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Influence of cerebral blood 
flow on volumetric loss related 

to Alzheimer’s disease
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ABSTRACT. CBF measured with Arterial Spin Labeling (ASL) obtained by Magnetic Resonance Imaging (MRI) may become an 
important biomarker by showing changes in early stages of AD, such as in the prodromal stage of Mild Cognitive Impairment 
(MCI). Objective: Verify the correlation between atrophy and CBF in patients with MCI and mild phase ADD, to demonstrate 
whether changes in CBF can be considered as vascular biomarkers in the diagnosis of the DA continuum. Methods: 11 
healthy volunteers, 16 MCI and 15 mild ADD were evaluated. Images of the brain were acquired, including CBF measured with 
Arterial Spin Labeling (ASL). Results: When comparing MCI with control, a reduction in normalized CBF was observed in left 
posterior cingulate (estimated difference -0.38; p=0.02), right posterior cingulate (estimated difference -0.45; p=0.02) and 
right precuneus (estimated difference -0.28; p <0.01); also increase in normalized CBF in right upper temporal pole (estimated 
difference 0.22; p=0.03). It was also observed that in MCI, the smaller the gray matter volume, the smaller the CBF in the left 
posterior cingulate; as well as the greater the cerebrospinal fluid volume, consequent to the encephalic volumetric reduction 
associated with atrophy, the greater the CBF in the right superior temporal pole. When comparing controls, MCI and mild AD, 
in relation to the other variables, no other correlations were observed between CBF and atrophy. Conclusion: In patients with 
MCI, the reduction of CBF in the left posterior cingulate correlated with gray matter atrophy, as well as the increase of CBF 
in the right upper temporal pole correlated with an increase in cerebrospinal fluid consequent to the encephalic volumetric 
reduction associated with atrophy, demonstrating the influence of CBF in AD related brain atrophy. These findings position CBF 
as a possible vascular biomarker for early-stage AD diagnoses.
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Influência do fluxo sanguíneo cerebral na perda volumétrica relacionada à doença de Alzheimer

RESUMO. A imagem por ressonância magnética (IRM) pode se tornar um importante biomarcador ao mostrar alterações nos estágios 
iniciais da doença de Alzheimer (DA). Objetivo: Sendo a atrofia cerebral um importante biomarcador de neurodegeneração na 
DA, o presente estudo foi realizado com o objetivo de verificar se há correlação entre atrofia e fluxo sanguíneo cerebral (FSC) em 
pacientes com diagnóstico de CCL e demência da doença de Alzheimer (DDA) leve, com o objetivo de revelar se as alterações no 
FSC podem ser consideradas possíveis biomarcadores vasculares no diagnóstico do continuum da DA. Métodos: Foram avaliados 
11 voluntários saudáveis, 16 CCL e 15 DDA leve. Imagens do cérebro foram adquiridas em um equipamento de 3 T, incluindo 
imagens ponderadas em T1 de alta resolução para avaliação anatômica e Arterial Spin Labeling (ASL) para a quantificação de FSC. 
Resultados: Quando comparado CCL com controle, observou-se redução no FSC normalizado em cingulado posterior esquerdo 
(diferença estimada de -0,38; p=0,02), cingulado posterior direito (diferença estimada de -0,45; p=0,02) e precúneo direito 
(diferença estimada de -0,28; p <0,01); e aumento de FSC normalizado no polo temporal superior direito (diferença estimada de 
0,22; p=0,03). No CCL, quanto menor o volume da substância cinzenta, menor o FSC no cingulado posterior esquerdo; quanto maior 
o volume de fluido cerebroespinhal, consequente à redução volumétrica encefálica, maior o FSC no polo temporal superior direito. 
Conclusão: Nos pacientes com diagnóstico de CCL, a redução de FSC no cingulado posterior esquerdo apresentou correlação 
com atrofia da substância cinzenta, assim como o aumento de FSC no polo temporal superior direito apresentou correlação com 
o aumento de fluido cerebroespinhal, demonstrando a provável influência do FSC na atrofia encefálica relacionada à DA. 

