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Abstract

A growing body of evidence indicates that cardiorespiratory fitness attenuates some age-related 

cerebral declines. However, little is known about the role that myocardial function plays in this 

relationship. Brain regions with high resting metabolic rates, such as the default mode network 

(DMN), may be especially vulnerable to age-related declines in myocardial functions affecting 

cerebral blood flow (CBF). This study explored the relationship between a measure of myocardial 

mechanics, global longitudinal strain (GLS), and CBF to the DMN. In addition, we explored how 

cardiorespiratory affects this relationship. Participants were 30 older adults between the ages of 59 

and 69 (mean age = 63.73 years, SD = 2.8). Results indicated that superior cardiorespiratory 

fitness and myocardial mechanics were positively associated with DMN CBF. Moreover, results of 

a mediation analysis revealed that the relationship between GLS and DMN CBF was accounted 

for by individual differences in fitness. Findings suggest that benefits of healthy heart function to 

brain function are modified by fitness.
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INTRODUCTION

Growing evidence suggests that physical activity and exercise have protective effects on 

brain health (Kramer and Erickson, 2007; Smith et al., 2010). Animal models suggest that 

cardiorespiratory fitness (fitnessCR) may benefit brain health in part via vascular changes 

that increase cerebral blood flow, CBF (Swain et al., 2003). However, less is known about 

the relationship between fitnessCR and CBF in humans and how these measures are linked to 

myocardial function. Global longitudinal strain (GLS), a measure associated with left 

ventricular myocardial tissue deformation (Hoit, 2011; Reisner et al., 2004), is a strong 

indicator of myocardial function and is associated with subclinical brain disease in the 

absence of cardiac disease (Russo et al., 2013). Thus, the predictive power of GLS makes it 

an ideal proxy of cardiac function when attempting to better understand the relationship 

between heart health and brain health in older adults.

To date, no study has explored the potential separate and joint contributions of fitnessCR and 

myocardial function to brain CBF. The default mode network (DMN) is a set of intrinsically 

connected regions that are most active when not specifically engaged in an externally 

directed cognitive task (Buckner et al., 2008; Buckner and Carroll, 2007; Dixon et al., 2014). 

The DMN includes the medial prefrontal cortex (mPFC), anterior and posterior cingulate 

cortex (ACC/PCC), and medial temporal cortex, regions that show disproportionately high 

resting metabolic rates (Buckner et al., 2008; Gusnard and Raichle, 2001) and susceptibility 

to healthy aging and Alzheimer's disease (Buckner et al., 2005; Koch et al., 2010). The 

DMN is therefore an ideal target to determine these relationships using ASL-MRI.

In the present study, we explored the relationship between fitnessCR and CBF to the DMN 

using an independent component analysis (ICA) to identify the DMN in an unbiased 

manner. In addition, we explored the role of myocardial function in CBF to the DMN. 

Declines in cardiac function are associated with accelerated brain aging (Jefferson et al., 

2010) and precede disease processes characterized by declines in cognitive function, such as 

Alzheimer's disease (de la Torre, 2009; de la Torre, 2010). However, training-induced 

increases in fitnessCR are associated with augmented maximal cardiac output and not resting 

cardiac output (Ehsani et al., 1991; Stratton et al., 1994), suggesting that improving 

fitnessCR through regular physical activity may help to protect the brain from age-related 

declines in resting cardiac function.

METHODS

Participants

Forty-two community dwelling healthy volunteers (14 males) participated in this study 

(mean age = 63.89 years, SD = 2.94). Participants provided written informed consent in a 

manner approved by the University of Kentucky Institutional Review Board and were 
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monetarily rewarded for participating. Twelve of these 42 participants (5 male) were 

excluded from the study. Of these twelve participants five did not complete the treadmill test 

because they were either currently taking a beta-blocker, they reported a history of cardiac 

ablation, or the supervising cardiologist terminated the test due to an abnormal 

electrocardiogram (ECG). One participant voluntarily terminated the test due to mouthpiece 

discomfort and another participant was unable to complete the MRI scan due to the presence 

of a scleral buckle. The remaining 5 participants were excluded because they failed to 

achieve VO2 peak (described below).

