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Abstract

BACKGROUND: This is the first longitudinal study to assess regional cerebral blood flow 

(rCBF) changes during the progression from normal control (NC) through mild cognitive 

impairment (MCI) and Alzheimer’s disease (AD).

OBJECTIVE: We aim to determine if perfusion MRI biomarkers, derived from our prior cross­

sectional study, can predict the onset and cognitive decline of AD.

METHODS: Perfusion MRIs using arterial spin labeling (ASL) were acquired in 15 stable-NC, 

14 NC-to-MCI, 16 stable-MCI, and 18 MCI/AD-to-AD participants from the Cardiovascular 

Health Study (CHS) cognition study. Group comparisons, predictions of AD conversion and time 

to conversion, and Modified Mini-Mental State Examination (3MSE) from rCBF were performed.

RESULTS: Compared to the stable-NC group: 1) the stable-MCI group exhibited rCBF decreases 

in the right temporoparietal (p=0.00010) and right inferior frontal and insula (p =0.0094) regions; 

and 2) the MCI/AD-to-AD group exhibited rCBF decreases in the bilateral temporoparietal 

regions (p=0.00062 and 0.0035). Compared to the NC-to-MCI group, the stable-MCI group 

exhibited a rCBF decrease in the right hippocampus region (p=0.0053). The baseline rCBF 

values in the posterior cingulate cortex (PCC) (p=0.0043), bilateral superior medial frontal regions 

(BSMF) (p=0.012), and left inferior frontal (p= 0.010) regions predicted the 3MSE scores for 

Correspondence to: Weiying Dai, Binghamton University, 4400 Vestal Pkwy E, Binghamton, NY, 13902 USA, Phone: (607) 
777-4859, wdai@binghamton.edu; H. Michael Gach, Washington University in St. Louis, 4921 Parkview Place, Saint Louis, MO, 
63110, Phone: (314)-286-1645, gachhm@wustl.edu. 

Conflict of Interest
The authors have no conflict of interest to report.

HHS Public Access
Author manuscript
J Alzheimers Dis. Author manuscript; available in PMC 2021 October 20.

Published in final edited form as:
J Alzheimers Dis. 2021 ; 82(1): 293–305. doi:10.3233/JAD-210199.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



all the participants at follow-up. The baseline rCBF in the PCC and BSMF regions predicted 

the conversion and time to conversion from MCI to AD (p<0.05; not significant after multiple 

corrections).

CONCLUSION: We demonstrated the feasibility of ASL in detecting rCBF changes in the typical 

AD-affected regions and the predictive value of baseline rCBF on AD conversion and cognitive 

decline.
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Introduction

The pathological changes of Alzheimer’s disease (AD) develop gradually over a period 

of decades [1, 2]. The incipient pathological process in AD is critical for determining the 

risk factors and the selection of primary and secondary prevention therapies. The ideal 

study would be performed with participants that were followed for many years so that the 

transition from normal cognition (NC) to mild cognitive impairment (MCI) and AD can be 

properly examined [3, 4].

Biomarkers for AD including β-amyloid (Aβ42 and Aβ40) and tau (total tau and 

phosphorylated tau181) proteins are considered the hallmarks for the pathological diagnosis 

of AD. Serum and lumbar puncture tests for β-amyloid and tau are available or under 

development [5, 6].

For decades, neuroimaging biomarkers have been a primary tool in characterizing 

AD progression. Changes in brain morphometry associated with AD progression (e.g., 

hippocampal atrophy) were identified using MRI [7–10]. Longitudinal fluorodeoxyglucose 

(FDG) positron emission tomography (PET) showed that progressive glucose metabolism 

changes can be observed years before clinical symptoms of MCI or AD [11–22].

PET studies measured the distribution of β-amyloid and tau in the brain a decade or 

more before clinical symptoms occurred in patients carrying the familial forms of AD [2]. 

However, measurements of β-amyloid and tau may not be sensitive to disease progression in 

the sporadic forms of AD [23–29], possibly because the concentration of these biomarkers 

reach a plateau before the appearance of brain atrophy, brain metabolic deficit, and cognitive 

symptoms. Combinations of AD biomarkers were useful in predicting incident dementia 

[29–32].

Arterial spin labeling (ASL) magnetic resonance imaging (MRI) [33, 34] offers a 

noninvasive quantitative measure of cerebral blood flow (CBF) using arterial blood water 

as an endogenous tracer. The main advantage of the ASL technique is that it does not 

involve any intravenous contrast agents, ionizing radiation, or radioactive isotopes. ASL has 

proven to be sensitive to regional CBF (rCBF) deficits in early-stage AD in cross-sectional 

studies [3, 4, 35–46] and normal aging in longitudinal studies [47]. When compared with 

FDG-PET, ASL MRI can identify regional deficits in similar regions with comparable 
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diagnosis accuracy and discriminative power without the high cost and ionizing radiation 

associated with PET [42–44, 48–50]. Abnormal rCBF was associated with incident AD in 

MCI patients [37]. A preliminary ASL longitudinal study in the MCI and AD stages has 

been noted [51]. In the longitudinal study herein, we explore the ASL CBF progression 

trajectory from NC to MCI to AD.

Methods

Study Population

The Cardiovascular Health Study (CHS) Cognition Study (CHS-CS) is an ancillary study 

of the CHS that followed 532 participants from 2002 to 2013 who were non-demented in 

1998-99 [52]. Between year of 2002 and 2009, 195 of the CHS-CS participants received 

structural and perfusion MRIs at baseline. They had yearly neuropsychological assessments 

and Modified Mini-Mental State Examination (3MSE). The 3MSE scores [53] were used 

to assess general cognitive ability for the population. The 3MSE has been shown to 

have increased sensitivity in detecting dementia in comparison to the Mini-Mental State 

Examination (MMSE) [54, 55].

The subjects were classified as NC, MCI, or AD based on cognitive status adjudications 

[56] without verification of amyloid deposition. The CHS-CS diagnostic criteria for MCI 

includes both MCI-amnestic and MCI-multiple cognitive domain types [56]. The baseline 

characteristics of the CHS-CS cohort at the Pittsburgh site and abnormal rCBF patterns in 

MCI and AD patients were previously reported [38, 57, 58]. Exclusion and adjudication 

criteria for the CHS-CS subjects were previously published [38]. The exclusion details 

for the ASL perfusion MRI analysis were listed in the cross-sectional study [59]. Based 

on the exclusion criteria, 148 participants (58 NC subjects, 50 MCI patients, and 40 AD 

patients) had ASL perfusion MRIs at baseline. Sixty-three of the 148 participants had 

at least two perfusion MRIs. Two participants had four perfusion MRIs, 13 participants 

had three perfusion MRIs, and 48 participants had two MRIs. Covariance estimation in 

the statistical analysis was unreliable when including the third and fourth MRIs due to 

their small number. Therefore, the longitudinal analysis included only the two MRIs for 

each participant with classifications: 15 stable-NC, 14 NC-to-MCI, 16 stable-MCI, and 

18 MCI/AD-to-AD (9 MCI-to-AD, 9 stable-AD) participants. Initial longitudinal groups 

(e.g., NC-to-MCI group) were attempted to be divided according to the first two MRIs. To 

maintain relatively balanced numbers across the classification groups, the first two MRIs 

were replaced by the second and third MRIs for four participants and by the third and fourth 

MRIs for one participant. To maximize the number of MCI participants in the predictive 

and discriminative analysis from MCI to AD, we used 30 MCI participants (including 16 

stable-MCI and 9 MCI-to-AD participants) by adding five participants with a subsequent 

MCI diagnosis (participants from the 15 stable-NC and 14 NC-to-MCI group but having 

multiple perfusion MRI scans).

The diagnostic class at the date for perfusion MRI was interpolated using the nearest 

neighbor between yearly adjudications. 3MSE scores were calculated by using linear 

interpolation of the 3MSE scores before and after the target date (the date for the perfusion 

MRI scan), and by using the same 3MSE score if a 3MSE score was available only before 
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the target time and the participant had the same diagnostic class at the next adjudication 

date.

