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Abstract

Reduced cerebral blood flow (CBF), an indicator of neurovascular processes and metabolic 

demands, is a common finding in Alzheimer’s disease (AD). However, little is known about what 

contributes to CBF deficits in individuals with mild cognitive impairment (MCI). We examine 

regional CBF differences in 17 MCI compared to 21 age-matched cognitively healthy older adults. 

Next, we examined associations between CBF, white matter lesions (WML) volume, amplitude of 

low frequency fluctuations (ALFF), and cortical thickness to better understand whether altered 

CBF was detectable prior to other markers as well as the potential mechanistic underpinnings of 

CBF deficits in MCI. MCI had significantly reduced CBF, while cortical thickness and ALFF were 
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not affected. Reduced CBF was associated with the WML volume but not associated with other 

measures. Given the presumed vascular etiology of WML and relatively worsening of vascular 

health in MCI, it may suggest CBF deficits result from early vascular as opposed to metabolic 

deficits in MCI. These findings may support vascular mechanisms as an underlying component of 

cognitive impairment.
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1. Introduction

There is a clear link between conditions that confer risk for vascular disease and the risk for 

the development of Alzheimer’s disease (AD; (Jellinger, 2010; Jellinger and Attems, 2005; 

Kivipelto et al., 2001)) as well as the clinical severity and progression of the clinical 

syndrome of AD (Mielke et al., 2007; Snowdon, D. A. et al., 1997; Snowdon, David A et al., 

1997; Snyder et al., 2015). Vascular health in part influences AD through cerebrovascular 

pathology which is commonly found in patients (Gorelick et al., 2011; Grammas, 2011; 

Iadecola, 2004) and recent theories posit that vascular mechanisms may even play a major 

role in the development or initiation of AD pathology (Gorelick et al., 2011; Rius-Perez et 

al., 2018; Zlokovic, 2011).

Reduced brain perfusion has been reported in AD through quantification of cerebral blood 

flow (CBF) across various imaging modalities including singe photon emission computed 

tomography (SPECT) (Bradley et al., 2002; Hirao et al., 2005; Huang et al., 2018; Kogure et 

al., 2000; Matsuda, 2007), positron emission tomography (PET) (Matsuda, 2001), and 

magnetic resonance imaging (MRI) (Alsop, David C et al., 2000; Asllani et al., 2008; 

Binnewijzend et al., 2016; Ding et al., 2014; Huang et al., 2018; Johnson, Nathan A et al., 

2005; Okonkwo et al., 2012; Roher et al., 2012). Arterial spin labeling (ASL) magnetic 

resonance imaging (MRI) (Williams et al., 1992) is a commonly used procedure for 

quantification of CBF typically in the resting state (Detre et al., 1992; Kety and Schmidt, 

1945; Roy and Sherrington, 1890) by detecting magnetically-labeled protons in blood 

without injection of a contrast agent (Alsop, David C et al., 2010; Binnewijzend, Maja AA 

et al., 2013; Dai, Weiying et al., 2009). Reduced CBF measured by ASL is a common 

finding in AD (Alsop, D. C. et al., 2010; Alsop, D. C. et al., 2000; Asllani et al., 2008; 

Binnewijzend et al., 2016; Binnewijzend, M. A. et al., 2013; Dai, W. et al., 2009; Ding et al., 

2014; Hays et al., 2016; Johnson, Nathan A et al., 2005; Johnson, N. A. et al., 2005; 

Leeuwis et al., 2017; Mak et al., 2012; Schuff et al., 2009; Yoshiura et al., 2009) and this 

reduction in CBF is associated with hypometabolism (Chen, Y. et al., 2011; Musiek et al., 

2012; Riederer et al., 2018; Verfaillie et al., 2015), loss of normalized brain volume 

(Benedictus et al., 2014), and worse cognitive functions in AD (Benedictus et al., 2017; 

Binnewijzend et al., 2016; Binnewijzend, Maja AA et al., 2013; Leeuwis et al., 2017; 

Leijenaar et al., 2017). Thus, better understanding of altered CBF in AD may provide 
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critical information about mechanisms of the disease that have an important clinical and 

pathologic impact.

Individuals with mild cognitive impairment (MCI) are at a greater risk for the subsequent 

development of dementia due to AD and MCI therefore representing a preclinical stage of 

AD in certain individuals (Petersen et al., 1999; Winblad et al., 2004). Increasing evidence 

supports a role for cerebral hypoperfusion in the conversion from MCI to AD (Chao et al., 

2010; Chao et al., 2009; Hirao et al., 2005; Lacalle-Aurioles et al., 2014; Matsuda, 2007). 

However, how CBF is associated with structural and functional measures of neural health in 

MCI is largely unknown.

