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Abstract

Background: Cerebral tissue integrity decline and cerebral blood flow (CBF) alteration are 

major aspects of motor and cognitive dysfunctions and neurodegeneration. However, little is 

known about the association between blood flow and brain microstructural integrity, especially in 

normal aging.

Purpose: To assess the association between CBF and cerebral microstructural integrity.

Study Type: Cross sectional.

Population: A total of 94 cognitively unimpaired adults (mean age 50.7 years, age range 

between 22 and 88 years, 56 Men).

Field Strength/Sequence: A 3 T; pseudo-continuous arterial spin labeling (pCASL), diffusion 

tensor imaging (DTI), Bayesian Monte Carlo analysis of multicomponent driven equilibrium 

steady-state observation of T1 and T2 (BMC-mcDESPOT).

Assessment: Lobar associations between CBF derived from pCASL, and longitudinal 

relaxation rate (R1), transverse relaxation rate (R2) and myelin water fraction (MWF) derived 

from BMC-mcDESPOT, or radial diffusivity (RD), axial diffusivity (AxD), mean diffusivity (MD) 

and fractional anisotropy (FA) derived from DTI were assessed.
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Statistical Tests: Multiple linear regression models were used using the mean region of interest 

(ROI) values for MWF, R1, R2, FA, MD, RD, or AxD as the dependent variable and CBF, age, 

age2, and sex as the independent variables. A two-sided P value of <0.05 defined statistical 

significance.

Results: R1, R2, MWF, FA, MD, RD, and AxD parameters were associated with CBF in most of 

the cerebral regions evaluated. Specifically, higher CBF values were significantly associated with 

higher FA, MWF, R1 and R2, or lower MD, RD and AxD values.

Data Conclusion: These findings suggest that cerebral tissue microstructure may be impacted 

by global brain perfusion, adding further evidence to the intimate relationship between cerebral 

blood supply and cerebral tissue integrity.

Evidence Level: 4

Technical Efficacy: Stage 4

Postmortem and in vivo studies have shown that cerebral degeneration is among the main 

sequelae of aging and may be associated with concomitant motor and cognitive declines, 

as well as being closely linked to several age-associated neurodegenerative pathologies 

and dementias.1,2 Among the numerous age-related alterations observed in the brain 

parenchyma, myelin breakdown, synaptic loss, and axonal damage have been shown to 

be biological hallmarks of various neurodegenerative diseases, such as multiple sclerosis 

and dementias.3,4 However, the mechanisms and risk factors underlying these cerebral 

microstructural changes remain poorly understood. Therefore, to characterize these changes, 

especially those occurring with normal aging and in the absence of clinically detectable 

neuropathology, it is important to identify alterations that originate from neuropathological 

processes.

Neurogenesis, neurorepair and regeneration of brain tissue are energy-demanding processes, 

and consequently potentially susceptible to deficits in perfusion.5,6 It is well established 

that the brain uses more energy than any other human organ, accounting for up to 20% 

of the body’s total usage. Consequently, cerebral tissue requires a constant and substantial 

influx of energy, so the flow of blood must be precisely choreographed to ensure that 

oxygen, glucose, and essential nutrients are delivered as needed. Indeed, a direct correlation 

between brain activity and blood flow has been well-established using MRI and positron 

emission tomography imaging technologies, suggesting that neuronal firing is systematically 

accompanied by increased blood flow to active areas of the brain.7 Furthermore, sufficient 

blood supply to the brain is critical not only for supplying nutrients, oxygen and glucose 

to the cerebral tissue but also for the clearance of metabolic by-products and neurotoxins, 

such as iron aggregates and protein-based plaques, which are known to cause neuronal 

damage. Therefore, it is expected that a decline in cerebral blood flow (CBF) may lead 

to microstructural deteriorations of cerebral tissues. Surprisingly, despite the accumulating 

clinical evidence of the association between deficits in CBF and cerebral tissue deterioration 

in various neurodegenerative diseases (such as Parkinson’s, Alzheimer’s, and multiple 

sclerosis),8,9 this relationship has received little attention in the context of normative aging. 

Examining this relationship in cohorts of cognitively unimpaired subjects is paramount to 

Kiely et al. Page 2

J Magn Reson Imaging. Author manuscript; available in PMC 2024 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



understand the pathophysiological underpinnings of these mechanisms and to inform future 

studies of neurodegeneration and disease progression.