Image acquisition

All MRI scans were conducted at the University of Pittsburgh MR Research Center using a 

dedicated GE Signa 1.5 T MRI (LX Version). All subjects or their caregiver signed written 

informed consent approved by the institutional review board (IRB). A quadrature transceiver 

head coil was used for image acquisition. High-resolution sagittal structural images were 

acquired using 3D T1-weighted spoiled gradient recalled echo (SPGR) images. Perfusion 

MRI was performed using multi-slice continuous arterial spin labeling (CASL) with double 

adiabatic inversion [38, 60, 61] and axial echo planar image (EPI) acquisition. The detailed 

pulse sequence parameters can be found in Dai et al. [61].

CBF map extraction

The CBF maps were generated from the CASL difference images using the kinetic model 

[38, 62] with a gray matter (GM) T1 of 1.2 s [63] and an inversion efficiency calculated 

using the arterial velocities and B1 measured at the label plane [38, 60, 61]. Example 

CBF maps from each group of NC, MCI, and AD subjects are shown in Supplementary 

Fig. S1. CBF maps can differ between groups either because brain tissue volumes or the 

CBF per volume of tissue vary. Brain tissue loss (atrophy) was reported in AD using 

structural neuroimaging (see a review [64]). We calculated the CBF maps with partial 

volume (atrophy) correction (PVC) to isolate the CBF values independent of brain tissue 

atrophy. The CBF map with PVC was calculated by dividing the CBF mask by the voxel­

wise gray matter fraction map in the ASL data space, which was derived by registering 

the segmented gray matter map in the T1 data space to the mean of the perfusion-weighted 

images (ASL difference images between control and label conditions) for each subject. The 

PVC assumes that the white matter does not contribute to the CBF signal of the voxel at 

1.5 T. Both the CBF maps without and with PVC were analyzed separately in the following 

statistical analysis. The subject CBF maps were normalized to a standard space using 

SPM8 (Wellcome Trust Centre for Neuroimaging) with the GM images segmented from 

the high-resolution structural MRIs as an intermediate [65]. To improve the segmentation 

and ensuing spatial normalization quality, the “New Segment” method in SPM8 was used 

to generate GM images from the structural MRIs. The CBF maps were smoothed using a 

Gaussian kernel with full width at half maximum (FWHM) of 6 mm.

Longitudinal analysis

The longitudinal analysis was performed on ten regions of interest (ROIs), which were 

defined from our baseline cross-sectional study [59]. Ten ROIs (see Supplementary material 

for the method defining the ROIs and Supplementary Fig. 2 for their precise locations) 

were: right hippocampus (RH), left hippocampus (LH), bilateral superior medial frontal 

(BSMF), right temporo-parietal (RTP), left temporo-parietal (LTP), right inferior frontal and 

insular (RIFI), left inferior frontal and insular (LIFI), right inferior parietal (RIP), bilateral 

posterior and middle cingulate and parietal regions (BPMP), and bilateral posterior cingulate 

extending to precuneus (BPCP). The rCBF values at baseline and the follow-up were 

calculated for each subject in the longitudinal analysis (63 participants) as the average rCBF 
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within each target ROI. The longitudinal change in rCBF was calculated as the difference of 

the normalized rCBF between baseline and follow-up. The normalized rCBF at baseline and 

follow-up was calculated as the ratio of rCBF value to the corresponding global CBF value. 

The global CBF was calculated as the average CBF over the GM mask. The normalized 

rCBF was used in the longitudinal analysis because it was shown more sensitive than the 

absolute rCBF to the group comparisons and association with 3MSE in our cross-sectional 

results [59].

The longitudinal CBF changes between the baseline and follow-up for the stable-NC, 

NC-to-MCI, stable-MCI and MCI/AD-to-AD groups, and the difference between the 

longitudinal CBF changes among the four groups were performed using a multiple linear 

regression model adjusting for the effects of age, gender, and time of follow-up. To assess 

whether the regional baseline CBF can differentiate the NC conversion to MCI and the 

MCI conversion to AD, multiple linear regression models were used by accounting for the 

effects of age and gender. To evaluate whether the baseline rCBF can predict cognitive 

decline, post-hoc partial correlation coefficients between the 3MSE scores at follow-up and 

the baseline CBF were calculated with age, gender and time of follow-up as covariates. To 

explore whether the longitudinal changes of rCBF are associated with longitudinal cognitive 

changes, post-hoc partial correlation coefficients between the longitudinal changes in 3MSE 

scores and the longitudinal CBF changes were calculated with age, gender and time of 

follow-up as covariates.

Logistic regression was used to examine whether the event of conversion can be predicted 

by the baseline rCBF values after controlling for age and gender. Stepwise forward logistic 

regressions were used to examine the combined and incremental accuracy of the baseline 

rCBF values as predictors of conversion. The reliability of the prediction models was 

assessed by the leave-one-out cross-validation method. Cox survival regression models [66] 

were used to estimate the hazard ratio (HR) and examine whether the probability of time 

to conversion can be predicted by the baseline rCBF values after controlling for age and 

gender. The HR of each rCBF was evaluated separately with age and gender as covariates. 

The stepwise variable selection method was used to examine the combined likelihood of the 

baseline rCBF values as predictors of conversion time. The likelihood-ratio tests were used 

to decide the forward inclusion (p = 0.2) and backward exclusion (p = 0.1).

Family-wise error (FWE) corrections were performed to guard against false positives from 

the multiple comparisons [67] by following the procedures: (a) order the p values from the 

lowest to highest p1, p2, …, pm, where m is the total number of hypothesis tested (m = 12 

regions); (b) for a given α = 0.05, seek the largest k such as pk ≤ α/(m − k + 1); and (c) p1, 
…, pk were the significant p values after FWE correction.

Results

Table 1 summarizes the subjects’ demographic and scores at the time of baseline and follow­

up MRIs. We found no differences between baseline age, gender, education, hypertension, 

diabetes, the presence of heart disease, and the time of follow-up among the four groups. 
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Subjects in the MCI/AD-to-AD group had lower 3MSE scores at baseline and larger 

decreases in 3MSE scores at the follow-up than the other groups.

Longitudinal changes of rCBF between baseline and follow-up scans

Compared to the corresponding baseline, a significant rCBF decrease was detected in 

the BPCP in the stable-NC follow-up (p = 0.040 and 0.023, without and with PVC, 

respectively), NC-to-MCI follow-up (p = 0.029 and 0.015, without and with PVC, 

respectively), stable-MCI follow-up (p = 0.031 and 0.018, without and with PVC, 

respectively), and MCI/AD-to-AD follow-up (p = 0.032 and 0.019, without and with PVC, 

respectively). However, the rCBF decreases in the BPCP region were not significant after 

FWE correction.

Comparison of longitudinal rCBF change among four groups

Compared to the stable-NC group: the NC-to-MCI group exhibited significantly stronger 

rCBF decreases in the BPMP region (p = 0.011 and 0.020, without and with PVC, 

respectively); the stable-MCI group exhibited stronger rCBF decreases in the RTP, RIFI, 

and RIP regions (p = 0.0001, 0.0094, 0.044; and 0.0001, 0.011, 0.11, without and with 

PVC, respectively); and the MCI/AD-to-AD group exhibited significantly stronger rCBF 

decreases in the RTP, LTP and BPMP regions (p = 0.0035, 0.00062, 0.028; and 0.0058, 

0.0018, 0.030, without and with PVC, respectively) (Fig. 1). Compared to the NC-to-MCI 

group: the stable-MCI group exhibited stronger rCBF decreases in the RTP, RIFI, and RH 

regions (p = 0.012, 0.049, 0.0053; 0.011, 0.054, 0.010, without and with PVC, respectively); 

and the MCI/AD-to-AD group exhibited significantly stronger rCBF decreases in the LTP 

region (p = 0.015 and 0.041 without and with PVC, respectively) (Fig. 1A without PVC and 

Fig. 1B with PVC). After FWE correction, only the rCBF decreases in the RTP, LTP, RH, 

and RIFI (RTP and LTP with PVC) were significant. Compared to the stable-NC group: the 

stable-MCI group exhibited stronger rCBF decreases in the RTP and RIFI (RTP with PVC) 

regions; and the MCI/AD-to-AD group exhibited significantly stronger CBF decreases in the 

RTP and LTP (RTP and LTP with PVC) regions. Compared to the NC-to-MCI group, the 

stable-MCI group exhibited stronger CBF decreases in the RH region.