Palavras-chave: Doença de Alzheimer; Disfunção Cognitiva; Imagem por Ressonância Magnética; Circulação Cerebrovascular.
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INTRODUCTION

The increase in life expectancy resulting from socio-
economic development and medical advances has 

led to rapid population aging worldwide. The impact 
of this process on health is noticed in the increase of 
chronic-degenerative diseases. Dementia is one of the 
most serious as it causes a progressive loss of autonomy 
and independence, becoming a problem for individuals, 
their families, and public health1. It is estimated that 
currently, around 50 million people live with dementia 
worldwide and this number could triple by 20502.

Dementia is a disorder characterized by progressive 
cognitive decline severe enough to reduce an individual’s 
ability to perform usual occupational or social activities. 
It can compromise cognitive domains such as memory, 
language, attention, executive function, learning, visuo-
spatial ability, and abstract thinking3. The most common 
cause of dementia, accounting for 60 to 80% of cases, 
is Alzheimer’s disease (AD), a primary, progressive, and 
irreversible neurodegenerative disorder that causes 
cognitive, particularly memory, and functional decline. 
Its prevalence doubles every five years in individuals 
aged 65 to 85 years4.

The most prevalent form of Alzheimer’s disease 
dementia (ADD) is the sporadic, late-onset form, which 
occurs in individuals over 65 years of age, caused by a 
complex association of genetic and environmental fac-
tors5. The mechanisms by which risk factors influence 
AD are not well defined, but it is believed that they lead 
to the development and establishment of pathophysio-
logical changes1. The main pathophysiological markers 
of AD are extracellular amyloid plaques and intracellular 
neurofibrillary tangles2,6 that spread in the brain follow-
ing a consistent pattern evidenced by atrophy mainly 
in the temporal lobes, entorhinal cortex, hippocampus, 
and posterior cingulate gyrus6.

The pathophysiological changes begin decades be-
fore the AD clinical manifestations. The progression of 
clinically imperceptible brain alterations to established 
cognitive deficit is called the “Alzheimer’s disease con-
tinuum” and describes three phases: pre-clinical, mild 
cognitive impairment, and dementia7. In the pre-clinical 
phase, pathophysiological changes are already present 
but still do not cause clinical manifestations due to the 
action of compensatory mechanisms8. Mild cognitive 
impairment (MCI) due to AD is characterized by the 
presence of cognitive alterations, most commonly in 
recent memory, but that does not interfere with the 
individual’s ability to perform daily activities and may 
be considered a prodromal stage9,10. In ADD, cognitive 
changes become more evident, impairing the individ-
ual’s previous functionality3. The most common initial 

cognitive manifestation is the impairment of recent 
memory, with difficulty acquiring and remembering new 
information, which insidiously worsens over months to 
years, compromising other cognitive domains with the 
evolution of the disease11.

Magnetic resonance imaging (MRI) of the brain can be 
considered a potential biomarker by showing alterations 
in the pre-clinical and prodromal phases before estab-
lished dementia. Early diagnosis at these stages allows 
for better clarification of the pathophysiology and the 
study of new disease-modifying therapies, in addition to 
allowing counseling, treatment planning, and care for the 
patient and their family members/caregivers12.

Brain MRI data to assess AD can be qualitative and 
quantitative. The present work evaluated such data in 
healthy individuals and patients diagnosed with MCI 
and mild ADD. Since brain atrophy is an important bio-
marker of neurodegeneration in AD, the present study 
was conducted to verify whether there is a correlation be-
tween atrophy and cerebral blood flow (CBF) in patients 
diagnosed with MCI and mild ADD. We aimed to assess 
whether changes in CBF can be considered as possible 
vascular biomarkers in identifying the AD continuum. 
The hypothesis was that, in comparison with the control 
group, atrophy and CBF alteration would be observed in 
the MCI group, such alterations would be presented more 
prominently in the mild ADD group, and there could be a 
correlation between atrophy and CBF changes.