White matter lesions (WML) of presumed vascular origin measured by neuroimaging are 

prominent in individuals with AD and influence the course of clinical disease (Carmichael et 

al., 2010; Gouw et al., 2008; Lindemer et al., 2017; Prasad et al., 2011; Provenzano et al., 

2013; Yoshita et al., 2006). Recent studies shows that reduced CBF is associated with 

increased white matter hyperintensity (WMH) lesion burden in older adults (Bastos-Leite et 

al., 2008; Crane et al., 2015; Van Dalen et al., 2016). These abnormalities linked to aging are 

thought to be complex, but to some degree caused by chronic ischemia due to reduced 

cerebral perfusion (Brickman, Adam M et al., 2009; Brickman, A. M. et al., 2009; Fazekas 

et al., 1993; Marstrand et al., 2002; Naka et al., 2006). White matter lesions therefore 

provide an index of vascular health and may therefore be useful in understanding the 

potential vascular etiology of altered CBF in AD. Although WML and reduced CBF have 

commonly been observed in AD, to our knowledge, no studies have investigated differential 

associations among CBF, WML, cortical atrophy, and functional alterations in MCI. Specific 

associations between WML and CBF could suggest a vascular etiology to the reduction in 

CBF which may precede functional deficits.

Amplitude of low frequency fluctuations (ALFF) is a measure based on regional intensity of 

spontaneous fluctuations in the blood-oxygen-level dependent (BOLD) signal (Yu-Feng et 

al., 2007; Zou et al., 2008). ALFF varies with the performance of functional tasks, and is 

altered in brain disorders (Guo et al., 2012; Guo et al., 2015; He et al., 2007; Hou et al., 

2012; Liang et al., 2014; Liu et al., 2014), and has been suggested to reflect to some degree 

coherence in neural population activity (Biswal et al., 1995; Liu et al., 2011; Qiu et al., 

2017; Yu-Feng et al., 2007). Here we utilized ALFF as a marker of regional functional brain 

activity (Zou et al., 2008), while also recognizing that this measure is influenced by multiple 

neurovascular properties.

Our goal was to examine differences in individuals with MCI compared to cognitively 

healthy older adults in imaging markers reflecting different aspects of brain health, as well 

as any group interactions in the associations among those imaging markers. Examination of 

such associations could provide information about early mechanisms of cognitive decline. 

Specifically, we compared MCI to cognitively health older adults on 1) pseudo-continuous 

arterial spin labeling (pCASL) (Liu and Brown, 2007) measured CBF previously reported to 

be altered in MCI (Benedictus et al., 2017; Binnewijzend, Maja AA et al., 2013; Chao et al., 

2009; Dai, Weiying et al., 2009; Ding et al., 2014; Johnson, N. A. et al., 2005; Leeuwis et 

al., 2017), 2) WML as a marker of presumed vascular-associated brain tissue damage 
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(Benedictus et al., 2014) and a marker of cerebrovascular disease (Wardlaw et al., 2013), 3) 

cortical thickness which is altered with aging as well as neurodegenerative conditions, and 

4) ALFF fluctuations in the BOLD signal that has been described previously as reflecting 

spontaneous neuronal activity (Biswal et al., 1995; Liu et al., 2011; Qiu et al., 2017; Yu-

Feng et al., 2007).

2. Materials and methods

2.1. Participants

Twenty one typically healthy older adults, and nineteen older adults with 

neuropsychologically defined MCI (Bondi, Mark W et al., 2014; Jak et al., 2016) were 

enrolled through the Brain Aging and Dementia (BAnD) Laboratory at Massachusetts 

General Hospital (MGH). Participants were referred for the study through the MGH 

Alzheimer’s Disease Research Center (MGH ADRC), enrolled from a local longitudinal 

cohort, or through community outreach. Clinical scales included Clinical Dementia Rating 

scale (CDR), Montreal Cognitive Assessment (MoCA), and Mini-Mental State Examination 

(MMSE). Neuropsychological testing was used to determine clinical status using operational 

criteria for MCI as defined previously (Bondi, M. W. et al., 2014; Bondi et al., 2008; Jak et 

al., 2009; Stricker et al., 2013)(Bondi et al., 2014; Bondi et al., 2008; Jak et al., 2009; 

Stricker et al., 2013). MCI designation was based on objective criteria of performance on at 

least two cognitive domains falling one standard deviation (SD) or more below published 

normative values. Participants were excluded for significant health concerns outside of the 

domains of study including major neurological or psychiatric disorders, such as vascular 

dementia and clinical stroke, as well as any substantial systemic illness that would prevent 

participation or would be likely to confound study procedures and results. Two participants 

were excluded due to motion artifacts in resting state functional MRI (rsfMRI) and pCASL 

MRI. Consequently, the total of 21 healthy older adults (mean age 68.25; SD 5.84; 66.67% 

female), and 17 older adults with neuropsychologically defined MCI (mean age 68.40; SD 

6.28; 35.29% female) were used for this study. The Partners Healthcare institutional review 

board (IRB) approved this work and informed consent was obtained from each participant.

2.2. MRI acquisition

All MRIs, including T1-weighted MRI, rsfMRI, and pCASL MRI, were acquired using a 

Siemens Biograph mMR 3 Tesla system with 32-channel head coil.

T1-weighted MRI was acquired using multi-echo MPRAGE (van der Kouwe et al., 2008) 

with the following parameters: slice thickness = 1.0 mm, repetition time = 2530.0 ms, 

inversion time = 1100 ms, multiple echo times = 1.69 ms, 3.55 ms, 5.41 ms, and 7.27 ms, 

flip angle = 7°, matrix size = 256 × 256 pixels, and field of view = 256 mm × 256 mm, with 

no inter-slice gap. The individual echos from the multi-echo MPRAGE were combined for 

each participant by using the root mean square to create a single image volume with high 

contrast-to-noise for further imaging analysis.