Discriminative value of baseline rCBF and rCBF changes

MCI subjects who converted to AD showed significantly lower baseline rCBF in the 

BPCP region (p = 0.0069 and 0.018, without and with PVC, respectively) compared 

to nonconverters at the two-year follow-up. MCI subjects who converted to AD showed 

significantly lower baseline rCBF in the BSMF region (p = 0.041 and 0.051, without and 

with PVC, respectively) compared to nonconverters at the four-year follow-up. Normalized 

baseline rCBF in the BPCP region revealed very good discrimination between the MCI 

subjects who converted to AD and nonconverters at the two-year follow-up (accuracy = 

87%) (Fig. 2) although it was not significant after FWE correction. Only two subjects in 

each group were misclassified based on rCBF. However, we did not find any significant 

differences for either the rCBF changes in the other regions between MCI nonconverters and 

MCI converters (to AD), or the baseline rCBF and rCBF changes in all the regions between 

NC nonconverters and NC converters (to MCI).
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Predictive value of baseline rCBF for conversion of MCI to AD

The baseline normalized rCBF in the BPCP region was a significant predictor for the 

two-year (p = 0.020 and 0.031, without and with PVC, respectively) and three-year (p = 

0.015 and 0.028, without and with PVC, respectively) follow-ups. The baseline normalized 

rCBF in the BSMF region was a significant predictor for the six-year (p = 0.023 and 0.030, 

without and with PVC, respectively) and seven-year (p = 0.039 and 0.049, without and with 

PVC, respectively) follow-ups, respectively. However, the rCBF values in the BPCP and 

BSMF regions were not significant after FWE correction. When using the stepwise logistic 

regression model, the baseline rCBF values in the BPCP, BSMF, and RH regions predicted 

the conversion of MCI to AD with 93% and 93% (86% and 96% with PVC, respectively) 

accuracy at the two-year and three-year follow-ups, respectively. The baseline rCBF values 

in the BPCP and BSMF regions predicted the conversion of MCI to AD with 83% and 81% 

(81% and 81% with PVC, respectively) of accuracy at the four-year and five-year follow-up, 

respectively. The baseline rCBF values in the BSMF region predicted the conversion of MCI 

to AD with 92% and 88% (88% and 92% with PVC, respectively) of accuracy at the six-year 

and seven-year follow-ups, respectively.

Predictive value of baseline rCBF for time to conversion

The baseline normalized rCBF values in the BPCP (HR = 0.89, p = 0.049 without PVC; HR 

= 0.90, p = 0.092 with PVC) and BSMF (HR = 0.81, p = 0.020 without PVC; HR = 0.81, p 

= 0.020 with PVC) were statistically significant predictors for time to conversion. However, 

the rCBF values in the BPCP and BSMF regions were not significant after FWE correction. 

When using the Cox variable selection model, a final model with the baseline normalized 

rCBF values in the BPCP (p = 0.012) and BSMF (p = 0.0077) significantly predicted the 

time to conversion from MCI to AD. The prediction model (Fig. 3) showed that a baseline 

normalized BPCP rCBF of 1.28 and BSMF rCBF of 1.18 (corresponding to the baseline 

average of the entire MCI group with follow-up) predicted the median time to conversion 

to be 5.9 years. The predicted time to decline was 7.6 years for a baseline normalized 

BPCP rCBF of 1.33 and BSMF rCBF of 1.20 (corresponding to the baseline average of the 

stable-MCI group at the two-year follow-up). The predicted time to decline was 2.9 years for 

a baseline normalized BPCP rCBF of 1.14 and BSMF rCBF of 1.12 (corresponding to the 

baseline average of MCI-to-AD group at the two-year follow-up).

Correlation of baseline rCBF with 3MSE at follow-up

For all of the subjects, the 3MSE score at follow-up was correlated with the baseline 

normalized rCBF in the BPCP (r = 0.38, p = 0.0043 without PVC; r = 0.36, p = 0.0070 

with PVC) (Fig. 4a), BPMP (r = 0.36, p = 0.0075 without PVC; r = 0.35, p = 0.0083 with 

PVC), LIFI (r = 0.34, p = 0.010 without PVC; r = 0.33, p = 0.015 with PVC), BSMF (r = 

0.33, p = 0.012 without PVC; r = 0.32, p = 0.019 with PVC) (Fig. 4b), and LH (r = 0.30, 

p = 0.026 without PVC; r = 0.31, p = 0.021 with PVC) regions. After FWE correction, the 

3MSE correlations were still significant in all of the above regions except LH without PVC, 

but not significant in any of these regions with PVC. For the subjects with AD progression 

(all the subjects excluding those in the stable-NC group), the 3MSE score at follow-up was 

correlated with the baseline normalized rCBF in the BPCP (r = 0.39, p = 0.011 without 
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PVC; r = 0.37, p = 0.016 with PVC) (Fig. 4c), BPMP (r = 0.48, p = 0.0014 without PVC; r 

= 0.47, p = 0.0017 with PVC), LIFI (r = 0.45, p = 0.0032 without PVC; r = 0.43, p = 0.0050 

with PVC), BSMF (r = 0.44, p = 0.0043 without PVC; r = 0.42, p = 0.0057 with PVC) (Fig. 

4d), and LH (r = 0.31, p = 0.050 without PVC; r = 0.31, p = 0.049 with PVC) regions. After 

FWE correction, the 3MSE correlations were still significant in all of the above regions 

except LH without and with PVC.

Correlation of longitudinal rCBF changes with longitudinal 3MSE changes

For all of the subjects, the longitudinal 3MSE changes were correlated with the longitudinal 

rCBF changes in the RIP (r = 0.37, p = 0.0058 without PVC; r = 0.39, p = 0.0030 with PVC) 

(Supplementary Fig. S3), while the correlation was not significant for the subjects with AD 

progression (all the subjects excluding those in the stable-NC group). Moreover, the rCBF 

association in the RIP region was not significant without PVC but significant with PVC (p = 

0.0030) after FWE correction for all the subjects.

Discussion

We demonstrated that there were stronger longitudinal rCBF decreases in the bilateral 

temporoparietal regions for the MCI/AD-AD group and in the right temporoparietal 

and right inferior frontal and right hippocampus regions for the stable-MCI group even 

after correction for multiple comparisons. These findings extend the current literature 

(to a longitudinal study) for rCBF deterioration in the regions along the process of AD 

progression. The FDG-PET studies have shown abnormal glucose metabolic rate (MRglc) 

reductions from at-risk participants (e.g., ApoE4 carriers) to advanced AD that were most 

prominent in the temporoparietal, posterior cingulate, and prefrontal areas [11, 16, 17, 

21, 68, 69], and sometimes in the hippocampus [15, 18, 70] regions. Considering the 

close correlation between MRglc consumption and rCBF, the FDG-PET studies are lending 

support to our study findings.