Only a few MRI-based studies have examined the association between CBF and cerebral 

microstructural integrity in cognitively unimpaired participants.10–12 Using diffusion tensor 

imaging (DTI) indices of fractional anisotropy (FA), and radial and axial diffusivities (RD 

and AxD), sensitive metrics of water mobility and microstructure, and arterial spin labeling 

(ASL) to measure CBF, Chen et al showed that lower cortical CBF values were associated 

with lower FA or higher RD and AxD values, indicating deterioration of microstructural 

tissue integrity in a cohort of 105 subjects.10 Using DTI and ASL, Giezendanner et al found 

an association between lower subcortical CBF and lower microstructural integrity of specific 

gray matter (GM) regions and white matter (WM) tracts in a cohort of 43 subjects.11 In a 

recent study,12 Bouhrara et al demonstrated a relationship between advanced relaxometry 

MRI metrics, including myelin water fraction (MWF), a surrogate of myelin content, and 

cortical and subcortical CBF in a cohort of 67 adult participants. These studies collectively 

provide evidence for a potential relationship between brain perfusion and cerebral tissue 

health. However, they were conducted on limited study cohorts, specific tissue regions (WM 

or GM), or limited MR techniques and methodology. Therefore, further studies on larger 

cohorts and using complementary MR methodologies are still needed to further inform 

this potential direct link between neurovascular physiology and cerebral tissue integrity 

throughout normative aging, and to identify potential therapeutic strategies.

CBF can be quantified noninvasively using arterial spin labeling (ASL) perfusion MRI.13 

ASL uses arterial blood water protons labeled by radiofrequency pulses as an endogenous 

tracer. CBF is derived from the difference between a label and a control image. Multiple 

image pairs are required to increase the signal-to-noise ratio.13 The longitudinal (R1) 

and transverse (R2) relaxation rates, as well as the DTI measures of FA, MD, RD and 

AxD, have been demonstrated to represent sensitive probes of tissue composition, water 

mobility, and microstructural integrity. Indeed, while R1, FA and RD have shown to be very 

sensitive to changes in myelin content, R2, AxD and MD exhibit higher sensitivity to axonal 

damage and changes in tissue composition including iron load.14–16 These quantitative MR 

metrics have been extensively used to study brain maturation and degeneration and are 

now incorporated in most clinical investigations.17,18 Further, in an effort to improve the 

measurement specificity of myelin content, multicomponent relaxometry methods have been 

introduced to measure MWF, which has been histologically validated as a direct proxy 

of myelin content.19,20 Therefore, combining these conventional and advanced quantitative 

MRI metrics will provide complementary insights into the underlying changes in tissue 

microstructure and composition.

The overarching goal of this work is to further establish and characterize the relationships 

between CBF and brain microstructural integrity in normative aging. Using a multiple linear 

regression model, we examined the regional association between CBF, derived from the 

whole brain, and relaxometry (R1, R2, and MWF) or diffusion (FA, MD, RD, and AxD) 

parameters, derived from the whole brain or the cerebral lobes, while accounting for the 

effect of age and sex.
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Materials and Methods

Study Cohort

This study protocol from where the data was drawn was performed in compliance with our 

local Institutional Review Board, and all subjects provided written informed consent. After 

the exclusion of seven participants with imaging data exhibiting prominent motion artifacts, 

the final study cohort consisted of 94 cognitively unimpaired participants (mean age 50.7 

± 19.2 years, 38 women, age range between 22 and 88 years), drawn from two ongoing 

healthy aging cohorts at the National Institute on Aging (the Baltimore Longitudinal 

Study of Aging [BLSA],21,22 and the Genetic and Epigenetic Signatures of Translational 

Aging Laboratory Testing [GESTALT]) to evaluate multiple biomarkers related to aging. 

The inclusion and exclusion criteria for these two cohorts are identical. Exclusion criteria 

included dementia, stroke, bipolar illness, epilepsy, severe cardiac disease, severe pulmonary 

disease, metastatic cancer, and metallic implants or major neurologic or medical disorders. 

Participants underwent a battery of cognitive tests and those with cognitive impairment were 

excluded.