The 30 remaining participants (9 males) ranged in age from 59 to 69 (mean age = 63.73 

years, SD = 2.8). Participants met all criteria for participating in a magnetic resonance 

imaging (MRI) study. Exclusion for the MRI study included history of a major head injury 

and/or concussion, neurological disorder (e.g., stroke, seizure), or the presence of metal 

fragments and/or metallic implants that could cause bodily injury or disrupt the magnetic 

field. All participants also met all criteria for participating in a maximal graded exercise test. 

Exclusion for the graded exercise test included a diagnosis of any major medical condition 

(e.g., heart, lung, or kidney disease), a history of uncontrolled high blood pressure, 

uncontrolled diabetes, a history of heart complications (e.g., heart murmur or coronary 

artery disease), pulmonary dysfunction (e.g., severe asthma, chronic obstructive pulmonary 

disease, emphysema), or orthopedic limitations (e.g., foot, knee, or hip problems) that would 

result in bodily injury or limit performance. A modified version of the Physical Activity 

Readiness Questionnaire (PAR-Q) was used to screen participants prior to participation in 

the study. Additionally, physician clearance was obtained for each participant.

Echocardiography

A limited study transthoracic echocardiogram was obtained on each participant adhering to 

American Society of Echocardiography (ASE) criteria (Mor-Avi et al., 2011). 

Echocardiography was performed with a commercially available scanner (IE33, Phillips) 

and transducer. Imaging data was acquired by two level 2 echo trained cardiovascular 

physicians who were part of the study team. Several consecutive cardiac cycles were stored 

for later post-processing on an external workstation by the same two physicians. Two-

dimensionsal global longitudinal strain (speckle-tracking) was calculated using dedicated 

software (QLAB, Phillips). Since GLS quantifies left ventricular myocardial shortening 

during systole, lower more negative values represent superior myocardial mechanics. Lastly, 

to render GLS-CBF and GLS-fitnessCR relationships more interpretable, participant's GLS 

values were multiplied by −1 so that higher scores reflect superior myocardial shortening 

mechanics.

Cardiorespiratory Fitness Assessment

All participants completed a physician-supervised maximal graded exercise test (Max GXT) 

to assess VO2 peak using a previously described standardized protocol (Johnson et al., 

2012). Briefly, the exercise test was conducted in the Assessment Laboratory of the 

University of Kentucky's Center for Clinical and Translational Sciences Translation Analytic 

and Assessment Core using an indirect calorimetry system with integrated 12-lead ECG 
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(Sensormedics Vmax229 metabolic cart; Yorba Linda, CA). A multistage stepwise treadmill 

protocol, including 3-minute stages, was used to assess fitnessCR.

During the Max GXT continuous heart rate and dynamic heart function were measured and 

monitored via 12-lead ECG. Oxygen consumption was measured breath-by-breath and later 

averaged over one minute intervals and expressed relative to body weight (ml/kg/min) 

during the test and recovery period. Manual blood pressures and rating of perceived exertion 

(RPE; using the modified Borg Scales) were collected during the final 30 sec of each 3-

minute stage. All tests were terminated upon participant reported volitional fatigue, the 

presence of any absolute or relative indications for terminating exercise testing in 

accordance with the American College of Sports Medicine's Guidelines for Exercise Testing 

and Prescription (Thompson et al., 2010), or any symptom the supervising physician 

considered hazardous to the well-being of the participant. All exercise tests were performed 

within 23 days of the acquisition of the MRI (mean = 10.4, SD = 4.9).

VO2 peak was defined as meeting ≥ 2 of the following 3 criteria: 1) achievement of an age-

predicted maximum HR; 2) self-reported RPE scores ≥ 17; and 3) a respiratory exchange 

ratio of ≥ 1.1. Additionally, the highest observed VO2 value was used for all analyses. The 

standard 220-age equation was used to calculate age-predicted maximum HR. Five 

participants were not included in the analysis because they failed to meet ≥ 2 of the 3 

criteria.

The primary purpose of the study was to characterize the relationship between myocardial 

function, fitnessCR, and cerebral blood flow. We used a modified version of our previously 

constructed composite score (see Johnson et al., 2012) which includes total time on treadmill 

(seconds) and VO2 peak, two fitnessCR metrics shown to be predictive of WM 

microstructure (Johnson et al., 2012), to generate a score representative of fitnessCR. Briefly, 

values for VO2 peak and total time on treadmill were normalized across each aerobic 

fitnessCR metric [e.g., normalized value A = (A-min)/(max-min); range from 0 to 1 for each 

metric] and then summed to create a single value between 0 and 2 (i.e., composite-

fitnessCR). Values closer to 0 represent those participants with lower fitnessCR levels and 

values closer to 2 represent those participants with higher fitnessCR levels.