We found generally less sensitive rCBF changes in group comparisons and less sensitive 

predictive/discriminative values from baseline rCBF after PVC. The disappearance or 

reduced significance of the CBF changes in the right inferior parietal (stable-MCI vs. 

stable-NC) and right hippocampus and right inferior frontal and insula (stable-MCI vs. NC­

to-MCI) regions after PVC shows significant atrophy during the progression of AD. Marked 

atrophy of the frontal, inferior parietal and hippocampus regions were reported in MCI and 

AD in a larger multisite CHS study [71] and as a biomarker in preclinical AD [72, 73], 

which also confirms the effectiveness of the applied PVC method in filtering out the cortical 

atrophy. Interestingly, after PVC, rCBF decreases in the posterior cingulate region were 

shown with larger significance (consistently smaller p values) in the follow-up of stable-NC, 

NC-to-MCI, stable-MCI, MCI/AD-to-AD groups compared to the baseline. These results 

indicate that the posterior cingulate region suffers from consistent independent-of-atrophy 

CBF decreases and various atrophy rates across individuals within each group during the 

longitudinal progression of AD. The findings further suggest that rCBF with PVC in the 

posterior cingulate region is a promising biomarker in tracing individual AD progression.
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We showed a stronger longitudinal rCBF decrease in the posterior cingulate region (although 

it is not significant after multiple comparisons) when the participants transitioned from 

normal cognition to MCI compared to stable normal controls. The posterior cingulate 

hypoperfusion may be evident in clinically detected MCI patients (e.g., using a more 

sensitive ASL technique or higher field magnet) and precedes the clinical manifestation 

of AD. This observation is in agreement with our previous cross-sectional ASL results 

in MCI patients [38]. Most of the PET literature in MCI comparing amnestic MCI with 

normal controls showed changes in the posterior cingulate and temporal regions [11, 12, 

16, 20, 74]. Some studies in non-amnestic MCI patients showed the relative absence of 

cortical hypometabolism or hypometabolism in several other brain regions [15, 75–78]. 

Taken together, the reduction of rCBF in the posterior cingulate in amnestic MCI patients 

implies their higher risk to develop AD versus non-amnestic MCIs. The MCI subjects in our 

study included both amnestic and multiple cognitive domain types (see MCI classification 

details [57]) and hence the longitudinal reduction in the posterior cingulate region may be 

affected.

The significant rCBF differences at the time of the initial MCI stage between stable-MCI 

patients and MCI-to-AD patients suggest that the rCBF at the posterior cingulate region 

is discriminative for the MCI patients who convert to AD and those who do not convert 

at two-year follow-up. This is of great clinical significance because it allows for the 

identification of patients for AD treatment options. In contrast, the 3MSE scores at the initial 

MCI stage were not as sensitive as the initial rCBF values for identifying the converting 

versus stable groups (results not shown). However, we did not observe the initial rCBF 

differences between stable NCs and NC-to-MCI patients. Progression of hypoperfusion in 

the posterior cingulate region from NC to MCI was observed and was comparable with 

stable-NCs at the group level, but the MCIs who were converters (to AD) experienced faster 

perfusion reductions from normal cognition compared to MCI nonconverters. Therefore, our 

results indicate that the hypoperfusion in the posterior cingulate region was incipient to the 

MCI stage. These results are consistent with the FDG PET prediction studies that reported 

hypometabolism in posterior cingulate regions in MCI patients with three years of decline to 

AD when compared with stable-MCI patients [11–13, 16, 20, 74]. In summary, our results 

strongly suggest that in the conversion from MCI to AD, rCBF changes in the posterior 

cingulate region occur in advance of MCI and other regional changes.

The baseline rCBF values in the posterior cingulate, superior medial frontal, inferior frontal 

regions were associated with 3MSE scores at follow-up for all the groups, and the groups 

except the stable NCs (those on the AD pathophysiology) after adjusting for age, gender, 

and time of follow-up (even after correction of multiple comparisons). Baseline metabolism 

in the prefrontal regions has been demonstrated to predict the cognitive decline (MMSE) 

in normal aging [17]. Baseline rCBF in the prefrontal and posterior cingulate/precuneus 

regions could predict cognitive decline (episodic memory and selective attention) of MCI 

patients [37]. The baseline rCBF values in the posterior cingulate, superior medial frontal, 

inferior frontal regions could be promising biomarkers to predict cognitive performance for 

both normal elderly and symptomatic patients.
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Logistic regression and Cox regression analysis identified baseline rCBF values at the 

bilateral superior medial frontal and posterior cingulate regions as significant predictors 

for conversion from MCI to AD consistently (although not significant after multiple 

corrections). The findings are in line with a previous report of reduced rCBF in the 

prefrontal and posterior cingulate cortices in MCI subjects who converted to AD compared 

to nonconverters [79–81], and also agrees with studies of the predictive power of baseline 

rCBF and metabolism at medial frontal and posterior cingulate regions [12, 16, 37]. It is 

worth noting that the hippocampus regions in the accumulative Cox regression model are 

not significant predictors for time to conversion. In contrast, logistic regression showed 

that the right hippocampus region was not a significant predictor for conversion status but 

had incremental predictive power for the two-year and three-year follow-ups. Although the 

hippocampus is known as the first target region in AD [19], our results suggest its limited 

value in prediction of AD conversion. These logistic regression results suggest that the 

posterior cingulate region is a major predictor for the progression status in two to three 

years and the superior medial frontal is a major predictor for the progression status in six 

to seven years. These findings are also consistent with the discriminative power of these 

two regions. Hence, rCBF in the posterior cingulate region is more sensitive to short-term 

AD progression, while rCBF in the middle frontal region is more sensitive to long-term AD 

progression.

There are limitations in this study. First, the small sample size and the ensuing reduced 

power in the longitudinal study may have affected our ability to detect existing associations 

between the progression of AD and the change of CBF/3MSE scores. Second, the lost 

follow-up of perfusion imaging scans from MCI and AD subjects were relatively large. 

Therefore, the MCI-to-AD and AD-to-AD groups had to be combined into one group to 

increase the statistical power. Third, selecting 10 regions in the longitudinal analysis and 

the ensuing multiple comparisons limits our ability in detecting statistical significance. 

This study serves as an exploratory study for investigating the capability of ASL in 

detecting longitudinal changes. Further studies can select a smaller numbers of targeted 

regions in AD progression. Fourth, we observed asymmetrical patterns of longitudinal CBF 

changes. For instance, the stable-MCI group exhibited stronger CBF decreases in the right 

temporoparietal, right inferior frontal, and right hippocampus. The exact cause is unclear 

but potentially contributed from asymmetrical labeling efficiency between the left and right 

carotid and vertebral arteries in the CASL technique because of poorly chosen locations of 

labeling planes (e.g., not orthogonal to both carotid arteries). Another potential cause is that 

it may be related to handedness and multilingual background. However, we do not have a 

sufficient number of subjects to explore the possibility. Fifth, hippocampal CBF values were 

found with limited values in the prediction of AD conversion. The perfusion images were 

acquired with 2D EPI from superior to inferior and suffered marked signal dropout in the 

hippocampal regions due to tracer decay and susceptibility artifacts. The largely reduced 

signal-to-noise ratio (SNR) in these regions could have affected the ability of hippocampal 

CBF in AD prediction. Last, the CBF images were acquired using the CASL technique at 

1.5 T before the advent of pCASL and 3 T whole brain perfusion MRI [82] that can yield 

higher SNR. However, despite the low number of subjects and less sensitive technique with 

reduced SNR in the longitudinal study, the rCBF deficits during the entire AD progression 
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were detectable. The baseline rCBF at the medial frontal and posterior cingulate regions was 

associated with the 3MSE scores at follow-up and conversion from MCI to AD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

The CHS data was supported by grants AG20098 and AG15928 from the National Institute on Aging (NIA) 
and by contracts N01-HC-85239, N01-HC-85079 through N01-HC-85086, N01-HC-35129, N01 HC-15103, N01 
HC-55222, N01-HC-75150, N01-HC-45133, and grant HL080295 from the National Heart, Lung, and Blood 
Institute (NHLBI), with additional contributions from the National Institute of Neurological Disorders and Stroke 
(NINDS). A full list of principal CHS investigators and institutions can be found at CHS-NHLBI.org. The research 
was also supported by the State University of New York at Binghamton, the Nevada Cancer Institute, the University 
of Pittsburgh, and Washington University in St. Louis. Weiying Dai was supported by R01AG066430. Grace D. 
Zhou, affiliated with Vestal High School, Vestal, NY, USA, conducted her research in the Department of Computer 
Science when she was a visiting research assistant in Weiying Dai’s research group.

