ

−0.001 0.001 −0.003:0.001 0.32 0.06

Age −0.003 0.005 −0.013:0.008 0.63

MFG VO2max
ADJ

−0.0001 0.001 −0.002:0.002 0.95 0.08

Age −0.007 0.005 −0.017:0.003 0.18

IFG VO2max
ADJ

−0.0005 0.001 −0.003:0.002 0.70 0.02

Age −0.003 0.006 −0.015:0.010 0.66

OFG VO2max
ADJ

−0.0009 0.001 −0.004:0.002 0.57 0.03

Age −0.004 0.007 −0.018:0.010 0.53

where fine finger movement performance has been associated
with greater FA and lower MD in the internal capsule (Sullivan
et al., 2010). Additionally, 3 weeks of bilateral upper limb training
have been shown to increase FA in corticospinal tracts traveling
along the internal capsule (Wang et al., 2014). Further, following
5 days of motor learning using the non-dominant hand, the
magnitude of skill acquisition was positively related to FA of
WM tracts between the ipsilateral PMd and SMA, as well as the
contralateral M1 (Schulz et al., 2014). Based on our findings, we
suggest that fitness may contribute to improved motor control
and learning by preserving pre-motor WM microstructure in
postmenopausal women.

In our study, an increase in AD in the left S1 tract was
noted in fit individuals, which may indicate reduced axonal
loss or degradation of the S1 tract with greater levels of fitness
(Alexander et al., 2007). S1 is involved in processing afferent
signals and integrating sensory and motor information for the
completion of skilled movement (Borich et al., 2015). Previous
literature has shown that tactile training for 3 weeks increases
FA in the WM of S1 (Debowska et al., 2016). These studies,
along with our findings, suggest that cardiorespiratory gains

may also yield greater tactile acuity through improved WM
microstructure. Further, our findings in the PMd and S1 imply
that fitness-related improvements to sensory and pre-motor WM
microstructure could promote faster reaction times, as well as
better coordination and tactile acuity in postmenopausal women.
This is important to consider when it comes to aging, since
aging correlates with decreased reaction time, impaired motor
coordination (Seidler et al., 2010) and reduced tactile acuity
(Kalisch et al., 2009). Promisingly, performing long-term exercise
may preserve these functions.

The present study demonstrates that cardiorespiratory fitness
is linked to improved WM integrity in tracts associated with
memory function in postmenopausal women. Analysis of our
reference ROIs reveal an increase in AD as a function of
fitness in the portion of the left cingulum connected to the
hippocampus, indicating reduced axonal degradation (Alexander
et al., 2007). Prior research has also reported an improvement in
the microstructure of the cingulum associated with fitness levels
(Marks et al., 2011; Tseng et al., 2013; Oberlin et al., 2016). In
particular, similar to our study, Tseng et al. (2013) observed that
Master athletes have lower MD in the left hippocampal cingulum
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compared to their sedentary counterparts. The hippocampus
plays an important role in memory function and has been
consistently implicated in the neural plasticity effects of long-
term exercise (Erickson et al., 2014), with larger hippocampal
volume associated with greater cardiorespiratory fitness and
improved memory (Erickson et al., 2009). Enhanced cingulum
microstructure has also been shown to promote memory function
(Kantarci et al., 2011). Based on these findings, it is likely
that the fitness-related improvements to the microstructure of
the hippocampal cingulum observed in our study may also
contribute to improving memory function.

Contrary to previous studies reporting that fitness is linked
with increased MCT in the left paracentral gyrus (Williams et al.,
2017), precentral gyrus, postcentral gyrus, MFG (Wood et al.,
2016) and in the dorsolateral PFC (Jonasson et al., 2016), here we
found no significant relationship between fitness and MCT in the
left PFC and sensorimotor areas in postmenopausal women. This
finding is also in contradiction with Erickson et al., who found
fitness-related increases in the cortical volume of the PFC in
postmenopausal women (Erickson et al., 2007). Although related,
cortical volume is not a direct measure of MCT (Winkler et al.,
2010), which may explain the differences between our findings.
Further, there are differences in the relative fitness of the sample
populations, with only one of the studies having a wide range
of fitness levels similar to our sample (Wood et al., 2016). Most
notable is that we studied only women and previous studies
included both sexes.

Our data indicates that cardiorespiratory fitness does
not influence corticospinal excitability or GABAergic and
glutamatergic receptor function in the motor cortex of
postmenopausal women, which is in line with previous findings
(Cirillo et al., 2009; McGregor et al., 2011, 2012, 2013, 2017; Lulic
et al., 2017). For example, fitness does not change SICI, a measure
of intracortical GABAergic receptor function, in the APB (Cirillo
et al., 2009) and flexor carpi radialis (FCR) (Lulic et al., 2017).
Likewise, intracortical glutamatergic receptor function in the
form of ICF in the FCR is unaffected by fitness (Lulic et al., 2017).
LIHI, which assesses interhemispheric GABAergic receptor
function, is also unaffected by fitness (McGregor et al., 2017).
Nonetheless, other trans-callosal circuits such as ipsilateral
silent period (iSP) increase with fitness and physical activity
(McGregor et al., 2011, 2012, 2017). Our study also found that
afferent circuitry, specifically SAI and LAI, are not affected by
fitness. Thus, taken together, our results further corroborate
previous findings demonstrating that corticospinal excitability
of the upper limb is unaffected by physical activity and fitness
(Cirillo et al., 2009; McGregor et al., 2011, 2012, 2013, 2017; Lulic
et al., 2017). Additionally, the fact that Mmax does not change
with fitness suggests that there are no training effects on the
muscle composition (muscle fiber concentrations and area) of the
APB that might influence EMG recordings (Molin and Punga,
2016). However, this would have to be verified with concurrent
muscle MRI and EMG measures (e.g., Akbari et al., 2016).