The rsfMRI was acquired with whole-brain echo planar imaging (EPI) time-series scans 

with the following parameters: slice thickness = 3.0 mm, repetition time = 3000 ms, echo 
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time = 30 ms, flip angle = 90°, matrix size = 72 × 72 pixels, field of view = 216 mm × 216 

mm, and number of dynamics = 120.

The ASL MRI was acquired using a pCASL pulse sequence with a 2D echo planar imaging 

(EPI) readout and the following parameters: slice thickness = 5 mm, repetition time = 4000 

ms, echo time = 12 ms, rate2 GRAPPA, matrix = 64×64, slices = 22, field of view = 220 mm 

× 220 mm, total labeling duration = 1500 ms, post-labeling delay (PLD) = 1200 ms, and 40 

pairs of tag and control acquired in 5.5 min. An M0 scan where the imaging readout was 

matched to the main pCASL sequence, but with spin labeling removed, was acquired with a 

TR = 8000 ms for equilibrium blood water magnetization calculation and CBF calibration.

2.3. Demographic and neuropsychological testing

Clinical characteristics and neuropsychological test results were compared between the 

individuals with MCI and age-matched cognitively healthy older adults using Student t-test 

or Mann-Whitney U test according to distribution pattern of the variables.

2.4. MR image processing

T1-weighted anatomical images were automatically processed to reconstruct cortical 

surfaces and to segment volume region-of-interests (ROI) volumes using the Freesurfer 

recon-all procedure (http://surfer.nmr.mgh.harvard.edu/) (Dale, Anders M et al., 1999; Fischl 

et al., 1999). The technical details of these procedures are described in prior publications 

(Dale, A. M. et al., 1999; Fischl et al., 2001; Fischl, B. et al., 2002; Fischl, B. et al., 2004a; 

Fischl, B. et al., 2004b). The shortest distance between a vertex on the inner surface and a 

vertex on the outer surface was calculated to measure cortical thickness (Fischl and Dale, 

2000). All T1-weighted MRI were segmented as brain tissue images using watershed/surface 

deformation procedure (Ségonne et al., 2004), and automatically registered into a common 

surface template using a surface-based averaging technique by considering cortical folding 

patterns. Then, ROIs in a standard space were inversely mapped to each native MRI space 

using a high-dimensional spherical morphing procedure to define the ROIs in each 

individual (Fischl, Bruce et al., 2002; Fischl, Bruce et al., 2004). We used the FreeSurfer 

based procedure for measuring white matter hypointensities as described in prior 

publications (Coutu et al., 2016; Coutu et al., 2017). This procedure provides an estimate of 

WML that is highly correlated with traditional FLAIR WML (Coutu et al., 2016; Dadar et 

al., 2018). Lobar-based cortical ROIs included frontal, parietal, temporal, and occipital 

lobules, using the Population-Average, Landmark- and Surface-based (PALS) atlas for linear 

regression analysis (Van Essen, 2005). Partial volume estimation (PVE) maps for GM and 

WM, which consisted of the percent of each tissue type in each voxel, were calculated by 

using ‘mri_compute_volume_fractions’ procedure within FreeSurfer for each individual for 

further analysis.

The pCASL timeseries was preprocessed by motion correction (Jenkinson et al., 2002), 

brain extraction, and registration to the M0 calibration image within the FMRIB Software 

Library (FSL-http://fsl.fmrib.ox.ac.uk). A pairwise mean difference perfusion map was 

calculated by performing subtraction between the control and label images via Baysian 

Inference for Arterial Spin Labeling MRI (BASIL) procedure within FSL (Chappell et al., 
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2009). We coregistered the mean difference perfusion map to the corresponding T1-

weighted MRI by using Boundary-Based Registration (BBR) with GM mask for the surface-

based analysis in each individual (Greve and Fischl, 2009). The cerebrospinal fluid (CSF) 

mask defined on the native T1-weighted MRI was inversely mapped to each mean perfusion 

image by using the registration matrix from the coregistration and then it was used to 

segment a reference region from M0. Then the M0 calibration image was converted to the 

equilibrium magnetization of arterial blood by scaling with the blood water density as 0.87 

in each individual. The difference map was normalized by the equilibrium magnetization of 

arterial blood estimated via the magnetization of CSF for the quantification of CBF by using 

the FSL command line tool ‘oxford_asl’ from the BASIL toolbox (Chappell et al., 2009). 

The GM and WM PVE maps defined on the T1-weighted MRIs were registered to native 

perfusion images. Then, those PVE maps were used for partial volume correction (PVC) by 

considering the global ratio between WM to GM as 0.4 (Chen, Y. et al., 2011; Du et al., 

2006). We note that effects measured were substantially more conservative when applying 

PVC. We therefore additionally present non-PVC results as supplementary data as these data 

may provide insight into effects that may be detected in a more statistically powered sample.