References

[1]. Selkoe DJ (2001) Alzheimer’s disease: genes, proteins, and therapy. Physiol Rev 81, 741–766. 
[PubMed: 11274343] 

[2]. Bateman RJ, Xiong C, Benzinger TL, Fagan AM, Goate A, Fox NC, Marcus DS, Cairns NJ, Xie 
X, Blazey TM, Holtzman DM, Santacruz A, Buckles V, Oliver A, Moulder K, Aisen PS, Ghetti 
B, Klunk WE, McDade E, Martins RN, Masters CL, Mayeux R, Ringman JM, Rossor MN, 
Schofield PR, Sperling RA, Salloway S, Morris JC, Dominantly Inherited Alzheimer N (2012) 
Clinical and biomarker changes in dominantly inherited Alzheimer’s disease. N Engl J Med 367, 
795–804. [PubMed: 22784036] 

[3]. Alsop DC, Dai W, Grossman M, Detre JA (2010) Arterial spin labeling blood flow MRI: its role 
in the early characterization of Alzheimer’s disease. J Alzheimers Dis 20, 871–880. [PubMed: 
20413865] 

[4]. Wang Z (2014) Characterizing early Alzheimer’s disease and disease progression using 
hippocampal volume and arterial spin labeling perfusion MRI. J Alzheimers Dis 42 Suppl 4, 
S495–502. [PubMed: 25182742] 

[5]. Barthelemy NR, Horie K, Sato C, Bateman RJ (2020) Blood plasma phosphorylated-tau isoforms 
track CNS change in Alzheimer’s disease. J Exp Med 217, e20200861. [PubMed: 32725127] 

[6]. Schindler SE, Bollinger JG, Ovod V, Mawuenyega KG, Li Y, Gordon BA, Holtzman DM, 
Morris JC, Benzinger TLS, Xiong C, Fagan AM, Bateman RJ (2019) High-precision plasma 
beta-amyloid 42/40 predicts current and future brain amyloidosis. Neurology 93, e1647–e1659. 
[PubMed: 31371569] 

[7]. Tong T, Gao Q, Guerrero R, Ledig C, Chen L, Rueckert D, Initiative ADN (2017) A novel grading 
biomarker for the prediction of conversion from mild cognitive impairment to Alzheimer’s 
disease. IEEE Trans Biomed Eng 64, 155–165. [PubMed: 27046891] 

[8]. Carmichael O, Mungas D, Beckett L, Harvey D, Tomaszewski Farias S, Reed B, Olichney 
J, Miller J, Decarli C (2012) MRI predictors of cognitive change in a diverse and carefully 
characterized elderly population. Neurobiol Aging 33, 83–95. [PubMed: 20359776] 

[9]. Carmichael OT, Kuller LH, Lopez OL, Thompson PM, Dutton RA, Lu A, Lee SE, Lee JY, 
Aizenstein HJ, Meltzer CC, Liu Y, Toga AW, Becker JT (2007) Cerebral ventricular changes 
associated with transitions between normal cognitive function, mild cognitive impairment, and 
dementia. Alzheimer Dis Assoc Disord 21, 14–24. [PubMed: 17334268] 

[10]. Carmichael OT, Lopez O, Becker JT, Kuller L (2009) Trajectories of brain loss in aging and 
the development of cognitive impairment. Neurology 72, 771; author reply 771–772. [PubMed: 
19237712] 

Duan et al. Page 11

J Alzheimers Dis. Author manuscript; available in PMC 2021 October 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[11]. Minoshima S, Giordani B, Berent S, Frey KA, Foster NL, Kuhl DE (1997) Metabolic reduction 
in the posterior cingulate cortex in very early Alzheimer’s disease. Ann Neurol 42, 85–94. 
[PubMed: 9225689] 

[12]. Chetelat G, Desgranges B, de la Sayette V, Viader F, Eustache F, Baron JC (2003) Mild cognitive 
impairment: Can FDG-PET predict who is to rapidly convert to Alzheimer’s disease? Neurology 
60, 1374–1377. [PubMed: 12707450] 

[13]. Anchisi D, Borroni B, Franceschi M, Kerrouche N, Kalbe E, Beuthien-Beumann B, Cappa 
S, Lenz O, Ludecke S, Marcone A, Mielke R, Ortelli P, Padovani A, Pelati O, Pupi A, 
Scarpini E, Weisenbach S, Herholz K, Salmon E, Holthoff V, Sorbi S, Fazio F, Perani D (2005) 
Heterogeneity of brain glucose metabolism in mild cognitive impairment and clinical progression 
to Alzheimer disease. Arch Neurol 62, 1728–1733. [PubMed: 16286547] 

[14]. Beason-Held LL, Goh JO, An Y, Kraut MA, O’Brien RJ, Ferrucci L, Resnick SM (2013) 
Changes in brain function occur years before the onset of cognitive impairment. J Neurosci 33, 
18008–18014. [PubMed: 24227712] 

[15]. de Leon MJ, Convit A, Wolf OT, Tarshish CY, DeSanti S, Rusinek H, Tsui W, Kandil E, 
Scherer AJ, Roche A, Imossi A, Thorn E, Bobinski M, Caraos C, Lesbre P, Schlyer D, Poirier 
J, Reisberg B, Fowler J (2001) Prediction of cognitive decline in normal elderly subjects with 
2-[(18)F]fluoro-2-deoxy-D-glucose/poitron-emission tomography (FDG/PET). Proc Natl Acad 
Sci U S A 98, 10966–10971. [PubMed: 11526211] 

[16]. Drzezga A, Lautenschlager N, Siebner H, Riemenschneider M, Willoch F, Minoshima S, 
Schwaiger M, Kurz A (2003) Cerebral metabolic changes accompanying conversion of mild 
cognitive impairment into Alzheimer’s disease: a PET follow-up study. Eur J Nucl Med Mol 
Imaging 30, 1104–1113. [PubMed: 12764551] 

[17]. Jagust W, Gitcho A, Sun F, Kuczynski B, Mungas D, Haan M (2006) Brain imaging evidence of 
preclinical Alzheimer’s disease in normal aging. Ann Neurol 59, 673–681. [PubMed: 16470518] 

[18]. Mosconi L, De Santi S, Li J, Tsui WH, Li Y, Boppana M, Laska E, Rusinek H, de Leon MJ 
(2008) Hippocampal hypometabolism predicts cognitive decline from normal aging. Neurobiol 
Aging 29, 676–692. [PubMed: 17222480] 

[19]. Mosconi L, Mistur R, Switalski R, Tsui WH, Glodzik L, Li Y, Pirraglia E, De Santi S, Reisberg 
B, Wisniewski T, de Leon MJ (2009) FDG-PET changes in brain glucose metabolism from 
normal cognition to pathologically verified Alzheimer’s disease. Eur J Nucl Med Mol Imaging 
36, 811–822. [PubMed: 19142633] 

[20]. Mosconi L, Perani D, Sorbi S, Herholz K, Nacmias B, Holthoff V, Salmon E, Baron JC, De 
Cristofaro MT, Padovani A, Borroni B, Franceschi M, Bracco L, Pupi A (2004) MCI conversion 
to dementia and the APOE genotype: a prediction study with FDG-PET. Neurology 63, 2332–
2340. [PubMed: 15623696] 

[21]. Reiman EM, Caselli RJ, Yun LS, Chen K, Bandy D, Minoshima S, Thibodeau SN, Osborne 
D (1996) Preclinical evidence of Alzheimer’s disease in persons homozygous for the epsilon 4 
allele for apolipoprotein E. N Engl J Med 334, 752–758. [PubMed: 8592548] 

[22]. Small GW, Ercoli LM, Silverman DH, Huang SC, Komo S, Bookheimer SY, Lavretsky H, 
Miller K, Siddarth P, Rasgon NL, Mazziotta JC, Saxena S, Wu HM, Mega MS, Cummings JL, 
Saunders AM, Pericak-Vance MA, Roses AD, Barrio JR, Phelps ME (2000) Cerebral metabolic 
and cognitive decline in persons at genetic risk for Alzheimer’s disease. Proc Natl Acad Sci U S 
A 97, 6037–6042. [PubMed: 10811879] 