MRI Acquisition

Data were collected on a 3 Tesla Siemens TIM scanner at the University of Kentucky. A 32-

channel imaging coil was used. Three primary imaging sequences were collected for each 

participant in this study: 1) a high-resolution, T1-weighted sequence for subsequent 

localization of cerebral blood flow and resting-state activity in standard stereotactic space; 2) 

T2*-weighted images sensitive to resting fluctuations in BOLD signal; and 3) a Pulsed ASL 

(PASL) sequence for estimation of absolute cerebral blood flow.

Two high-resolution, 3D anatomic images were acquired using a magnetization-prepared 

rapid gradient-echo (MPRAGE) sequence with the following parameters: echo time (TE) 

2.26 ms, repetition time (TR) 2530 ms, field of view (FOV) of 256 mm, flip angle (FA) of 

7°, and voxel size of 1×1×1 mm. CBF was estimated using a PASL sequence with a 

proximal inversion with a control for off-resonance effects (PICORE) and quantitative 
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imaging of perfusion with a single subtraction and thin-slice TI1 (700 ms) periodic saturation 

(Q2TIPS) sequence. One hundred and four images were acquired with TI2 = 1900 ms, TE 

=12 ms, TR = 3400 ms, FA = 90°, FOV = 256 mm, 64 × 64 matrix, and voxel size of 

4.0×4.0×5.0 mm. Tag and untagged image pairs were acquired in order to calculate CBF in 

each voxel. A single M0 image was also acquired (total images collected = 105) prior to 

steady state. Finally, T2*-weighted images sensitive to changes in BOLD were acquired 

with the following parameters: TE 30 ms, TR 2000 ms, FOV = 224 mm, (FA) of 76°, and 

voxel size of 3.53 mm3.

MPRAGE Processing

Two T1-weighted anatomical images were acquired for each participant and were submitted 

to the previously described FreeSurfer pipeline (Dale et al., 1999; Fischl et al., 1999). 

Briefly, the two T1-weighted images were rigid body registered to each other, averaged to 

increase signal-to-noise (SNR), reoriented into a common space, bias field corrected in 

which the intensity at each voxel is divided by the estimated bias field at that location, skull 

stripped using a deformable template model (Segonne et al., 2004), and then tissue classified 

based on intensity gradients and a priori boundaries between white and grey matter regions. 

Images were then manually edited slice-by-slice for pial surface and cerebellar 

misclassifications.

Resting-State Processing

Intrinsic connectivity during resting state fMRI was assessed via independent component 

analysis using FMRIB's Software Library (FSL) Multivariate Exploratory Linear Optimized 

Decomposition into Independent Components (MELODIC) tool (http://

fsl.fmrib.ox.ac.uk/fsl/fsl-4.1.9/melodic/index.html). ICA is a statistical technique that 

decomposes a summative signal into independent additive spatiotemporal subcomponents. 

MELODIC's multi-session temporal concatenation option was employed to allow for the 

identification of group-level spontaneous intrinsic brain networks, or subcomponents. We 

allowed MELODIC to estimate the optimal number of components across the group.

The resting-state data were brain-extracted (Smith, 2002), motion corrected to the median 

functional image using b-spline interpolation, temporally filtered with a 100 second high-

pass filter, and spatially smoothed with a 7 mm full width at half maximum (FWHM) kernel. 

The previously skull stripped anatomical volumes (see FreeSurfer steps above) were 

registered to the standard space T1 MNI 2 × 2 × 2 mm template with FSL's Non-linear 

Image Registration Tool (FNIRT; http://www.fmrib.ox.ac.uk/analysis/techrep). Each 

participant's median functional image was then co-registered to their anatomical volume and 

warped to standard space using the non-linear warping matrix generated during the 

transformation of the anatomical volume to standard space. All resulting functional images 

were interpolated to 2 × 2 × 2 mm resolution for group-level network identification.

The DMN component was identified (component 10), isolated using FSL's fsl_roi command, 

and thresholded at a significance level of Z > 4.3. The thresholding yielded a DMN map 

composed of midline frontal and parietal regions (Figure 1). The ventral medial prefrontal 

cortex region was predominantly composed of paracingulate and anterior cingulate voxels 
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(peak; x = −4, y = 52, z = 4) and the parietal region was predominantly composed of the 

precuneus and posterior cingulate voxels (peak; x = −6, y = −56, z = 20). The thresholded 

DMN map was then binarized and multiplied by the 2mm Harvard-Oxford Atlas (25% 

threshold) using FSL's fslmaths command in order to create a single DMN ROI mask.