MRI Protocol

MRI experiments were performed on a 3 T whole body Philips MRI system (Achieva, 

Best, The Netherlands) using the internal quadrature body coil for transmission and an eight-

channel phased-array head coil for reception. For each participant, the imaging protocol 

consisted of:

1. Pseudo-continuous ASL (pCASL) for CBF mapping23: Control, labeled and 

proton density (PD) images were acquired with background suppression using 

an echo-planar imaging (EPI) readout, a labeling duration of 1.8 seconds, 

postlabeling delay of 2 seconds, and 30 signal averages. Imaging parameters 

were a field-of-view of 220 mm × 210 mm × 120 mm, a spatial resolution of 

2.5 mm × 2.5 mm × 5 mm, echo-time (TE) of 15 msec, repetition time (TR) 

of 7.5 seconds. The total acquisition time was ~12 minutes. Other details of 

this protocol can be found in the literature.24 A whole-brain CBF map was then 

generated from the pCASL dataset using the NESMA-ASL analysis to improve 

accuracy and precision in CBF determination.23,24

2. Bayesian Monte Carlo analysis of multicomponent driven equilibrium steady-

state observation of T1 and T2 (BMC-mcDESPOT) for R1, R2, and MWF 

mapping.25 This protocol included 3D spoiled gradient recalled echo (SPGR), 

3D balanced steady-state free precession (bSSFP), and 3D fast spin-echo 

sequences. SPGR images were acquired with flip angles (FAs) of [2 4 6 8 10 

12 14 16 18 20]°, TE of 1.37 msec, and TR of 5 msec. 3D bSSFP images were 

acquired with FAs of [2 4 7 11 16 24 32 40 50 60]°, TE of 2.8 msec, TR of 5.8 

msec, and radiofrequency excitation pulse phase increments of 0 or π to account 

for off-resonance effects. All SPGR and bSSFP images were acquired with an 

acquisition matrix of 150 × 130 × 94 and voxel size of 1.6 mm × 1.6 mm × 1.6 

mm. To correct for excitation radio frequency inhomogeneity, the double-angle 

method (DAM)26 was used with two 3D fast spin-echo images acquired with 
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FAs of 45° and 90°, TE of 102 msec, TR of 3000 msec, and acquisition voxel 

size of 2.6 mm × 2.6 mm × 4 mm. All SPGR, bSSFP, and DAM images 

were acquired with field-of-view of 240 mm × 208 mm × 150 mm. The total 

acquisition time was ~21 minutes. A whole-brain MWF map was generated from 

each SPGR, bSSFP, and DAM dataset using the BMC-mcDESPOT analysis. 

Briefly, a two-component system is assumed consisting of a slowly relaxing and 

a more rapidly relaxing component. The rapidly relaxing component corresponds 

to the signal of water trapped within the myelin sheaths while the slowly 

relaxing component corresponds to intracellular and extracellular water. Analysis 

was performed explicitly accounting for nonzero TE as incorporated into the 

TE-corrected-mcDESPOT signal model.27 Additionally, a whole-brain R1 map 

was generated from the SPGR and DAM datasets using the DESPOT1 analysis 

assuming a monocomponent signal model, and a whole-brain R2 map was 

generated from the bSSFP and DAM datasets using the DESPOT2 analysis 

assuming a monocomponent signal model.28

3. DTI for FA, MD, RD, and AxD mapping. This protocol consisted of diffusion-

weighted images (DWI) acquired with single-shot EPI, TR of 10 seconds, TE 

of 70 msec, two b-values of 0 and 700 sec/mm2, with the latter encoded in 

32 directions, acquisition matrix of 120 × 104 × 75, and acquisition voxel size 

of 2 mm × 2 mm × 2 mm. All images were acquired with a field-of-view of 

240 mm × 208 mm × 150 mm. The total acquisition time was ~6 minutes. The 

DWI were corrected for eddy current and motion effects using affine registration 

tools implemented in FSL (Version 6.0, FMRIB, Oxford, UK)29 and registered 

to the DWI obtained with b = 0 sec/mm2 using FNIRT. We used the DTIfit tool 

implemented in FSL to calculate the eigenvalue maps used to compute FA, RD, 

MD, and AxD metrics.29

Registration

The scalp, ventricles, and other nonparenchymal regions within the images were eliminated 

using the BET tool as implemented in FSL.29 The SPGR image averaged over FAs for each 

participant was registered using nonlinear registration (FNIRT in FSL, Version 6.0; FMRIB, 

Oxford, UK) to the Montreal Neurological Institute (MNI) standard space image and the 

derived transformation matrix was then applied to the corresponding R1, R2, and MWF 

maps. Similarly, the DWI obtained at b = 0 sec/mm2 was nonlinearly registered to the MNI 

atlas and the calculated transformation matrix was then applied to the corresponding FA, 

RD, MD, and AxD maps. Additionally, the PD image was nonlinearly registered to the MNI 

space and the computed transformation matrix was applied to the corresponding CBF map.