Resting state fMRI EPI volumes were processed using Analysis of Functional NeuroImages 

(AFNI; http://afni.nimh.nih.gov/afni/; Cox, 1996). EPI data were screened for head-motion 

artifacts (Power et al., 2012) and visually examined for head-coil artifacts through 

examination of local WM signal time series. The first three volumes from each functional 

image were discarded to allow for the stabilization of the magnetic field. Slice timing 

correction, motion correction, and coregistration were applied by using ‘afni_proc.py’ 

within AFNI process stream. Cerebrospinal fluid (CSF), WM, and ventricle masks defined 

on the T1-weighted MRIs were inversely registered into the functional images by using the 

coregistration matrix to regress out the potential nuisance signals from each time series via 

general linear model (GLM) within AFNI process stream (Jo et al., 2010). After that, each 

time series was projected into the frequency domain by fast Fourier transform (FFT) to 

acquire the power spectrum. We calculated voxel-wise amplitude of low frequency 

fluctuation (ALFF), which represents the amplitude of spontaneous neural activity in the 

resting states (Yang et al., 2007), a signal presumed to be weighted towards cognitive 

function-related intrinsic neural activity (Fryer et al., 2015), by calculating the average 

square root of the low-frequency (0.009–0.08 Hz) power spectrum in each individual (Yu-

Feng et al., 2007). Preprocessed ALFF data were co-registered to the corresponding T1-

weighted anatomical images by BBR (Greve and Fischl, 2009) using the transformation 

obtained from the AFNI process stream to further surface-based analysis. The GM PVE 

maps defined on the T1-weighted MRIs were inversely registered to native ALFF images 

using BBR (Greve and Fischl, 2009). Given that the differential tissue contribution 

substantially increases the false-positive rate for rsfMRI (Dukart and Bertolino, 2014), we 

applied PVC in ALFF using GM PVE map in each ALFF by considering the percent of GM 

tissue in each voxel via one compartment model.

The preprocessed CBF and ALFF images were sampled onto the cortical surface by 

mapping a mean value between inner and outer surfaces in each vertex point. Sampling 

included data from voxels in the interior 70% of the cortex (excluding data from the outer 

15% of each surface border) to reduce partial volume contamination of sampled data. For 

Kim et al. Page 6

Neurobiol Aging. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://afni.nimh.nih.gov/afni/


surface based statistical analyses, all surface-mapped variables, including cortical thickness, 

CBF and ALFF, were smoothed with a surface-based 20mm FWHM Gaussian kernel as 

described in our previous work (Chen et al., 2013). We also measured the regional mean 

values of CBF, ALFF, and cortical thickness within lobar-based cortical ROIs from PALS 

atlas in each individual for further linear regression analysis.

2.5. Vertex-wise group differences in CBF, ALFF, and cortical thickness

Cortical thickness, surface-mapped CBF and ALFF values across whole cortical vertices 

were compared between individuals with MCI and age-matched cognitively healthy older 

adults after controlling for sex using a GLM within the FreeSurfer software. We performed a 

Monte Carlo simulation-based cluster-wise procedure to correct for multiple comparisons in 

all surface-based group analysis by determining the distribution of the maximum cluster size 

under the null hypothesis as described previously (Hagler et al., 2006). All surface-mapped 

CBF and ALFF were corrected by PVE maps to avoid the effects of local atrophy in the 

perfusion measures.

2.6. Vertex-wise local correlation analysis

The vertex-wise correlations between surface-mapped CBF, ALFF, the volume of WML, 

and cortical thickness were performed across whole cortical vertices in each group while 

controlling for sex by using Pearson’s partial correlation analysis in Statistics and Machine 

Learning Toolbox within MATLAB.

2.6.1. Vertex-wise local correlation between cerebral perfusion measures 
and the volume of WML—We measured a local correlation between surface measures of 

CBF, ALFF, and the volume of WML in each group to examine a potential relationship 

between cerebrovascular dysfunction and CBF.

2.6.2. Vertex-wise local correlation between cerebral perfusion measures 
and cortical thickness—We measured a correlation between CBF, ALFF, and cortical 

thickness to identify a potential relationship between structural and functional measures.

2.6.3. Vertex-wise local correlation between CBF and ALFF—We performed 

vertex-wise correlation analyses between CBF and ALFF to examine whether those 

cerebrovascular-related measures share the common findings in the brain.

We additionally performed the same local correlation analysis by considering all participants 

to examine a comprehensive effect of older adults across these measures. The surface-

mapped CBF and ALFF were corrected by PVE maps to avoid the effects of local atrophy in 

the perfusion measures, and all vertex-wise correlation analysis were adjusted for sex and 

corrected the false discovery rate (FDR) for multiple comparisons at a q value of 0.05 

(Benjamini and Hochberg, 1995).

2.7. Lobar-ROI-based linear regression analysis

We performed linear regression analysis between measures in each lobar-based cortical ROI 

in each group with sex as a covariate to examine regional relationship between CBF, ALFF, 
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the volume of WML, and cortical thickness. All linear regression analyses were performed 

with the SurfStat MATLAB toolbox (http://www.math.mcgill.ca/keith/surfstat). We 

measured the mean lobar CBF, ALFF, and cortical thickness within PALS lobar-based ROIs 

for regression analysis after partial volume correction.