[23]. Bouwman FH, van der Flier WM, Schoonenboom NS, van Elk EJ, Kok A, Rijmen F, 
Blankenstein MA, Scheltens P (2007) Longitudinal changes of CSF biomarkers in memory clinic 
patients. Neurology 69, 1006–1011. [PubMed: 17785669] 

[24]. Engler H, Forsberg A, Almkvist O, Blomquist G, Larsson E, Savitcheva I, Wall A, Ringheim 
A, Langstrom B, Nordberg A (2006) Two-year follow-up of amyloid deposition in patients with 
Alzheimer’s disease. Brain 129, 2856–2866. [PubMed: 16854944] 

[25]. Jack CR Jr., Lowe VJ, Weigand SD, Wiste HJ, Senjem ML, Knopman DS, Shiung MM, Gunter 
JL, Boeve BF, Kemp BJ, Weiner M, Petersen RC, Alzheimer’s Disease Neuroimaging I (2009) 
Serial PIB and MRI in normal, mild cognitive impairment and Alzheimer’s disease: implications 
for sequence of pathological events in Alzheimer’s disease. Brain 132, 1355–1365. [PubMed: 
19339253] 

Duan et al. Page 12

J Alzheimers Dis. Author manuscript; available in PMC 2021 October 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[26]. Jack CR Jr., Lowe VJ, Senjem ML, Weigand SD, Kemp BJ, Shiung MM, Knopman DS, 
Boeve BF, Klunk WE, Mathis CA, Petersen RC (2008) 11C PiB and structural MRI provide 
complementary information in imaging of Alzheimer’s disease and amnestic mild cognitive 
impairment. Brain 131, 665–680. [PubMed: 18263627] 

[27]. Josephs KA, Whitwell JL, Ahmed Z, Shiung MM, Weigand SD, Knopman DS, Boeve BF, Parisi 
JE, Petersen RC, Dickson DW, Jack CR Jr. (2008) Beta-amyloid burden is not associated with 
rates of brain atrophy. Ann Neurol 63, 204–212. [PubMed: 17894374] 

[28]. Sunderland T, Wolozin B, Galasko D, Levy J, Dukoff R, Bahro M, Lasser R, Motter R, 
Lehtimaki T, Seubert P (1999) Longitudinal stability of CSF tau levels in Alzheimer patients. 
Biol Psychiatry 46, 750–755. [PubMed: 10494442] 

[29]. Vemuri P, Wiste HJ, Weigand SD, Shaw LM, Trojanowski JQ, Weiner MW, Knopman DS, 
Petersen RC, Jack CR Jr., Alzheimer’s Disease Neuroimaging I (2009) MRI and CSF biomarkers 
in normal, MCI, and AD subjects: diagnostic discrimination and cognitive correlations. 
Neurology 73, 287–293. [PubMed: 19636048] 

[30]. Lopez OL, Klunk WE, Mathis C, Coleman RL, Price J, Becker JT, Aizenstein HJ, Snitz B, 
Cohen A, Ikonomovic M, McDade E, DeKosky ST, Weissfeld L, Kuller LH (2014) Amyloid, 
neurodegeneration, and small vessel disease as predictors of dementia in the oldest-old. 
Neurology 83, 1804–1811. [PubMed: 25305156] 

[31]. Prestia A, Caroli A, Wade SK, van der Flier WM, Ossenkoppele R, Van Berckel B, Barkhof 
F, Teunissen CE, Wall A, Carter SF, Scholl M, Choo IH, Nordberg A, Scheltens P, Frisoni GB 
(2015) Prediction of AD dementia by biomarkers following the NIA-AA and IWG diagnostic 
criteria in MCI patients from three European memory clinics. Alzheimers Dement 11, 1191–
1201. [PubMed: 25646957] 

[32]. Lopez OL, Becker JT, Chang Y, Klunk WE, Mathis C, Price J, Aizenstein HJ, Snitz B, Cohen 
AD, DeKosky ST, Ikonomovic M, Kamboh MI, Kuller LH (2018) Amyloid deposition and brain 
structure as long-term predictors of MCI, dementia, and mortality. Neurology 90, e1920–e1928. 
[PubMed: 29695596] 

[33]. Detre JA, Leigh JS, Williams DS, Koretsky AP (1992) Perfusion imaging. Magn Reson Med 23, 
37–45. [PubMed: 1734182] 

[34]. Williams DS, Detre JA, Leigh JS, Koretsky AP (1992) Magnetic resonance imaging of perfusion 
using spin inversion of arterial water. Proc Natl Acad Sci USA 89, 212–216. [PubMed: 1729691] 

[35]. Alexopoulos P, Sorg C, Forschler A, Grimmer T, Skokou M, Wohlschlager A, Perneczky R, 
Zimmer C, Kurz A, Preibisch C (2012) Perfusion abnormalities in mild cognitive impairment and 
mild dementia in Alzheimer’s disease measured by pulsed arterial spin labeling MRI. Eur Arch 
Psychiatry Clin Neurosci 262, 69–77. [PubMed: 21786091] 

[36]. Alsop DC, Casement M, de Bazelaire C, Fong T, Press DZ (2008) Hippocampal hyperperfusion 
in Alzheimer’s disease. Neuroimage 42, 1267–1274. [PubMed: 18602481] 

[37]. Chao LL, Buckley ST, Kornak J, Schuff N, Madison C, Yaffe K, Miller BL, Kramer JH, 
Weiner MW (2010) ASL perfusion MRI predicts cognitive decline and conversion from MCI to 
dementia. Alzheimer Dis Assoc Disord 24, 19–27. [PubMed: 20220321] 

[38]. Dai W, Lopez OL, Carmichael OT, Becker JT, Kuller LH, Gach HM (2009) Mild cognitive 
impairment and alzheimer disease: patterns of altered cerebral blood flow at MR imaging. 
Radiology 250, 856–866. [PubMed: 19164119] 

[39]. Johnson NA, Jahng G-H, Weiner MW, Miller BL, Chui HC, Jagust WJ, Gorno-Tempini ML, 
Schuff N (2005) Pattern of cerebral hypoperfusion in Alzheimer disease and mild cognitive 
impairment measured with arterial spin-labeling MR imaging: Initial experience. Radiology 234, 
851–859. [PubMed: 15734937] 

[40]. Yoshiura T, Hiwatashi A, Yamashita K, Ohyagi Y, Monji A, Takayama Y, Nagao E, Kamano H, 
Noguchi T, Honda H (2009) Simultaneous measurement of arterial transit time, arterial blood 
volume, and cerebral blood flow using arterial spin-labeling in patients with Alzheimer disease. 
AJNR Am J Neuroradiol 30, 1388–1393. [PubMed: 19342545] 

[41]. Xu G, Antuono PG, Jones J, Xu Y, Wu G, Ward D, Li SJ (2007) Perfusion fMRI detects deficits 
in regional CBF during memory-encoding tasks in MCI subjects. Neurology 69, 1650–1656. 
[PubMed: 17954780] 

Duan et al. Page 13

J Alzheimers Dis. Author manuscript; available in PMC 2021 October 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[42]. Chen Y, Wolk DA, Reddin JS, Korczykowski M, Martinez PM, Musiek ES, Newberg AB, Julin 
P, Arnold SE, Greenberg JH, Detre JA (2011) Voxel-level comparison of arterial spin-labeled 
perfusion MRI and FDG-PET in Alzheimer disease. Neurology 77, 1977–1985. [PubMed: 
22094481] 

[43]. Musiek ES, Chen Y, Korczykowski M, Saboury B, Martinez PM, Reddin JS, Alavi A, Kimberg 
DY, Wolk DA, Julin P, Newberg AB, Arnold SE, Detre JA (2012) Direct comparison of 
fluorodeoxyglucose positron emission tomography and arterial spin labeling magnetic resonance 
imaging in Alzheimer’s disease. Alzheimers Dement 8, 51–59. [PubMed: 22018493] 