METHODS
A cross-sectional, descriptive, and comparative study 
was carried out, in which qualitative and quantitative 
characteristics of brain MRI of healthy individuals, and 
patients diagnosed with MCI and mild ADD were evalu-
ated. The study was approved by the Clinics Hospital of 
the Faculty of Medicine of Ribeirão Preto (HC-FMRP) 
Ethics Committee. Participants were clarified about the 
nature of the study and the assessments to which they 
would be submitted. All of them signed the Informed 
Consent Form before participation. Patients with an 
established dementia diagnosis had their terms signed 
by their carers.

A total of 42 elderly over 60 years of age were includ-
ed in the study, being patients diagnosed with MCI and 
mild ADD assisted in the Geriatric healthcare service 
at HC-FMRP, in addition to healthy individuals from 
the community. Their mean age was 76.89, standard 
deviation (±) of 6.84 years, and most of them were 
female (54.76%).

The following exclusion criteria were adopted: 
dementia whose etiology was not AD; moderate and 
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severe ADD; a sensory deficit that could interfere with 
the neuropsychological assessment; previous history 
of cerebrovascular disease of any etiology; neurological 
diseases such as Parkinson’s disease, hydrocephalus, 
infections, epilepsy, expansive lesions, brain trauma; 
psychiatric illnesses such as schizophrenia, major de-
pressive disorder, bipolar affective disorder, personality 
disorder; and characteristics that would contraindicate 
the performance of MRI of the brain.

Individuals were submitted to neuropsychological 
assessment, applied by a neuropsychologist, with a bat-
tery of sensitive tests to assess the healthy elderly and 
the elderly with cognitive impairment. The assessment 
was developed specifically for the present study by an 
experienced neuropsychologist, covering multiple cog-
nitive domains. All tests were validated for application 
in the studied population.

The evaluation began with the 15-item Geriatric 
Depression Scale (GDS-15) application for tracking de-
pressive symptoms13,14. It was adopted as a cutoff score 
(of 5/6) to exclude individuals with probable depressive 
symptoms, which could interfere with the final result 
of the neuropsychological assessment. At this stage, 
Mini-Mental State Examination (MMSE) data were 
also obtained for global cognitive assessment15,16, and 
the Hachinski Ischemic Scale to verify the possibility of 
associated cerebrovascular disease17.

Afterward, the following tests were applied: Three 
Words and Three Shapes Test (3W3S), which evaluates 
learning and episodic memory18,19; Rey’s Auditory-Verbal 
Learning Test (RAVLT), which assesses learning, evoca-
tion, and episodic memory20,21; Mattis Dementia Rating 
Scale (MDRS) that indicates general cognitive status 
including attention, initiation/perseveration, construc-
tion, conceptualization and memory22,23; Five-Digit Test 
(FDT) that measures the speed of cognitive processing, 
the ability to focus, sustain and reorient attention, inhibi-
tory control, mental flexibility and the ability to deal with 
interference24; Boston Naming Test (BNT) that focuses 
on naming and semantic memory25; and the Weschler 
Intelligence Rating Scale Vocabulary (WIRSV), which 
assesses language, lexical knowledge, ease of speech elab-
oration and semantic memory, in addition to estimating 
intelligence coefficient26. Finally, Pfeffer’s Functional 
Activities Questionnaire (PFAQ) was applied to examine 
functionality27,28. Individuals with scores above 5 were 
classified as having a functional disability.

Two experienced neuropsychologists discussed 
the test battery results. Individuals without cognitive 
and functional deficits were classified as healthy. If no 
change in functionality was found but a documented 
cognitive deficit, the patient was diagnosed with MCI. 

If established functional incapacity associated with 
cognitive deficit was found, the patient was diagnosed 
with ADD. We considered the diagnosis of possible AD 
for the study. Subjects underwent the Clinical Dementia 
Ratio (CDR) classification29 and the Clinical Dementia 
Ratio-Sum of Boxes (CDR-SOB)30 to assess cognitive 
impairment severity. Patients with moderate or severe 
dementia were excluded from the sample. The results 
of the neuropsychological evaluation classified the indi-
viduals into three groups: control, MCI, and mild ADD.