2.7.1. Lobar-ROI-based linear associations between mean lobar CBF, ALFF, 
and the volume of WML—The associations between the mean lobar CBF, ALFF, and the 

volume of WML were performed by GLM in each lobar-ROI for each group to determine 

the regional linear association between the mean lobar perfusion measures and the WML 

volume.

2.7.2. Lobar-ROI-based linear associations between mean lobar CBF, ALFF, 
and cortical thickness—We examined the association between the mean lobar CBF, 

ALFF, and mean cortical thickness by using GLM in each lobar-ROI for each group to 

examine the lobar-based linear association between mean lobar perfusion measures and 

cortical thickness.

2.7.3. Lobar-ROI-based linear association between mean lobar CBF and 
ALFF—Similarly, we examined the association between the mean lobar CBF and ALFF.

Bonferroni correction was performed at a q value of 0.05 for multiple comparisons in all 

lobar-ROI-based linear association analyses (Bonferroni, 1936).

3. Results

3.1. Group characteristics

Detailed demographic characteristics of all groups and the results of neuropsychological 

tests are described in Table 1. There was a significant difference in sex distribution, pulse 

pressure, MoCA performance and CDR scores between groups with MCI having 

significantly lower MoCA, higher CDR scores as expected, and higher pulse pressure 

compared with cognitively healthy older adults (Table 1). In addition, increased volume of 

WML were observed in individuals with MCI than cognitively healthy older adults (Table 

1).

3.2. Vertex-wise group differences in CBF, ALFF, and cortical thickness

MCI had significantly lower CBF than cognitively healthy older adults in portions of both 

the superior frontal cortices, right medial frontal cortex, right temporal cortex, right lateral 

occipital cortex, right anterior cingulate cortex, left meddle frontal cortex, and a partial area 

of the right inferior parietal cortex, after performing PVC adjusted for sex (cluster corrected 

q < 0.05, Fig. 1A). In contrast, no significant group difference was noted in both ALFF and 

cortical thickness after performing cluster correction (uncorrected p < 0.05, Fig. 1B–C).

3.3. Vertex-wise local correlation

3.3.1. Vertex-wise local correlation between cerebral perfusion measures 
and the volume of WML—There were significant negative correlations between CBF and 
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the volume of WML in individuals with MCI, but not in the cognitively healthy older adults 

(FDR corrected q < 0.05, Fig. 2A). Significant negative correlations between CBF and the 

volume of WML was noted in both the middle and inferior temporal cortices, both lateral 

occipital cortices, both entorhinal cortices, left precuneus, and right cuneus, in individuals 

with MCI after performing PVC adjusted for sex (FDR corrected q < 0.05, Fig. 2A). ALFF 

was negatively correlated with the volume of WML, mainly in the right temporal pole, in 

cognitively healthy older adults (FDR corrected q < 0.05, Fig. 2B), while, no correlation was 

observed in individuals with MCI after performing PVC and adjusting for sex (uncorrected p 
< 0.05, Fig. 2B).

3.3.2. Vertex-wise local correlation between cerebral perfusion measures 
and cortical thickness—There was no significant correlation between CBF and cortical 

thickness in both groups. In contrast, ALFF was significantly correlated with cortical 

thickness in both groups. The ALFF was positively correlated with cortical thickness in left 

medial frontal cortex, left entorhinal cortex, and left parahippocampal gyrus, both 

supramarginal gyri, and portions of the lateral temporal cortex in cognitively healthy older 

adults after performing PVC adjusted for sex (FDR corrected q < 0.05, Fig. 2C). There were 

relatively less areas that showed significant correlation between ALFF and cortical 

thickness, mainly in portions of the middle temporal cortices in individuals with MCI 

compared with healthy older adults after performing PVC adjusted for sex (FDR corrected q 
< 0.05, Fig. 2C).

3.3.3. Vertex-wise local correlation between CBF and ALFF—No significant 

correlation was found between CBF and ALFF in either group.

3.4. Lobar-ROI-based linear association

3.4.1. Lobar-ROI-based linear associations between mean lobar CBF, ALFF, 
and the volume of WML—Mean CBF was significantly associated with the volume of 

WML in all lobar regions, including the parietal lobe (t(15) = −3.00, p = 0.009), temporal 

lobe (t(15) = −3.89, p =0.001), and occipital lobe (t(15) =−4.71, p < 0.001), in individuals 

with MCI but not frontal lobe (t(15) = −2.58, p = 0.021). No significant association was 

found in the cognitively healthy older adults after performing PVC adjusted for sex 

(Bonferroni corrected q < 0.05, Fig. 3A). Mean lobar ALFF was negatively associated with 

the volume of WML in the temporal lobe (t(19) = −5.16, p < 0.001) and occipital lobe (t(19) = 

−4.40, p < 0.001) in cognitively healthy older adults, while no significant association was 

noted in individuals with MCI after performing PVC and adjusting for sex (Bonferroni 

corrected q < 0.05).