[44]. Tosun D, Schuff N, Jagust W, Weiner MW, Alzheimer’’s Disease Neuroimaging I 
(2016) Discriminative Power of Arterial Spin Labeling Magnetic Resonance Imaging and 
18F-Fluorodeoxyglucose Positron Emission Tomography Changes for Amyloid-beta-Positive 
Subjects in the Alzheimer’s Disease Continuum. Neurodegener Dis 16, 87–94. [PubMed: 
26560336] 

[45]. Wang Z, Das SR, Xie SX, Arnold SE, Detre JA, Wolk DA, Alzheimer’s Disease Neuroimaging 
I (2013) Arterial spin labeled MRI in prodromal Alzheimer’s disease: A multi-site study. 
Neuroimage Clin 2, 630–636. [PubMed: 24179814] 

[46]. Zhang N, Gordon ML, Goldberg TE (2017) Cerebral blood flow measured by arterial spin 
labeling MRI at resting state in normal aging and Alzheimer’s disease. Neurosci Biobehav Rev 
72, 168–175. [PubMed: 27908711] 

[47]. Staffaroni AM, Cobigo Y, Elahi FM, Casaletto KB, Walters SM, Wolf A, Lindbergh CA, Rosen 
HJ, Kramer JH (2019) A longitudinal characterization of perfusion in the aging brain and 
associations with cognition and neural structure. Hum Brain Mapp 40, 3522–3533. [PubMed: 
31062904] 

[48]. Wolk DA, Detre JA (2012) Arterial spin labeling MRI: an emerging biomarker for Alzheimer’s 
disease and other neurodegenerative conditions. Curr Opin Neurol 25, 421–428. [PubMed: 
22610458] 

[49]. Dolui S, Li Z, Nasrallah IM, Detre JA, Wolk DA (2020) Arterial spin labeling versus (18)F-FDG­
PET to identify mild cognitive impairment. Neuroimage Clin 25, 102146. [PubMed: 31931403] 

[50]. Hu WT, Wang Z, Lee VM, Trojanowski JQ, Detre JA, Grossman M (2010) Distinct cerebral 
perfusion patterns in FTLD and AD. Neurology 75, 881–888. [PubMed: 20819999] 

[51]. Wang Z (2016) Longitudinal CBF changes predict disease conversion/revision in AD and MCI. 
22nd Annual Meeting of the Organization for Human Brain Mapping, Geneva, Switzerland, 
1009.

[52]. Lawrence E, Vegvari C, Ower A, Hadjichrysanthou C, De Wolf F, Anderson RM (2017) A 
systematic review of longitudinal studies which measure Alzheimer’s Disease biomarkers. J 
Alzheimers Dis 59, 1359–1379. [PubMed: 28759968] 

[53]. Teng EL, Chui HC (1987) The Modified Mini-Mental State (3MS) examination. J Clin 
Psychiatry 48, 314–318. [PubMed: 3611032] 

[54]. McDowell I, Kristjansson B, Hill GB, Hebert R (1997) Community screening for dementia: the 
Mini Mental State Exam (MMSE) and Modified Mini-Mental State Exam (3MS) compared. J 
Clin Epidemiol 50, 377–383. [PubMed: 9179095] 

[55]. Nadler JD, Relkin NR, Cohen MS, Hodder RA, Reingold J, Plum F (1995) Mental status testing 
in the elderly nursing home population. J Geriatr Psychiatry Neurol 8, 177–183. [PubMed: 
7576043] 

[56]. Lopez OL, Jagust WJ, DeKosky ST, Becker JT, Fitzpatrick A, Dulberg C, Breitner J, Lyketsos C, 
Jones B, Kawas C, Carlson MC, Kuller LH (2003) Prevalence and classification of mild cognitive 
impairment in the Cardiovascular Health Study Cognitive Study Part 1. Arch Neurology 60, 
1385–1389.

[57]. Lopez OL, Becker JT, Chang YF, Sweet RA, DeKosky ST, Gach MH, Carmichael OT, McDade 
E, Kuller LH (2012) Incidence of mild cognitive impairment in the Pittsburgh Cardiovascular 
Health Study-Cognition Study. Neurology 79, 1599–1606. [PubMed: 23019262] 

[58]. Kuller LH, Lopez OL, Becker JT, Chang Y, Newman AB (2016) Risk of dementia and death 
in the long-term follow-up of the Pittsburgh Cardiovascular Health Study-Cognition Study. 
Alzheimers Dement 12, 170–183. [PubMed: 26519786] 

Duan et al. Page 14

J Alzheimers Dis. Author manuscript; available in PMC 2021 October 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[59]. Duan W, Sehrawat P, Balachandrasekaran A, Bhumkar AB, Boraste PB, Becker JT, Kuller LH, 
Lopez OL, Gach HM, Dai W (2020) Cerebral Blood Flow Is Associated with Diagnostic Class 
and Cognitive Decline in Alzheimer’s Disease. J Alzheimers Dis 76, 1103–1120. [PubMed: 
32597803] 

[60]. Alsop DC, Detre JA (1998) Multisection cerebral blood flow imaging with continous arterial spin 
labeling. Radiology 208, 410–416. [PubMed: 9680569] 

[61]. Gach HM, Dai W (2004) Simple model of double adiabatic inversion (DAI) efficiency. Magn 
Reson Med 52, 941–946. [PubMed: 15389933] 

[62]. Buxton RB, Frank LR, Wong EC, Siewert B, Warach S, Edelman RR (1998) A general kinetic 
model for quantitative perfusion imaging with arterial spin labeling. Magn Reson Med 40, 383–
396. [PubMed: 9727941] 

[63]. Wright PJ, Mougin OE, Totman JJ, Peters AM, Brookes MJ, Coxon R, Morris PE, Clemence 
M, Francis ST, Bowtell RW, Gowland PA (2008) Water proton T1 measurements in brain tissue 
at 7, 3, and 1.5 T using IR-EPI, IR-TSE, and MPRAGE: results and optimization. MAGMA 21, 
121–130. [PubMed: 18259791] 

[64]. Chetelat G, Baron JC (2003) Early diagnosis of Alzheimer’s disease: contribution of structural 
neuroimaging. Neuroimage 18, 525–541. [PubMed: 12595205] 

[65]. Dai W, Duan W, Alfaro FJ, Gavrieli A, Kourtelidis F, Novak V (2017) The resting perfusion 
pattern associates with functional decline in type 2 diabetes. Neurobiol Aging 60, 192–202. 
[PubMed: 28992987] 

[66]. Hosmer D, Lemeshow S (1999) Applied survival analysis, John Wiley and sons, New York.

[67]. Hochberg Y (1988) A Sharper Bonferroni Procedure for Multiple Tests of Significance. 
Biometrika 75, 800–802.

[68]. Cerami C, Della Rosa PA, Magnani G, Santangelo R, Marcone A, Cappa SF, Perani D (2015) 
Brain metabolic maps in Mild Cognitive Impairment predict heterogeneity of progression to 
dementia. Neuroimage Clin 7, 187–194. [PubMed: 25610780] 

[69]. Salmon E, Lekeu F, Garraux G, Guillaume B, Magis D, Luxen A, Moonen G, Collette F (2008) 
Metabolic correlates of clinical heterogeneity in questionable Alzheimer’s disease. Neurobiol 
Aging 29, 1823–1829. [PubMed: 17543421] 

[70]. Mosconi L, Tsui WH, Herholz K, Pupi A, Drzezga A, Lucignani G, Reiman EM, Holthoff V, 
Kalbe E, Sorbi S, Diehl-Schmid J, Perneczky R, Clerici F, Caselli R, Beuthien-Baumann B, 
Kurz A, Minoshima S, de Leon MJ (2008) Multicenter standardized 18F-FDG PET diagnosis of 
mild cognitive impairment, Alzheimer’s disease, and other dementias. J Nucl Med 49, 390–398. 
[PubMed: 18287270] 