Segmentation

Six WM and GM structures were chosen as regions-of-interest (ROIs) from the MNI atlas 

provided in FSL. These WM and GM regions encompass the whole brain (WB), frontal 

lobes (FL), occipital lobes (OL), parietal lobes (PL), temporal lobes (TL), and cerebellum 

(CRB). All ROIs were eroded to reduce partial volume effects, imperfect image registration, 

and to mitigate structural atrophy seen especially at older ages using a kernel box of 2 voxels 
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× 2 voxels × 2 voxels. For each ROI and participant, the mean CBF, MWF, R1, R2, FA, MD, 

RD, and AxD values were calculated.

Statistical Analysis

To investigate CBF effect on MWF, R1, R2, FA, MD, RD and AxD, a multiple linear 

regression model was evaluated for each ROI using the mean ROI values for MWF, R1, R2, 

FA, MD, RD or AxD as the dependent variable and CBF, age and sex as the independent 

variables. A quadratic age term (age2) was incorporated in this model as several prior studies 

have demonstrated inverted U-shape trends of the relaxometry and DTI measures across the 

lifespan.30,31 Statistical analysis was conducted using the fitlm function as implemented in 

the MATLAB software 2021a (MathWorks, Natick, MA, USA). The value of P < 0.05 was 

considered statistically significant while P < 0.1 was considered as close to significance. Due 

to the exploratory nature of this study and concerns about type 2 errors, the P values were 

uncorrected for multiple comparisons.

Results

Study Cohort Characteristics

After the exclusion of seven participants with imaging data exhibiting prominent motion 

artifacts assessed using visual inspection, the final study cohort consisted of 94 cognitively 

unimpaired participants (mean age 50.7 ± 19.2 years, 38 women, age range between 22 and 

88 years). We note that the effect of age was not significantly different between men and 

women (P = 0.22). All participants underwent the pCASL protocol for CBF imaging, while 

89 over 94 subjects (age 50.9 ± 19.0 years, 34 women) underwent the BMC-mcDESPOT 

imaging protocol for MWF, and R1 and R2 imaging, and 84 over 94 subjects (age 50.2 ± 

19.0 years, 33 women) underwent our DTI imaging protocol for FA, MD, RD and AxD 

imaging. We note that, for each parti all images were acquired in the same scan session. A 

detailed description of the cohort is presented in Table 1 and Fig. 1.

Association Between CBF and Relaxometry Metrics

Figure 2 shows representative regression plots of the relaxometry metrics (MWF, R1 and 

R2) derived from the whole brain (WB) WM or GM ROIs as a function of WB GM 

CBF. Visual inspection indicates that higher CBF is associated with higher MWF, R1 or 

R2 values, with the best-fit lines depicting regional variation (Supplementary Figs. S1–S3). 

Table 2 presents significant or close to significant associations between CBF and MWF in 

all ROIs studied except for the cerebellum GM. For R1, there was a statistically significant 

or close to significant effect of CBF in most regions except for the cerebellum GM, the FL 

GM and WM, the TL WM and the WB WM. For R2, there was a statistically significant 

or close to significant effect of CBF in most ROIs except for the TL WM and FL GM. 