The current study was the first to evaluate GABA
concentrations as a function of fitness. Specifically, we found
that GABA+ in the primary motor cortex was unaffected
by fitness level in postmenopausal women. Our study does

not support previous research showing that higher levels of
physical activity predict higher resting Glu levels (Maddock
et al., 2016), while more fit individuals have lower resting Glu
levels (Dennis et al., 2015). In contrast, it was found that Glu
concentrations are unaffected by fitness in postmenopausal
women. However, previous studies investigated populations of
both men and women, and assessed Glu concentrations in the
occipital lobe (Dennis et al., 2015; Maddock et al., 2016), as
opposed to examining only females and the motor cortex as we
did here. Furthermore, we used an optimized STEAM sequence
that better separated the complex splitting patterns of Glx
peaks leading to better delineation of glutamate and glutamine
(Sheffield et al., 2009).

Age is a co-variate that we and others have included in
the regression model (Fletcher et al., 2016; Wood et al., 2016).
However, age did not have a significant effect on most of the
neurophysiological and MCT measures. This is likely due to
the narrow age range of participants (52–65 years) and the fact
that this age-range does not reflect the point at which age-
related decline becomes more apparent. Nonetheless, age had
some influence on structural markers. A significant positive
relationship between age and RD existed in the tracts of the left
preSMA and S1, as well as in the tracts that connect the left
cingulum to the cingulate. This relationship indicates that aging
may cause demyelination of axons in these tracts (Alexander
et al., 2007), high-lighting the fact that aging interferes with
structures associated with both sensorimotor and cognitive
function in postmenopausal women.

Limitations
One of the major limitations of our work is the macromolecule
contamination of the GABA+ signal due to the transmit RF
bandwidth of the editing pulse in MEGA-PRESS, which may
play a role in the observed results (Mullins et al., 2014).
Although MEGA-PRESS with macromolecule suppression exists,
this method still suffers from high variability of GABA levels
due to the influence of frequency drift (Mikkelsen et al., 2017).
It is also important to note that measures of GABA+ from the
VOI are not strictly from M1, but actually include other areas
of the sensorimotor cortex, an effect of partial volume. It is also
unknown whether the area being assessed with MRS is the exact
same area being assessed with TMS, since the placement of the
VOI is based on structural markers, while the location of the TMS
hotspot is based on a functional paradigm. Future studies would
benefit from collecting MRI data prior to the TMS assessment,
and using the acquired anatomical images to ensure stimulation
is applied at the exact area where the VOI was placed. An
additional limitation is that SAI was not assessed using measured
somatosensory evoked potentials (SEPs) to determine an ISI for
each individual based on the N20 component. Hence, the depth
of inhibition may not be at its maximum.

Diffusion tensor imaging results should also be interpreted
with caution as crossing fibers may affect the observed values
(Soares et al., 2013). Our results showed no effect of fitness
on neurophysiology. However, these observations are limited to
the motor cortex, and are not generalizable to other regions of
the brain. As the majority of fitness-related changes have been
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localized to the frontal lobe and hippocampus, it is possible that
these areas may show changes in neurotransmission and thus
require future investigation.

We would also like to acknowledge the small sample size,
although we matched or exceeded the sample size of previous
studies (Cirillo et al., 2009; Marks et al., 2011; McGregor et al.,
2011, 2012, 2017; Dennis et al., 2015; Maddock et al., 2016; Wood
et al., 2016; Lulic et al., 2017). Further, the association between
cognitive aptitude and years of education on brain structure
should be noted (Gordon et al., 2008; Ho et al., 2011; Kaup
et al., 2011; Bennett and Madden, 2014; Cremers et al., 2016;
Cacciaglia et al., 2018). Although cognitive tests and education
were not used to adjust the data, to ensure participants had
no significant cognitive deficits, they were screened using the
MOCA, which incorporates years of education as part of the
scores. Participants with a MOCA score of 26 might have
minimal cognitive impairment. Six participants out of thirty-five
had a score of 26, which is, however, the minimum passing score
of the MOCA and thus acceptable (Nasreddine et al., 2005).

Lastly, we used a modified version of the Astrand-Ryhming
cycling ergometer protocol (Åstrand and Ryhming, 1954;
Siconolfi et al., 1982; Pescatello et al., 2014), a commonly
used submaximal cardiorespiratory fitness assessment to estimate
VO2max (Guiney et al., 2015; Kawagoe et al., 2017). Estimating
VO2max using a sub-maximal test allowed participants who may
be at-risk during a maximal fitness test to be included. However, a
maximal cardiorespiratory fitness assessment to directly measure
VO2max could be used in future studies to confirm our findings.

Conclusions
This was the first study to comprehensively assess
neurophysiological and structural markers as a function of fitness
in postmenopausal women. Our results indicate that fitness
may affect the microstructure of WM tracts associated with
both motor control and sensory processing. Further, we show
no fitness-related changes to GABA or Glu neurotransmission
in the motor cortex of postmenopausal women. Whether these
findings can be translated to other regions of the brain remains
to be investigated. Future research should probe whether fitness
gains are associated with improved motor skill function such

as coordination, and tactile perception in postmenopausal
women, and last, whether long-term exercise will preserve this
sensorimotor function into their senior years.
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