CBF Processing and Analysis

The initial step in processing the perfusion data was to isolate magnetization recovery image 

for blood, or M0, using FSL's fslroi utility (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Fslutils). M0 

serves as an internal reference to calibrate the perfusion-weighted images to generate 

absolute CBF (ml/100g/min) maps. Brain masks were next generated from each M0 image 

using FSL's brain extraction tool (BET v2.1) and were applied to the remaining tagged and 

untagged pairs of images in order to exclude non-brain voxels from further consideration. 

The M0 image was then registered to the high-resolution T1 anatomical image with an affine 

transformation with six degrees of freedom using FMRIB's Linear Image Registration Tool 

(FLIRT; (Jenkinson et al., 2002; Jenkinson and Smith, 2001)). This generated a 

transformation matrix for the warping of perfusion-weighted images into anatomical space.

Next, a perfusion-weighted image (relative CBF) was created by performing a tag-control 

subtraction followed by an averaging of the difference images using FSL's asl_file 
command, a utility that is part of the Bayesian Inference for Arterial Spin Labeling (BASIL) 

tool (Chappell et al., 2009). BASIL is a toolkit that employs a Bayesian algorithm to fit a 

standard kinetic curve model (Buxton et al., 1998) to the ASL data. Absolute CBF was 

calculated using BASIL's oxford_asl command, which applies the kinetic model inversion to 

all images and calibrates and registers the perfusion-weighted data. This was achieved by 

defining the sequence inversion time (--tis = 1.9 s), bolus duration (--bolus = 0.7 s; --

fixbolus), slice timing difference (--slidedt = 0.0625), repetition time for the M0 calibration 

image (--tr = 3.4 s), and echo time (--te = 12 ms). Default T1 (1.3 s) and T1b (1.6 s) values 

were used since acquisition was at 3T.

The isolated M0 image was used to quantify absolute units of CBF by first solving for M0 in 

CSF voxels, via automatic segmentation of the ventricles, and then determining the 

equilibrium magnetization of blood. The perfusion-weighted image was then divided by M0 

to yield absolute CBF (ml/100g/min). Individual perfusion calibrated CBF maps were then 

registered to the high-resolution T1 anatomical image with an affine transformation with six 

degrees of freedom by referencing the transformation matrix generated from the M0 to 

structural space registration (--asl2struc). These maps were then warped to standard space 

using the non-linear warping matrix generated during the transformation of the anatomical 

volume to standard space (T1 MNI 2 × 2 × 2 mm template). Fig. 2A and 2C depict the 

results of a warped CBF map in a single representative subject.

Individual CBF maps were next multiplied by the previously generated DMN masks and 

thresholded at a value of 15 to reduce partial voluming effects. A value of 15 was selected to 

prevent the inclusion of grey-white matter boundary voxels with CBF values suggestive of 

physiological ischemia (Hossmann, 1994), while including voxels with values suggestive of 

viable cerebral tissue (Ohashi et al., 2005; Powers et al., 1985). Fig. 2B and 2D depict the 

DMN ROI mask in a single representative subject. Finally, mean CBF values were extracted 
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from a single DMN ROI, collapsed across medial frontal and parietal regions, using FSL's 

fslstat command.

Mediation Analysis

An SPSS macro designed to perform a multiple mediator bootstrapping model with bias-

corrected confidence estimates was used to explore the mediation effect of fitnessCR on the 

relationship between GLS and DMN CBF (Preacher and Hayes, 2004). In addition, an 

alternative analysis was used to explore the mediation effect of GLS on the relationship 

between fitnessCR and DMN CBF. The 95% confidence interval of the indirect effect was 

obtained with 1000 bootstrap resamples.

Results

Demographic, fitnessCR, and GLS data are presented in Table 1. Although this study is not 

investigating sex differences related to GLS or fitnessCR, we did observe a significant sex 

difference for height, weight, GLS, VO2 peak, and total time on treadmill. Male participants 

demonstrated significantly higher values for height [F(1, 28) = 36.16 for P < 0.0001], weight 

[F(1, 28) = 14.29 for P = 0.001], VO2 peak [F(1, 28) = 15.46 for P = 0.001], and total time 

on treadmill [F(1, 28) = 9.04 for P = 0.006]. In addition, male participants also demonstrated 

significantly lower GLS values [F(1, 28) = 5.81 for P = 0.023] indicating better myocardial 

mechanical function.