Finally, as expected, the effect of age on all relaxometry metrics was significant or close to 

significance for all brain regions evaluated. Similarly, the quadratic effect of age (age2) on 

all relaxometry metrics was significant or close to significance in all regions (Table 2).
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Association Between CBF and Diffusion Indices

Figure 3 shows the DTI indices (FA, MD, RD, and AxD) derived from the WB WM or GM 

ROIs as a function of CBF. Visual inspection indicates that higher CBF is associated with 

higher FA, or with lower MD, RD and AxD, with best-fit lines displaying regional variations 

(Supplementary Figs. S4–S7). Table 3 presents significant or close to significant associations 

between CBF and FA in the OL GM, as well as the CRB GM and PL GM. For MD, there 

was a statistically significant or close to significant effect of CBF in most regions except 

for the TL GM and WM and the CRB WM. For RD, there was a statistically significant 

or close to significant effect of CBF in approximately half of the observed regions. For 

AxD, most ROIs exhibited statistically significant effects except for the CRB WM and GM. 

Furthermore, the effect of age on MD, RD and AxD were significant or close to significance 

in all regions except the CRB WM and OL GM and OL WM (MD and AxD only). However, 

the effect of age on FA was significant in limited regions. The quadratic effect of age, age2, 

was significant or close to significance in all brain regions except the CRB WM for all 

metrics and the OL GM (FA only).

Discussion

Using a number of quantitative MRI measurements, on a relatively large cohort of well-

characterized cognitively unimpaired adults, we demonstrate associations between lower 

cortical CBF and higher deterioration in cerebral microstructure throughout the brain. 

Importantly, these associations were observed in healthy-appearing gray matter and white 

matter tissues and were not entirely explained by age or sex differences. These findings 

expand upon the current literature, detailing a potential relationship between deficiencies 

in cerebral blood supply and tissue damage.10–12 Although these results do not identify 

CBF as a causal factor in cerebral tissue decay, they depict a strong correlation between 

neurovascular physiology and cerebral tissue status in normative aging, and motivate further 

investigations, especially longitudinal assessments, including in cohorts of cognitively 

impaired subjects.

Gray matter (GM) and white matter (WM) tissue deteriorations and decline in CBF 

are central features of several neurodegenerative diseases. Oligodendrocytes, the cells 

responsible for myelin synthesis in neurons, are susceptible to a myriad of intrinsic and 

extrinsic factors concurrent with the aging process, including degeneration due to CBF 

deficits as a response to chronic or acute hypoperfusion.5,6,32 Age-related disruptions 

in cells involved in neurovascular coupling, including cerebrovascular endothelial cells, 

pericytes, smooth muscle cells, astrocytes and other microglia, can lead to dysregulation of 

CBF and, consequently, oligodendrocyte degeneration.32 Previous work has also shown that 

low CBF may be a hallmark biomarker of neuroinflammation, characterized by the release 

of cytokines, pro-inflammatory factors and cytotoxic factors, that can induce inflammation-

mediated damage to oligodendrocytes and further disrupt myelin integrity during normative 

aging.32 The process by which oligodendrocytes produce the insulating sheath around 

axons is complex and precisely timed. The maturation of oligodendrocyte precursor cells 

into myelin-producing oligodendrocytes depends highly on the surrounding neurochemical 

environment. Substances such as adenosine and Leukemia inhibitory factors (LIF) work 
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together to promote the formation of myelin.33 Additionally, the process of myelination 

by oligodendrocytes has been shown to happen in a narrow window of around 12–18 

hours.34 During this process, a complex host of proteins such as myelin basic protein 

(MBP) and proteolipid protein (PLP) must be transported and directed to specific locations 

along the myelin membrane. Disruption in the trafficking of these proteins may result in 

compromising the myelination process. Therefore, adequate supplies of oxygen, glucose and 

essential nutrients are paramount for a proper orchestration of these fundamental processes; 

these can only be ensured through an adequate regional blood flow. However, we note that 

the variability in the correlation between MWF and CBF also indicates that other factors 

are significant for myelin integrity besides CBF. Our results indicate that R2 and AxD 

are also associated with CBF since lower values are associated with lower CBF, which 

besides myelin deterioration, likely indicates that axonal or synaptic damage may occur with 

lower CBF. Indeed, studies have shown that the axonal energy metabolism is highly driven 

by glycolytic oligodendrocytes,35–37 and that the glial cells responsible for myelination 

preserve axonal integrity by supporting axons with the required metabolites.37 Therefore, it 

is conceivable that any damage to the oligodendrocytes or the myelin sheaths could lead to a 

subsequent degeneration of the axons.

As expected, there were significant quadratic associations between all MR parameters and 

age in most cerebral regions investigated. These results likely highlight the continuous 

maturation and development of myelin content or axonal density until middle age, followed 

by a decline with advanced age, in agreement with extensive previous literature.30,31 

Additionally, there were no associations in any MR parameters investigated with sex. 