Images from all participants were acquired in a 3 Tes-
la Magnetic Resonance equipment, Philips Achieva 3T 
X-series (Philips Medical Systems, Best, Netherlands), in 
a 32-channel phased-array coil, from the radiology ser-
vice of HC-FMRP. Sequences were performed to obtain 
images according to a protocol developed specifically for 
the present study, which included:

• T1-weighted images, 3D gradient-echo volumet-
ric, magnetization prepared rapid gradient echo, 
FLAIR 3D (fluid-attenuated inversion recovery), 
with high contrast, acquired in the sagittal plane 
and reconstructed in the three orthogonal planes, 
isotropic voxel; with TR/TE=7.4/3.5 ms; voxel 
size=1x1x1 mm3; flip angle=8°; FOV=240x240 
mm2; 160 to 180 slices.

• Volumetric T2-weighted images with 3D fluid 
suppression, FLAIR, acquired in the sagittal 
plane and reconstructed in the three orthogonal 
planes, isotropic voxel; with TR/TE=5000/327 
ms; 1600 ms inversion time; voxel size=1x1x1 
mm3; FOV=240x240 mm2; 160 to 180 slices.

• 2D pseudo-continuous arterial spin labeling 
(PCASL) axial images acquired with echo-planar 
imaging (EPI) readout with the following pa-
rameters: excitation angle=90°, matrix=80x80, 
FOV=240x240 mm², 20 slices, slice thick-
ness=5 mm, TR/TE=4000/14 ms, labeling time 
(LT)=1650 ms, post-labeling delay (PLD)=1525 
ms, 50 control/label pairs and duration of 6 
minutes and 40 seconds.

Images were evaluated by two experienced neurora-
diologists, who did not have access to the individuals’ 
clinical data, at two different moments with an interval 
of one month. It was performed in a different random 
order for each examiner in each analysis to obtain the 
following qualitative data: medial temporal atrophy 
(MTA)31,32, entorhinal cortex atrophy (ERICA)33 and 
posterior cortical atrophy (PCA)34.

Matlab/SPM12 and Hippodeep softwares were 
used to process the images and obtain the following 
quantitative data: left and right hippocampal volume, 
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hippocampal asymmetry index, white and gray matter 
volumes, and cerebral spinal fluid volume.

PCASL images were processed by the InBrain Medi-
cal Physics team using the softwares Matlab/SPM12 and 
ASL Toolbox. First, the images were pre-processed to 
reduce variations not associated with the baseline in the 
subject’s resting state and prepare the data for process-
ing. Afterward, PCASL images were motion-corrected, 
and those with movements exceeding 2 mm or 2° were 
excluded. Next, they were co-registered with anatomical 
images, which were segmented to obtain gray matter 
(GM), white matter (WM), and cerebrospinal fluid (CSF) 
masks. PCASL images were then spatially smoothed 
with a Gaussian filter (4-mm full-width at half-height) 
to improve the signal-to-noise ratio.

After pre-processing, control and label images were 
subtracted to obtain perfusion-weighted images. CBFe 
quantification was performed following the model35:

𝐶𝐶𝐶𝐶𝐶𝐶 = 6000 ∙  𝜆𝜆 ∙ (𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 −  𝑆𝑆𝑆𝑆𝑐𝑐𝑙𝑙𝑙𝑙𝑙𝑙𝑐𝑐) ∙  𝑒𝑒
𝑃𝑃𝑃𝑃𝑃𝑃

𝑇𝑇1 𝑙𝑙𝑐𝑐𝑐𝑐𝑐𝑐𝑏𝑏

2 ∙  𝛼𝛼 ∙  𝑇𝑇1,𝑙𝑙𝑐𝑐𝑐𝑐𝑐𝑐𝑏𝑏 ∙ 𝑆𝑆𝑆𝑆𝑃𝑃𝑃𝑃 ∙ (1 − 𝑒𝑒− 𝜏𝜏
𝑇𝑇1 𝑙𝑙𝑐𝑐𝑐𝑐𝑐𝑐𝑏𝑏

 [𝑚𝑚𝑚𝑚 ∙ 𝑚𝑚𝑚𝑚𝑚𝑚
100𝑔𝑔 ]

Where λ is the brain/blood partition coefficient 
in mL/g; SIcontrol and SIlabel are the time averages of the 
signal strength in the control and label images, respec-
tively; T1blood is the blood longitudinal relaxation time 
in seconds; a is the labeling efficiency; SIPD is the signal 
strength of a proton density-weighted image, and t is 
the labeling time. All values used in this study are those 
recommended in the literature35.