3.4.2. Lobar-ROI-based linear associations between mean lobar CBF, ALFF, 
and cortical thickness—No significant association between the mean lobar CBF and the 

mean lobar cortical thickness was found in either group. Mean ALFF was positively 

associated with the mean value cortical thickness across all lobar, including the frontal lobe 

(t(19) = 3.27, p = 0.004), parietal lobe (t(19) = 2.99, p = 0.008), and temporal lobe (t(19) = 

3.32, p = 0.004), except for the occipital lobe (t(19)= 1.75, p = 0.096), in cognitively healthy 

older adults (Bonferroni corrected q < 0.05, Fig. 3B). A positive association between the 
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mean lobar ALFF and the mean lobar cortical thickness was only noted in the temporal lobe 

(t(15) = 3.13, p = 0.007) in individuals with MCI after performing PVC adjusted for sex 

(Bonferroni corrected q < 0.05, Fig. 3B).

3.4.3. Lobar-ROI-based linear association between mean lobar CBF and 
ALFF—No significant association was found between the mean lobar CBF and the mean 

lobar ALFF in either group after performing lobar-ROI-based regression analysis.

4. Discussion

We found a significant reduction in CBF in individuals with neuropsychologically defined 

MCI compared to cognitively healthy older adults in both superior frontal cortices, right 

medial frontal cortex, right temporal cortex, right lateral occipital cortex, and a partial area 

of the right inferior parietal cortex, while no significant group differences were found in 

ALFF and cortical thickness. CBF was strongly associated with WML volume, mainly in 

temporal cortex, which is overlapped with the regions with reduced CBF in MCI. These 

early reduced CBF may be an indicator to predict clinical status that cannot be detected by 

cortical thickness or ALFF in individuals with MCI. Previous CBF studies also suggested 

that reduced CBF may be an important indicator of AD pathophysiology in MCI (Borroni et 

al., 2006; Encinas et al., 2003; Hirao et al., 2005). Findings of regionally reduced CBF in 

MCI are partially in accord with prior studies reporting reduced CBF mainly in frontal, 

temporal, parietal, and medial temporal regions, in individuals with MCI and AD by using 

spin-labeled MRI (Alsop, David C et al., 2000; Binnewijzend, M. A. et al., 2013; Johnson, 

Nathan A et al., 2005; Luckhaus, C. et al., 2008; Schuff et al., 2009) as well as Single 

Photon Emission Computed Tomography (SPECT) procedures (Bartenstein et al., 1997; 

Borroni et al., 2006; Dai, Weiying et al., 2009; Encinas et al., 2003; Hirao et al., 2005; 

O’Brien et al., 1992; Reed et al., 1989). These results also overlap with regions known to 

show consistent atrophy in later stages of AD (e.g. cortical signature paper (Dickerson et al., 

2009). However, unexpectedly, results of reduced CBF in the PCC or/and precuneus, which 

have been described as vulnerable regions with hypoperfusion in MCI and AD patients 

(Binnewijzend, Maja AA et al., 2013; Huang et al., 2002; Johnson et al., 2006; Riederer et 

al., 2018), were less apparent in our sample. It is possible that such differences could be 

related to the MCI in this study having relatively subtle impairment as well as potential 

heterogeneity in any pathophysiology of the MCI group. For example, Luckhaus et al. 

demonstrated hypoperfusion of medial temporal regions and anterior cingulate in amnestic 

MCI, and the hypoperfusion of PCC was confined to mild AD (Luckhaus, Christian et al., 

2008). Mattsson et al. reported no significant regional CBF difference between controls and 

early or late MCI, but significantly reduced CBF of PCC-precuneus in AD (Mattsson et al., 

2014). Although the literature generally describes trends towards reduced CBF in MCI, there 

has been some discrepancy in the timing and regional basis of these reductions.

There was a significant association between CBF and the volume of WML in individuals 

with MCI with greater volume of WML related to lower regional CBF. Significant local 

correlations as well as lobar-based associations between CBF and the volume of WML were 

noted mainly in the temporal and lateral occipital cortex in individuals with MCI, but not 

observed in cognitively health older adults. Our findings are similar to those reported in AD 
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demonstrating decreased CBF associated with increased volume of WML (Benedictus et al., 

2014; Kimura et al., 2012), although we did not find a significant relationship between CBF 

and the volume of WML in cognitively intact older adults. In addition, MCI had a 

significantly increased pulse pressure as well as the high WML volume compared to 

cognitively healthy older adults. Thus, reduced CBF in individuals with MCI may reflect a 

more systemic etiology (Shokouhi et al., 2018). These findings may suggest that cerebral 

perfusion compromise manifests in the early stages of cognitive impairment and is linked to 

the volume of WML in individuals with MCI. We additionally performed a statistical test to 

directly compare an interaction between groups and WML in CBF. We observed a 

significant group difference between the group WML slopes in CBF and this regional 

pattern was largely overlapping with the results of the surface-based correlation between 

CBF and WML (Fig 2A) yet was less statistically powered given the specifics of the test 

(Supplementary Fig 4A). Thus, another possibility of the lack of correlation between WML 

and CBF in cognitively healthy older adults might be explained by the group difference in 

the interaction between WML and CBF. We also observed significant associations between 

CBF and the volume of WML in all participants combined with the regional patterns similar 

to the MCI results but more wide-spread compared to the MCI (Supplementary Fig. 2A). 

Thus, it is possible that the lack of effect in the healthy older adults is due to lack of power 

and range in that group alone.