Literature regarding sexual dimorphism in cerebral microstructure remains sparse, requiring 

further investigations.

Limitations

The cross-sectional nature of this investigation cannot allow inferring a causal link between 

CBF and cerebral microstructural integrity. Longitudinal studies are still required. The 

results of this study, derived from a large cognitively unimpaired cohort, provide a 

foundation for future investigations examining patterns of tissue decay during progressive 

neurodegenerative disease. Further, our statistical analysis did not account for multiple 

comparisons due to the exploratory nature of this investigations as well as concerns 

regarding type 2 errors. Nevertheless, we note that although several ROIs exhibited strong 

and significant associations between CBF and diffusion or relaxometry parameters, this 

association was only close to significance in various ROIs, which could not survive multiple 

comparisons correction. Further, identical ASL parameters (eg postlabeling delay) were 

used for all subjects, assuming negligible effects of spatial variation in arterial transit time 

(ATT), the time of the arterial bolus to transit from the labeling plane to the imaging 

volume.13 However, ATT may differ between subjects due to arterial blood velocity 

differences,38 introducing a small bias in derived CBF values. A multiple postlabeling 

delay ASL technique may provide more accurate CBF quantification.38 It must also be 

emphasized that the determination of DTI indices in gray matter regions is challenging 

due to potential contamination from cerebrospinal fluid. This partial volume effect could 

bias estimation of DTI parameters and preclude accurate evaluation of this association, 
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though we did careful visual inspection and erosion to minimize this effect. The use of the 

free-water DTI technique may provide a more accurate estimation of the DTI indices in 

gray matter and a better assessment of the association between CBF and GM status.39,40 

Moreover, certain physiological and experimental parameters (including body mass, blood 

pressure, blood lipids, insulin resistance and inflammatory markers that could affect myelin 

content) could bias relaxation rates, MWF and DTI indices determination. A meaningful 

study of these variables would require a much larger cohort size than in the present study. 

Furthermore, DTI indices are sensitive but not specific to cerebral microstructural changes. 

Multiple factors can affect the DTI-derived eigenvalues from which FA, RD, AxD, and 

MD are derived, including myelin breakdown, axonal degeneration, hydration, temperature, 

flow, macromolecular content and architectural features, such as fiber fanning or crossing. 

Similarly, various experimental and physiological factors, which are not considered in the 

BMC-mcDESPOT signal models, could be involved in this discrepancy. This includes, 

but is not limited to, the effects of magnetization transfer between macromolecules and 

free water protons, exchange between water pools, J-coupling, off-resonance, spin locking, 

water diffusion within different compartments, and internal gradients. These represent 

major challenges in MRI studies of myelin content, and further technical developments 

are required to improve the accuracy of myelin imaging. Finally, further histological-based 

validation of the MWF estimates derived using BMC-mcDESPOT is required.

Conclusions

We showed in this cross-sectional study that brain blood perfusion may be significantly 

associated with cerebral tissue integrity, including myelin content.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1: 
Number of participants per age decade and sex for each MR modality. CBF = cerebral blood 

flow; DTI = diffusion tensor imaging.
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FIGURE 2: 
Representative regression plots of myelin water fraction (MWF), longitudinal relaxation rate 

(R1) or transverse relaxation rate (R2) metrics with cerebral blood flow (CBF). Results are 

shown for the whole brain white matter (WB WM) and gray matter (WB GM) regions 

of interest (ROIs). The coefficient of determination, R2, of the multiple linear regression 

model is reported. All associations were significant. All ROIs exhibited significant positive 

correlations between MWF, R1 or R2, and CBF.
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FIGURE 3: 
Representative regression plots of the DTI indices of fractional anisotropy (FA), mean 

diffusivity (MD), radial diffusivity (RD) and axial diffusivity (AxD) with cerebral blood 

flow (CBF). Results are shown for the whole brain white matter (WB WM) and gray 

matter (WB GM) regions of interests (ROIs). The coefficient of determination, R2, of the 

multiple linear regression model is reported. All associations were significant. All diffusivity 

indices exhibited significant negative correlations with CBF, while the FA exhibited positive 

correlations with CBF.
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