CBF maps were then normalized to the standard Mon-
treal Neurological Institute (MNI) coordinate system space 
(spatial resolution=2x2x2 mm³, 79x95x79 matrix), and 
the CBF values were calculated for different brain regions.

The first analysis performed was the agreement 
among neuroradiologists regarding the qualitative vari-
ables, using the Weighted Kappa Coefficient. Qualitative 
data were described using absolute frequencies and per-
centages. Quantitative data were described using mean, 
standard deviation, minimum, median, and maximum 
values. An Ordinal Multimodal Logistic Regression Model 
was used for comparisons between groups regarding 
qualitative data. Analysis of covariance (ANCOVA) and 
Tukey’s post-test were performed for comparisons be-
tween groups regarding quantitative data. All models 
were adjusted for age, gender, education, marital status, 
systemic arterial hypertension, diabetes, smoking, atrial 
fibrillation, and use of anticholinesterase drugs. For all 
comparisons, a significance level of 5% was adopted.

Data were organized and analyzed using the soft-
wares SAS (version 9.2, SAS, Cary, North Carolina, 

USA) and R (version 4.0.0, The R-Project for Statistical 
Computing, Open License Software).

RESULTS
Forty-two individuals were included in the study: 11 
controls, 16 MCI, and 15 mild ADD. The main charac-
teristics of all individuals are shown in Table 1. GDS, 
MMSE, Hachinski and Pfeffer data are described in the 
Supplementary Material.

Comparative analyzes of qualitative data between 
control, MCI, and mild ADD groups are described in 
Table 2. Comparing MCI with control, there was a dif-
ference in the left MTA (odds ratio [OR] 9.63; p-value 
[p]=0.02), right MTA (OR 6.14; p=0.04), and left ERICA 
(OR 9.09; p=0.04). No difference was observed regarding 
the right ERICA and PCA. There was no difference in 
the qualitative assessment when comparing MCI with 
mild ADD. However, a difference was found in the left 
MTA (OR 0.07; p=0.03) between control and mild ADD.

Quantitative data from brain volumes and asym-
metry index are described in Table 3. Comparative 
analyzes of quantitative data between control, MCI, 
and mild ADD groups are described in Table 4. Controls 
presented a white matter volume of 82,442 mm3 greater 
than mild ADD (p=0.04; 95%CI 1,035.99–163,848.00). 
No difference was observed between groups concerning 
left and right hippocampal volume, asymmetry index, 
gray matter volume, and cerebrospinal fluid volume.

CBF data from brain regions were obtained, and 
these data were normalized to the value of the whole 
brain. Figure 1 shows representative CBF maps of three 
participants. Table 5 describes CBF absolute values, 
and Table 6, the normalized values of regions with 
significant differences among groups. Table 7 shows 
the comparative analysis of normalized CBF. Compared 
to controls, CBF reduction was noted in MCI in the 
left posterior cingulate (estimated difference of -0.38; 
p=0.02), right posterior cingulate (estimated difference 
of -0.45; p=0.02), and right precuneus (estimated dif-
ference of -0.28; p<0.01).

Spearman’s correlation was performed between 
the variables that described atrophy and CBF. When 
observing the MCI group, gray matter volume correlat-
ed positively with CBF in the left posterior cingulate. 
Cerebrospinal fluid was positively correlated with CBF 
in the right superior temporal pole. CBF in the right 
posterior cingulate and left and right precuneus cor-
related positively with each other. The correlations are 
described in Figure 2.

When observing the mild ADD group, atrophy mea-
surements did not correlate with CBF measurements 
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in the evaluated regions. CBF at the right superior 
temporal pole correlated negatively with CBF at the 
right precuneus. Correlations are described in Figure 3.