CBF was not associated with cortical thickness in either group. Ultimately, it could be 

expected that reduced CBF may be detrimental to neuronal health and contribute to cortical 

variation. However, other recent reports suggest that regional CBF is not strongly associated 

with regional cerebral atrophy (Benedictus et al., 2014; Lacalle-Aurioles et al., 2014; 

Luckhaus et al., 2010) and is in accord with our work on non-impaired aging (Chen, J.J. et 

al., 2011). Wirth al. demonstrated the partly divergent patterns of temporo-parietal 

hypoperfusion and medial-temporal atrophy in MCI (Wirth et al., 2017) which may reflect a 

temporal dissociation between reduced CBF and subsequent cortical thinning which will be 

of interest to explore in future work.

Significant positive local correlations between ALFF and cortical thickness were found 

including some portions of the AD ‘cortical signature’ (Dickerson et al., 2008) in cognitively 

healthy older adults, but was limited to the middle temporal cortex in individuals with MCI. 

It is possible that the measures are generally correlated in healthy individuals but that 

disease procession constrains these associations in MCI. Interestingly, mean lobar ALFF 

was associated with mean lobar cortical thickness across all ROIs except for the occipital 

lobe in cognitively healthy older adults. In contrast, mean ALFF and cortical thickness were 

only associated in the temporal lobe in MCI. These findings may suggest a general coupling 

of these properties that is lost with disease.

Regional CBF was not significantly associated with regional ALFF in either group, which is 

inconsistent with the previous BOLD imaging studies (Gottler et al., 2018; Jann et al., 2015; 

Li et al., 2012; Liang et al., 2013). It is not clear why there were no associations found in the 

current work, however the difference of the method to measure the functional activity could 

be a possible reason. Previous studies that showed a significant association between CBF 

and BOLD signal used a measure of functional connectivity, which reflects synchronous 
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BOLD fluctuations between voxels or regions (Gottler et al., 2018; Jann et al., 2015; Li et 

al., 2012; Liang et al., 2013). This measure provides information about the integration of 

neural systems in brain functions, in contrast, ALFF, which measures the amplitude of 

spontaneous fluctuations in the frequency domain, reflects the level of spontaneous brain 

activity related to physiological states of the brain. Although several studies reported a 

spatial association between ALFF and CBF, compared to the results from the functional 

connectivity studies, these regions were limited and inconsistent (Bray, 2017; Hu et al., 

2019; Li et al., 2012; Song et al., 2018). Therefore, it is possible that ALFF may provide 

information about different aspects of brain activity related to vascular physiology that could 

not be measured by CBF (Zou et al., 2015), however, such speculation relies on indirect 

information which must be considered with caution and further studies are needed to 

elucidate.

The current study has limitations that will be addressed in future work. The work employed 

a convenient sample and the size was limited reducing generalizability and statistical power. 

However, given this sample we were able to describe differential sensitivity of the measures 

to the effects of MCI (e.g. an effect of CBF but not ALFF) as well as specific associations 

among the divergent measures of neural health. The pCASL MRI was acquired with post 

labeling delay of 1.2s which is shorter than the recommended parameters for adults and 

clinical patients with compromised vascular physiology (1.8 ~ 2.0s) (Alsop et al., 2015). 

Thus, there is a potential possibility that the CBF results may reflect different aspects of 

vascular dysfunction, including arterial transit delay differences between the groups. 

Similarly, an association between CBF and the volume of WML may be linked to other 

vascular mechanisms, such as altered transit times and incomplete delivery of labeled blood 

to tissue. Thus, the reduced CBF in this study may suggest regionally specific macrovascular 

effects in individuals with MCI that may also influence the microvasculature. We include 

volume-based CBF maps from 6 individuals who have low and high WML volume in both 

groups to clarify the potential visual artifacts in CBF images caused by transit time issue 

(Supplementary Figure 5). All CBF maps seem to show no major visual artifacts, however, 

there is a subtle trend that some individuals have inhomogeneous hypo- or/and hyper- CBF 

in several regions in both groups, not only in MCI (Supplementary Figure 5). Therefore, 

these finding may suggest the potential effects of arterial transit delay differences in CBF 

data in both groups in the current study. However, there is another possibility that the 

potential hypoperfusion caused by transit time artifacts may affect the correlation between 

CBF and the WML volume more in MCI than the cognitively healthy older adults since MCI 

has a high WML volume than the cognitively healthy older adults. Even though we cannot 

find severe visual artifacts due to transit time differences between groups in our CBF maps, 

it cannot fully cover the potential problem caused by the short PLD and therefore a multi-

delay sequence allowing the explicit mapping of transit times would be optimal for future 

work. Our ongoing work acquires novel ASL data with a multi-PLD procedure as described 

through the Human Connectome Project Lifespan study (Bookheimer et al., 2019; Harms et 

al., 2018). Future studies will more explicitly examine transit time differences in cognitively 

impaired individuals. Third, the CBF and ALFF measures are limited in that these images 

are almost two orders of magnitude lower resolution than the structural scans. We attempted 

to minimize signal contamination through examination of native space data limited to the 
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data within 70% interior of the cortex as well as through PVC. However, ultimately, 

additional research with higher resolution imaging is warranted and this research is currently 

underway. Lastly, we suggested that the CBF reduction in MCI may indicate the cerebral 

perfusion dysfunction caused by vascular processes, because the reduced CBF was strongly 

associated with the volume of WML, which is presumed as an indicator of vascular health 

but not related to the ALFF as well as cortical thickness. However, to clarify the effects of 

pure vascular physiology on the CBF in the brain, additional examination of vascular 

measures, such as arterial transit time (ATT) (Alsop and Detre, 1996) in CBF by ASL MRI, 

are needed. Our ongoing work, the Human Connectome Project Lifespan study (Bookheimer 

et al., 2019; Harms et al., 2018), acquires novel ASL data and we will be able to calculate 

the transit times to characterize the hemodynamics of the brain system in future studies 

(Bibic et al., 2015).