Partial correlations between the independent variables and DMN CBF while controlling for 

age and sex revealed that GLS demonstrated a significant positive relationship with CBF (r = 

0.40, p = 0.048) and a marginal positive relationship with fitnessCR (r = 0.29, p = 0.086). 

FitnessCR showed a significant positive correlation with DMN CBF (r = 0.57, p = 0.010). 

Scatter plots illustrating these relationships are presented in Fig. 3.

Multiple regression analyses were conducted to assess each component of the proposed 

mediation model. First, it was found that GLS was positively associated with DMN CBF 

(beta = 1.10, t(26) = 2.07, p = 0.048). A marginal positive relationship was observed 

between GLS and fitnessCR (beta = 0.032, t(26) = 1.79, p = 0.086). Finally, results indicated 

that the mediator, fitnessCR, was positively associated with DMN CBF (beta = 14.49, t(26) = 

2.76, p = 0.010). Results of the mediation analysis confirmed the mediating role of fitnessCR 

in the relationship between GLS and DMN CBF (beta = 0.46; CI = 0.05 to 1.23). In 

addition, results indicated that the direct effect of GLS on DMN CBF became non-

significant (beta = 0.64, t(26) = 1.28, p = 0.213). The mediation model illustrating this 

relationship is presented in Fig. 4. Alternatively, GLS failed to show a mediating role in the 

relationship between fitnessCR and DMN CBF (beta = 2.21; CI = −0.08 to 9.01).

Finally, to determine if our findings were specific to regions with high resting metabolic 

rates we explored relationships between CBF, GLS and fitnessCR in the task positive 

network (TPN) and compared the strength of correlations between the TPN and DMN. No 

significant relationship was observed between TPN CBF and GLS (r = 0.18, p = 0.39) or 

TPN CBF and fitnessCR (r = 0.38, p = 0.13). Despite a lack of association in the TPN, there 

was no significant difference in the strength of correlations between DMN CBF and GLS 
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and TPN CBF and GLS (zobs = 0.89; −1.96 > z > 1.96), or between DMN CBF and 

fitnessCR and TPN CBF and fitnessCR (zobs = 0.91; −1.96 > z > 1.96).

DISCUSSION

The present study represents the first exploration of relationships between both fitnessCR and 

heart function on brain CBF. Our results build upon findings that both cardiac function and 

fitnessCR help to maintain the structural and functional integrity of the aged brain 

(Colcombe et al., 2006; Kramer et al., 2005; Zuccala et al., 1997). Specifically we found that 

GLS, a measure of left ventricular myocardial mechanics, and fitnessCR were associated 

with greater DMN CBF. Moreover, our results showed that fitnessCR mediated the 

relationship between myocardial function and DMN CBF. These findings provide more 

evidence to support the role that fitnessCR plays in the maintenance of cerebral vitality in 

late adulthood. The findings also highlight the relationship between myocardial function and 

CBF. The implications of these findings are discussed below.

Age-related decreases in CBF are a common finding in the literature and represent one of 

many potential mechanisms that contribute to declines in the integrity of the aged brain 

(Ainslie et al., 2008; Bertsch et al., 2009; Buijs et al., 1998; Tarumi et al., 2014). Age-related 

changes in GLS have also been reported in the literature (Dalen et al., 2010; Kaku et al., 

2014), and appear to be a more sensitive indicator of myocardial dysfunction when 

compared to ejection fraction (Ersboll et al., 2013; Sjoli et al., 2009). We therefore chose to 

focus the attention of this study on quantifying both GLS and CBF to the DMN. The DMN 

was selected because it is comprised of several cortical regions, including the precuneus and 

cingulate cortex, that show high resting metabolic rates (Buckner et al., 2008; Gusnard and 

Raichle, 2001) and susceptibility to AD pathophysiology (Braak and Del Tredici, 2011; 

Buckner et al., 2005). We found that better myocardial function was associated with greater 

CBF to anterior and posterior portions of the cingulate cortex and precuneus. Our results 

build on recent findings that GLS is related to cerebrovascular health in individuals with 

normal left ventricular ejection fraction (Russo et al., 2013).