DISCUSSION
Regarding qualitative data, when comparing MCI with 
control, the former was more likely to have higher scores 
in left MTA, right MTA, and left ERICA. The hippo-
campus and entorhinal cortex were the structures that 
presented early changes associated with the neurode-
generation process36,37. They could be seen, in advance, 
in patients diagnosed with MCI, being documented by 
higher scores in MTA and ERICA, and consistent with 
the findings of the present study. When comparing mild 
ADD with control, the former was more likely to have 
higher scores in left MTA. It may also be associated with 
the hippocampus being a structure that presents early 
changes associated with degeneration36,37. We found 

no significant differences in other structures when 
comparing these groups, maybe because of the small 
sample size. 

Regarding quantitative data, it was observed that the 
control had a greater volume of white matter than mild 
ADD. A previous study described the same alteration, 
with a reduction predominantly in the medial temporal, 
inferior parietal, and middle frontal regions in patients 
diagnosed with ADD. This finding seems to be related 
to cortical atrophy with demyelination of fibers38. An-
other study showed that white matter alteration could 
be detected in early stages of AD, in MCI, and even in 
pre-clinical stages, especially in the temporal and pari-
etal region, suggesting that such alteration is an early 
characteristic of the disease39.

Although the volume of the left and right hippo-
campus and gray matter progressively decreased from 
the control group to the MCI and mild ADD group, 
there was no significant difference when comparing 

Table 1. Characteristics of individuals.

Characteristics Control (%) MCI (%) Mild ADD (%) Total (%)

Individuals number 11 16 15 42

Age

Mean age ± SD (years) 73.45 (6.65) 78.31 (7.19) 78.93 (6.68) 76.89 (6.84)

Median (years) 74 79.5 80 77

Minimum age (years) 66 67 67 66

Maximum age (years) 88 93 91 91

Sex

Female 4 (36.36) 11 (68.75) 8 (53.33) 23 (54.76)

Male 7 (63.64) 5 (31.25) 7 (46.67) 19 (45.24)

Educational level

Up to 8 years 4 (36.36) 10 (62.5) 15 (100) 29 (69.95)

More than 8 years 7 (63.64) 6 (37.5) 0 (0) 13 (30.95)

Marital status

With partner 10 (90.91) 6 (37.5) 5 (33.33) 21 (50)

Without partner 1 (9.09) 10 (62.5) 10 (66.67) 21 (50)

Comorbidities

SAH 6 (54.55) 10 (62.5) 10 (66.67) 26 (61.9)

DM| 4 (36.36) 6 (37.5) 5 (33.33) 15 (35.71)

AF 2 (18.18) 1 (6.25) 1 (6.67) 4 (9.52)

Smoking 1 (9.09) 0 (0) 4 (26.67) 4 (11.9)

Anticholinesterase 1 (9.09) 2 (12.5) 11 (33.33) 14 (33.33)

Abbreviations: MCI: mild cognitive impairment; ADD: Alzheimer’s disease dementia; SD: standard deviation; SAH: systemic arterial hypertension; DM: diabetes mellitus; AF: Atrial fibrillation.
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the groups. In addition, there was an increase in ce-
rebrospinal fluid volume observed progressively from 
the control group to the MCI and mild ADD group, but 
with no significant difference in the comparison. Such 
findings may be related to brain atrophy and consequent 
increase in ventricular volume40; no differences were 

Table 3. Quantitative data of brain volumes and asymmetry index.

Quantitative data* Control MCI Mild ADD

Left hippocampal (mm3) 2,948.78 (513.71) 2,594.28 (534.91) 1932.24 (548.56)

Right hippocampal (mm3) 3,168.49 (577.03) 2,671.29 (525.88) 2115.96 (565.97)

Asymmetry index 7.09 (4.91) 2.94 (9.13) 9.42 (26.46)

White matter (mm3) 612,589.75 (81,232.34) 532,738.58 (76,818.72) 488,755.23 (64,158.98)

Gray matter (mm3) 424,009.39 (55,805.51) 386,247.16 (68,360.05) 366,231.77 (69,705.98)

Cerebrospinal fluid (mm3) 381,165.46 (135,721.61) 459,352.49 (108,432.87) 489,200.23 (119,382.05)

Abbreviations: MCI: mild cognitive impairment; ADD: Alzheimer’s disease dementia. Notes: *Quantitative data presented in average (standard deviation). 

