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Target audience Researchers and clinicians interested in the mechanisms underpinning vascular health and exercise as a therapeutic 
measure for neurovascular disease. 

Purpose Cerebrovascular reactivity (CVR) is the response of cerebral blood vessels to vasoactive stimuli such as variations in arterial 
CO2 levels1.  In recent years, exercise has been identified as a key modulator of brain health, with mounting evidence proposing its 
relevance to treating or preventing neurodegenerative diseases and understanding healthy ageing. Specifically, exercise is thought 
to reduce typical cognitive decline through promoting mechanisms of neurogenesis and neurovascular health. We investigated 
neurovascular function in young adults with varying degrees of fitness to understand the therapeutic potential of exercise 
interventions in disease. A voluntary breath-holding paradigm2 was used to produce transient changes in CO2 during functional MRI to 
quantify how changes in CVR vary with fitness in young adults.  The aims of this pilot study were to 1) investigate whether fitness 
can predict CVR as a marker of vascular health in young adults, and 2) to compare BOLD and CBF as reliable measures of CVR. 

Methods Ten healthy male volunteers (Mean age=21.2; SD =1.7) underwent a VO2MAX physical 
fitness test.  Participants were scanned using at 3T (GE Excite HDx) whilst performing a 
breath-hold task consisting of paced breathing, interrupted by 5 breath-holds of 15s duration.  
End-tidal C02 measurements (PETCO2) were recorded continuously via nasal cannula. Dual-echo 
PICORE QUIPSS II3 PASL was applied (TI1=700ms, TI2=1600ms, TR=2.2 s, 20-cm tag width) and 
BOLD and CBF time-series images were acquired using a spiral echo gradient readout 
(TE1=2.7ms, TE2=29ms, flip angle=90°, 12 slices, 7mm thick, 1 mm inter-slice gap). MCFLIRT 
was used for motion correction of the BOLD time-series from which identical transformation 
matrices were also applied to the CBF time-series for consistency. Individual grey matter 
masks were calculated from subject-specific high-resolution T1 weighted images using FSL 
FAST, and mean Δ%BOLD and Δ%CBF time-series were calculated within these voxels. CVR was 
quantified for each subject by calculating the regression slope between the Δ%BOLD or Δ%CBF 
time-series and a lag-optimised PETC02 trace.2 

Results BOLD CVR in a whole-brain grey matter ROI revealed a trend towards reduced CVR with 
increased fitness levels, but this did not reach significance (mean CVR=0.3%/mmHg, SD=0.09, 
p=0.17, Fig.1a).  To assess whether this effect was driven by changes in CBF, a similar analysis 
was carried out using Δ%CBF measurements, which revealed a similar non-significant trend 
(mean CBF CVR=4.4%/mmHg, SD=1.98, p=0.15, Fig.1b).  Interestingly, BOLD and CBF CVR 
measurements were significantly correlated across subjects (p<0.05, Fig.2). 

Discussion In this cross-sectional pilot study, there is evidence to suggest that there is a 
reduction in CVR in grey matter with increased fitness as measured by both BOLD and CBF.  
These observations are concordant with recent fMRI work in which a dose-response decrease in 
BOLD CVR is observed with increased levels of lifelong fitness in an elderly cohort4. Whilst 
statistical power in our pilot sample is too low to draw conclusions regarding the reliability of 
the relationship between fitness and CVR in this young cohort, the finding that the breath-hold 
CVR yields equivalent changes in both BOLD and CBF is an interesting one.  Despite the low 
signal-to-noise associated with perfusion mapping and the transient responses evoked by the 
breath-hold stimulus, these findings suggest that future research could utilise both BOLD and 
CBF measurements of breath-hold CVR as tool for investigations into underlying neurovascular 
alterations that occur in both the diseased and healthy brain. Changes in other physiological 
determinants of the BOLD signal5 including cerebral blood volume and oxygen metabolism have 
not been measured here, but are targets for a larger study that aims to increase our power to 
observe the relationships between fitness and CVR. We speculate that mechanisms that may 
contribute to a decrease in in CVR with increasing fitness include alterations in basal breathing 
patterns to reduce the CO2 mediated influence on vasodilation, or possible de-sensitisation of 
chemoreceptors responsiveness to hypercapnia in physically active individuals.  Such 
mechanisms might indicate a more efficient neurovasculature in people with higher fitness.  

Conclusion This is the first study to our knowledge that compares CVR in young healthy adults 
with varying fitness levels using fMRI to measure both BOLD and quantitative CBF.  Evidence 
points towards a negative relationship between physical fitness and CVR as measured by both 
fMRI techniques, although this did not reach significance in our pilot. However, we observed a 
significant relationship between BOLD and CBF CVR measurements, highlighting the potential 
for researchers to use both techniques as a tool for investigating the vascular changes that may 
occur with ageing and disease and the efficacy of interventions, such as exercise.   

References 1. Chapman et al. J. Appl Physiol (1979); 2. Bright & Murphy. Neuroimage (2013); 3. Wong et 
al. Magn Res Med (1998); 4. Thomas et al. J. Mag Res Imag (2013); 5. Buxton et al. Neuroimage (2004). 
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Figure 1.  Grey matter cerebrovascular 
reactivity as measured by a regression 
between the percentage a. BOLD and b. 
CBF signal change with levels of PETCO2. 
CVR decreases with increased fitness 
(VO2MAX) but this was not significant 
(BOLD p=0.17; CBF p=0.15).  
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Figure 2. BOLD and CBF CVR 
measurements were significantly 
correlated p<0.05. 
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