We also chose to focus our attention on a protective factor related to both heart health and 

brain health, fitnessCR. FitnessCR is a strong marker of health that declines with age (Fleg et 

al., 2005; Stathokostas et al., 2004) and reduces the risk of both Alzheimer's disease and 

cardiovascular disease (Bassuk and Manson, 2003; Hamer and Chida, 2009). We opted to 

use a composite measure of fitnessCR, which included VO2 peak and total time on treadmill, 

because we previously observed that these two variables were predictive of WM 

microstructure (Johnson et al., 2012). Similar to myocardial function, we observed a positive 

relationship between fitnessCR and DMN CBF. Our results provide additional evidence for 

the supportive nature that fitnessCR plays in maintaining brain health.

Since training-induced increases in fitnessCR are not associated with augmented cardiac 

output at rest (Ehsani et al., 1991; Stratton et al., 1994), we determined the indirect effect of 

GLS, a proxy of cardiac function, on DMN CBF through our mediator variable fitnessCR. 

Results indicated that fitnessCR mediated the effects of resting myocardial function on DMN 

CBF and suggest that the detrimental effects of age-related declines in myocardial function 
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on brain health are ameliorated by fitnessCR. Thus, maintaining fitnessCR through regular 

physical activity and exercise is instrumental in preserving brain health late in life, as 

declines in cardiac function are associated with cognitive impairment (Almeida and Tamai, 

2001; Vogels et al., 2007; Zuccala et al., 1997). Moreover, low normal measures of resting 

cardiac function are associated with smaller brain volumes, delayed recall, and poorer 

cognitive performance (Jefferson et al., 2011; Jefferson et al., 2010).

Individual differences in myocardial function represent a potential mechanism for 

differences in brain function, but the underlying physiology responsible for this relationship 

is poorly understood. Previous findings have demonstrated that lower GLS is associated with 

increased arterial stiffness (Russo et al., 2011) and that increased arterial stiffness reduces 

CBF (Kielstein et al., 2006). Arterial stiffness increases with age (Mitchell et al., 2004) and 

may therefore contribute to age-related declines in the structural and functional integrity of 

the brain (Hanon et al., 2005; Ohmine et al., 2008). However, superior fitnessCR is 

associated with reduced arterial stiffness (Vaitkevicius et al., 1993) and may therefore help 

to explain the mediating role observed in this study. Future longitudinal study designs are 

needed to determine if improved fitnessCR results in improved vascular compliance in 

healthy older adults.

Unlike the DMN, CBF in the task positive network (TPN) was not related to GLS or 

fitnessCR. This lack of relationship is not surprising since participants were not actively 

engaged in a task. However, it should be noted that the CBF-GLS and CBF-fitnessCR 

associations within the DMN network were not statistically stronger than those in the TPN. 

Thus, our results do not permit a conclusion that the effects of our fitness/heart measures on 

CBF are strongest in the DMN. This question remains a relevant one to be addressed in 

future studies with larger sample sizes given the tightly regulated relationship between CBF 

and active cortical regions (van Beek et al., 2008; Wagner et al., 2012) and previously 

reported relationships between fitnessCR and functional activity in task dependent cortical 

regions (Colcombe et al., 2004; Holzschneider et al., 2012).

The present study has a few caveats that open the door for future research. First, the cross-

sectional design of our study limits our ability to make causal claims about the relationships 

between GLS, fitnessCR, and CBF. However, the relationships reported in this study serve to 

justify future intervention studies focused on determining if improved fitnessCR leads to 

increases in DMN CBF, or improvements in GLS. Second, longitudinal study designs will 

help to elucidate whether or not improved GLS, fitnessCR, and DMN CBF yield any 

cognitive benefit during active task performance. Findings from such studies could 

potentially help to identify a unifying potential physiological mechanism behind the reduced 

deactivations seen in the DMN in both normal aging and Alzheimer's disease (Grady et al., 

2006; Lustig et al., 2003). Third, our work focused exclusively on the DMN and a single 

imaging modality, ASL. Future work should adopt multimodal strategies to gain a more 

complete understanding of the relationship between GLS and other proxies of brain health. 