5. Conclusion

Reduced CBF was observed in individuals with MCI, while cortical thickness and ALFF 

were minimally affected. Reduced CBF was associated with the high volume of WML in 

individuals with MCI but not associated with cortical thickness or ALFF. Because MCI had 

a relatively higher pulse pressure as well as the WML volume compared to cognitively 

healthy older adult, reduced CBF in MCI may provide an information of the brain perfusion 

related to vascular systemics that could not be measured by ALFF. Although speculative, 

given the presumed vascular etiology of WML, these results may suggest that deterioration 

in vascular health is a causal mechanism of reduced CBF in MCI which may also be an 

important early component of the pathological etiology of this condition. Taken together, 

CBF combined with WML could be a useful marker reflecting an increased risk of cognitive 

deterioration which often represents the early stages of AD.
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Figure 1. 
Vertex-wise group differences between individuals with MCI and cognitively healthy older 

adults after performing PVC and adjusting for sex. Comparisons of (A) CBF, (B) ALFF, and 

(C) cortical thickness between groups. Significantly reduced CBF was found regionally in 

the right temporal/parietal cortex as well as lateral and medial frontal cortex (cluster 

corrected q <0.05), while no significant difference was found in either ALFF or cortical 

thickness after cluster-wise correction.

Abbreviations: MCI, mild cognitive impairment; CBF, cerebral blood flow; ALFF, 

amplitude of low frequency fluctuations; PVC, partial volume correction; FDR, False 

discovery rate.
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Figure 2. 
Vertex-wise local correlations between CBF, ALFF, the volume of WML, and cortical 

thickness in individuals with MCI and cognitively healthy older adults after performing PVC 

and adjusting for sex. (A) A significant negative correlation between CBF and the volume of 

WML was noted in MCI (FDR corrected q <0.05), while not in cognitively healthy older 

adults. (B) A significant negative correlation between ALFF and the volume of WML was 

noted in cognitively healthy older adults (FDR corrected q < 0.05), but not in MCI. (C) A 

significant positive correlation between ALFF and cortical thickness was noted in both 

groups (FDR corrected q < 0.05). Color bar indicates scale of Pearson’s correlation 

coefficient.

Abbreviations: MCI, mild cognitive impairment; CBF, cerebral blood flow; WML, white 

matter signal lesions; CTh, cortical thickness; PVC, partial volume correction.
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Figure 3. 
Lobar-ROI-based linear associations between mean lobar CBF, ALFF, volume of WML, and 

cortical thickness, in individuals with MCI and cognitively healthy older adults after 

performing PVC adjusted for sex. (A) A significant negative association between the mean 

lobar CBF (mL/100g/min) and the volume of WML (mm3) was noted across all lobar except 

for the frontal lobe in individuals with MCI (Bonferroni corrected q < 0.05), while not in 

cognitively healthy older adults. (B) A significant positive association between the mean 

lobar ALFF and cortical thickness (mm) was noted across all lobar except for the occipital 
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lobe in cognitively healthy older adults (Bonferroni corrected q < 0.05), while only noted in 

the temporal lobe in MCI. A red cross marker indicates statistically significant association at 

Bonferroni corrected q < 0.05.

Abbreviations: MCI, mild cognitive impairment; ALFF, amplitude of low frequency 

fluctuations; WML, white matter lesions; PVC, partial volume correction.
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Table 1.

Demographics and clinical characteristics

Cognitively healthy older adults MCI

(n = 21) (n = 17)

Gender F = 14/M = 7 F = 6/M = 11*

Age (y) 68.25 ± 5.84 68.40 ± 6.28

Education (y) 16.52 ± 2.62 15.24 ± 2.59

MMSE 28.80 ± 1.44 27.65 ± 2.12

CDR 0.0 (0.0–0.0) 0.5 (0.0–0.5)*

MoCA 27.20 ± 1.99 22.82 ± 2.77*

Total WML volume (mm3) 2686.60 ± 1909.556 5008.73 ± 3739.24*

Diastolic Blood Pressure (mmHg) 75.25 ± 10.54 74.47 ± 6.00

Systolic Blood Pressure (mmHg) 123.73 ± 14.05 130.53 ± 13.10

Pulse Pressure (mmHg) 47.25 ± 8.05 55.03 ± 8.95*

*:
statistically significant difference from individuals with cognitively healthy older adults at p < 0.05

Abbreviations: MCI, mild cognitive impairment; MMSE, mini-mental state examination; CDR, clinical dementia rating scale; MoCA, Montreal 
Cognitive Assessment; WML, white matter lesions.
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