[71]. Boyle CP, Raji CA, Erickson KI, Lopez OL, Becker JT, Gach HM, Longstreth WT Jr., 
Teverovskiy L, Kuller LH, Carmichael OT, Thompson PM (2015) Physical activity, body mass 
index, and brain atrophy in Alzheimer’s disease. Neurobiol Aging 36 Suppl 1, S194–S202. 
[PubMed: 25248607] 

[72]. Whitwell JL, Jack CR Jr., Przybelski SA, Parisi JE, Senjem ML, Boeve BF, Knopman 
DS, Petersen RC, Dickson DW, Josephs KA (2011) Temporoparietal atrophy: a marker of 
AD pathology independent of clinical diagnosis. Neurobiol Aging 32, 1531–1541. [PubMed: 
19914744] 

[73]. Jacobs HI, Van Boxtel MP, Uylings HB, Gronenschild EH, Verhey FR, Jolles J (2011) Atrophy of 
the parietal lobe in preclinical dementia. Brain Cogn 75, 154–163. [PubMed: 21130554] 

[74]. Nestor PJ, Fryer TD, Smielewski P, Hodges JR (2003) Limbic hypometabolism in Alzheimer’s 
disease and mild cognitive impairment. Ann Neurol 54, 343–351. [PubMed: 12953266] 

[75]. Berent S, Giordani B, Foster N, Minoshima S, Lajiness-O’Neil R, Koeppe R, Kuhl DE (1999) 
Neuropsychological function and cerebral glucose utilization in isolated memory impairment and 
Alzheimer’s disease. J Psychiatr Res 33, 7–16. [PubMed: 10094234] 

[76]. De Santi S, de Leon MJ, Rusinek H, Convit A, Tarshish CY, Roche A, Tsui WH, Kandil E, 
Boppana M, Daisley K, Wang GJ, Schlyer D, Fowler J (2001) Hippocampal formation, glucose 
metabolism, and volume losses in MCI and AD. Neurobiology of Aging 22, 529–539. [PubMed: 
11445252] 

Duan et al. Page 15

J Alzheimers Dis. Author manuscript; available in PMC 2021 October 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[77]. Mosconi L, De Santi S, Li Y, Li J, Zhan J, Tsui WH, Boppana M, Pupi A, de Leon MJ (2006) 
Visual rating of medial temporal lobe metabolism in mild cognitive impairment and Alzheimer’s 
disease using FDG-PET. Eur J Nucl Med Mol Imaging 33, 210–221. [PubMed: 16311757] 

[78]. Reed BR, Jagust WJ, Seab JP, Ober BA (1989) Memory and regional cerebral blood flow in 
mildly symptomatic Alzheimer’s disease. Neurology 39, 1537–1539. [PubMed: 2812339] 

[79]. Huang C, Wahlund LO, Svensson L, Winblad B, Julin P (2002) Cingulate cortex hypoperfusion 
predicts Alzheimer’s disease in mild cognitive impairment. BMC Neurol 2, 9. [PubMed: 
12227833] 

[80]. Hirao K, Ohnishi T, Hirata Y, Yamashita F, Mori T, Moriguchi Y, Matsuda H, Nemoto K, 
Imabayashi E, Yamada M, Iwamoto T, Arima K, Asada T (2005) The prediction of rapid 
conversion to Alzheimer’s disease in mild cognitive impairment using regional cerebral blood 
flow SPECT. Neuroimage 28, 1014–1021. [PubMed: 16129627] 

[81]. Borroni B, Anchisi D, Paghera B, Vicini B, Kerrouche N, Garibotto V, Terzi A, Vignolo LA, 
Di Luca M, Giubbini R, Padovani A, Perani D (2006) Combined 99mTc-ECD SPECT and 
neuropsychological studies in MCI for the assessment of conversion to AD. Neurobiol Aging 27, 
24–31. [PubMed: 16298237] 

[82]. Dai W, Garcia D, de Bazelaire C, Alsop DC (2008) Continuous flow-driven inversion for arterial 
spin labeling using pulsed radio frequency and gradient fields. Magn Reson Med 60, 1488–1497. 
[PubMed: 19025913] 

Duan et al. Page 16

J Alzheimers Dis. Author manuscript; available in PMC 2021 October 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
Z scores of normalized longitudinal rCBF changes in the NC-to-MCI, stable-MCI, and 

MCI/AD-to-AD subjects relative to stable-NC subjects: (A) without PVE correction and (B) 

with PVE correction. The significance level is represented by * (0.01 ≤ p ≤ 0.05) and ** (p 

< 0.01). Red stars (*) represent the significant differences after FWE correction. RIFI: right 

inferior frontal and insular, RIP: right inferior parietal, LTP: left temporoparietal, RTP: right 

temporoparietal, BPMP: bilateral posterior and middle cingulate and parietal, and RH: right 

hippocampus.
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Fig. 2. 
A comparison of the baseline rCBF in the BPCP for the MCI-to-AD and stable-MCI 

groups, which were defined at the two-year follow-up. The MCI-to-AD group had smaller 

rCBF values at the baseline compared to the stable-MCI group. Regional CBF values were 

normalized relative to global CBF values and adjusted for age and gender.
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Fig. 3. 
Baseline rCBF values and the risk for conversion from MCI to AD. The baseline rCBF 

values at BPCP and BSMF were statistically significant predictors for time to conversion 

from MCI to AD. The prediction model shows that the mean baseline rCBF values from the 

entire MCI group with follow-up (plain line fitted with Weibull function) predicted the time 

to conversion to AD was 5.9 years. The mean baseline rCBF values from the stable-MCI 

group at the two-year follow-up (dashed line) predicted the time to conversion to AD was 

7.6 years, and the mean baseline rCBF values from the MCI-to-AD group at the two-year 

follow-up (dotted and dashed line) predicted the time to conversion to AD was 2.9 years. 

The mean estimated time to conversion to AD for each group is indicated with dotted lines.
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Fig. 4. 
Correlation of baseline normalized rCBF values with adjusted 3MSE scores at the mean 

follow-up time and mean age of the group. Greater 3MSE scores at the follow-up was 

associated with a larger baseline rCBF after adjusting for age, gender, and follow-up time 

in the BPCP and BSMF regions using (A, B) all subjects and (C, D) all the subjects except 

the stable-NC group of the longitudinal study. Note that three participants (one MCI and two 

ADs) had very low 3MSE scores (their raw 3MSE scores were 72).
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Table 1.

Demographic and cognitive scores at baseline and follow-up. The difference between two time points was 

calculated by subtracting baseline values from follow-up values.

Subjects (n = 63)

Stable NC
(n=15)

NC to MCI
(n=14)

Stable MCI
(n=16)

MCI/AD to AD
(n=18)

P-value

Baseline age (years) 83.6±3.9 83.0±3.0 84.8±4.1 83.5±4.2 0.6691

Gender (F, %) 8 (53%) 8 (57%) 10 (63%) 12 (67%) 0.8733

Follow-up Time (years) 2.9±1.7 2.5±1.8 2.9±1.8 1.9±1.3 0.5616

Education
(years)

15.1±2.6 14.1±2.7 15.4±2.7 13.1±4.4 0.1020

Hypertension (%) 2 (13%) 7 (50%) 6 (43%) 8 (57%) 0.1174

Diabetes (%) 1 (7%) 2 (14%) 1 (7%) 2 (14%) 0.8585

Heart Disease (%) 2 (13%) 4 (29%) 3 (21%) 2 (14%) 0.7088

Baseline 3MSE scores 95.7±2.4 95.8±4.2 96.0±2.7 87.5±6.5 0.0003

Follow-up 3MSE scores* 95.4±4.6 (n’=14) 95.1±4.2 (n’=13) 95.5±3.4 (n’=15) 84.6±7.3 (n’=16) 0.0269

3MSE change* −0.2±3.9 (n’=14) −0.8±2.0 (n’=13) −0.6±2.7 (n’=15) −2.3±4.3 (n’=16) 0.0362

*
3MSE scores were not completed for all the subjects at the follow-up. The actual number of subjects with the 3MSE scores measured is indicated 

inside the brackets.
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