For example, future studies should collect fMRI and echocardiography data to determine if 

improved left ventricular myocardial function results in cognitive gains associated with TPN 

activity. Moreover, combining fMRI and ASL modalities has been shown to maximize the 

efficacy of perfusion data by increasing the SNR (Zhu et al., 2013). Finally, although we 
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encouraged participants to abstain from consuming caffeine and alcohol 24 hours prior to 

scanning, we acknowledge that compliance to such requests are not guaranteed. Thus, such 

factors could have contributed to our CBF values (Chen and Parrish, 2009; Gundersen et al., 

2013).

In conclusion, our results demonstrate that a clinical measure of myocardial function, GLS, 

is associated with CBF to the DMN. Moreover, a combined measure of fitnessCR previously 

found to be associated with WM integrity demonstrated a positive relationship with CBF to 

the DMN. FitnessCR also mediated the effect of GLS on DMN CBF, suggesting that 

fitnessCR late in life may play a significant role in maintaining CBF despite age-related 

changes in heart health. These findings motivate future longitudinal and multimodal studies 

aimed at determining if increased levels of physical activity improve measures of left 

ventricular myocardial mechanics and attenuate age-related declines in CBF and cognition.
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HIGHLIGHTS

• Cardiorespiratory fitness is correlated with default mode network blood 

flow

• Myocardial function is correlated with default mode network blood 

flow

• Fitness mediates the relationship between myocardial function and 

blood flow

• Benefits of healthy heart function to brain function are modified by 

fitness
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Figure 1. Default Mode Network Region of Interest
Anterolateral view of the left (A) and right (B) default mode network (DMN) region of 

interest (ROI). The ROI was composed of the ventral medial prefrontal cortex and posterior 

cingulate/precuneus. The DMN ROI was identified using an Independent Component 

Analysis (ICA). Cerebral blood flow (CBF) was quantified within this ROI using arterial 

spinal labeling (ASL) MRI. The underlay represents the 3D reconstruction of the MNI152 

T1-weighted 2 mm brain.
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Figure 2. Perfusion Map and DMN Region of Interest Mask
(A) Sagittal and (C) axial perfusion calibrated cerebral blood flow (CBF) maps of a single 

representative subject. The CBF maps were warped to standard space using the non-linear 

matrix generated during the transformation of the anatomical volume to standard space. (B) 

Sagittal and (D) axial representations of the DMN region of interest mask overlaid on top of 

the CBF map. The mask is scaled to CBF (blue-light blue) and thresholded at 15.
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Figure 3. GLS and Fitness are correlated with DMN CBF
Scatterplots show relationships between DMN CBF and each health metric. 

Cardiorespiratory fitness (fitnessCR) showed a positive relationship with DMN CBF (A) and 

GLS showed a positive relationship with DMN CBF (B). Note: To render GLS-CBF 

relationships more interpretable, participant's GLS values were converted such that higher 

scores now reflected superior myocardial shortening mechanics (by multiplying each 

participant's score by −1).
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Figure 4. Mediation Model
After controlling for age and sex global longitudinal strain (GLS) showed a positive 

relationship with DMN CBF (path c; solid arrow) and a marginal positive relationship with 

cardiorespiratory fitness (path a). Cardiorespiratory fitness showed a positive relationship 

with DMN CBF (path b) and mediated the relationship between GLS and DMN CBF (c’; 

dashed arrow). Correlations coefficients are depicted with p-value superscripts for each path. 

Note: To render GLS-CBF relationships more interpretable, participant's GLS values were 

converted such that higher scores now reflected superior myocardial shortening mechanics 

(by multiplying each score by −1).
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Table 1

Demographic data, GLS, and fitness test scores.

Subjects Age Height (m) Weight (kg) GLS (%) VO2 Peak (ml/kg/min) Time On Treadmill (sec)

n = 30 63.7 (2.8) 1.68 (0.11) 70.3 (12.1) 16.0 (3.3) 32.7 (9.0) 1113.5 (190.8)

Female n = 21 63.9 (2.8) 1.63 (0.07) 65.8 (9.39) 15.1 (2.7) 29.2 (6.4) 1052.8 (178.4)

Male n =9 63.2 (3.0)
1.80

***
 (0.08) 80.9

*
 (11.4)

18.1 (3.8)
40.7

***
 (9.1) 1255.0

***
 (142.0)

Abbreviations: m = meters; kg = kilograms; ml = milliliters; min = minute; s = seconds. GLS values were converted (multiplied by −1) such that 
higher scores reflect superior myocardial shortening mechanics. Note: values are means and values in parentheses are S.D.

†P = 0.010

**P < 0.005

*
P = 0.019

***
P < 0.0005.
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