Table 2. Comparison of qualitative data.

Qualitative data OR p-value 95%CI

Left MTA

MCI-control 9.63 0.02 (1.48–62.50)

MCI-mild ADD 0.71 0.74 (0.10–5.21)

Control-mild ADD 0.07 0.03 (0.01–0.82)

Right MTA

MCI-control 6.14 0.04 (1.01–37.41)

MCI-mild ADD 1.12 0.91 (0.15–8.41)

Control-mild ADD 0.18 0.15 (0.02–1.90)

Left ERICA

MCI-control 9.09 0.04 (1.08–76.49)

MCI-mild ADD 0.90 0.93 (0.09–8.61)

Control-mild ADD 0.10 0.10 (0.01–1.57)

Right ERICA

MCI-control 7.91 0.07 (0.81–76.94)

MCI-mild ADD 1.04 0.98 (0.11–9.84)

Control-mild ADD 0.13 0.15 (0.01–2.14)

PCA

MCI-control 2.03 0.55 (0.20–20.49)

MCI-mild ADD 0.72 0.78 (0.08–6.92)

Control-mild ADD 0.36 0.48 (0.02–6.19)

Abbreviations: OR: odds ratio; MTA: medial temporal atrophy; MCI: mild cognitive 

impairment; ADD: Alzheimer’s disease dementia; ERICA: entorhinal cortex atrophy; 

PCA: posterior cortex atrophy.

Table 4. Comparison of quantitative data.

Quantitative data
Estimated 

difference
p-value 95%CI

Left hippocampal (mm3)

MCI-control -311.38 0.15 (-710.81–88.06)

MCI-mild ADD+ -8.51 1.00 (-471.01–454.00)

Control-mild ADD 302.87 0.35 (-228.14–833.88)

Right hippocampal (mm3)

MCI-control -428.59 0.06 (-872.96–15.78)

MCI-mild ADD -69.78 0.94 (-584.31–444.76)

Control-mild ADD 358.81 0.31 (-231.93–949.55)

Asymmetry index

MCI-control -1.24 0.99 (-19.98–17.50)

MCI-mild ADD -2.20 0.97 (-23.89–19.50)

Control-mild ADD -0.96 0.99 (-25.87–23.95)

White matter (mm3)

MCI-control -46,855.00 0.16
(-108,090.00–

14381.00)

MCI-mild ADD 35,587.00 0.44
(-35,318.00–
106,492.00)

Control-mild ADD 82,442.00 0.04
(1,035.99–
163,848.00)

Gray matter (mm3)

MCI-control -3,192.84 0.99
(-57,133.00–
50,747.00)

MCI-mild ADD -26,703.00 0.55
(-89,160.00–
35,754.00)

Control-mild ADD -23,510.00 0.70
(-95,218.00–
48,197.00)

Cerebrospinal fluid (mm3)

MCI-control 72,742.00 0.32
(-49,404.00–
194,888.00)

MCI-mild ADD -14,246.00 0.97
(-155,679.00–
127,187.00)

Control-mild ADD -86,988.00 0.40
(-249,367.00–

75,392.00)

Abbreviations: MC: mild cognitive impairment; ADD: Alzheimer’s disease dementia.
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Figure 1. Quantitative cerebral blood flow maps. Four slices of three representative participants of the groups: Control (upper row), Mild cognitive 

impairment (middle row), and Alzheimer’s disease dementia (bottom row). Values are from 0 (blue) to 100 mL.100g/min (red).
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Table 5. Cerebral blood flow absolute values.

Brain region Control MCI Mild ADD

Left posterior cingulate (mL.min/100g) 51.99 (17.07) 34.21 (16.09) 40.33 (18.60)

Right posterior cingulate (mL.min/100g) 51.54 (20.61) 32.79 (15.98) 42.16 (20.41)

Right precuneus (mL.min/100g) 45.48 (14.56) 31.76 (11.46) 37.76 (16.80)

Abbreviations: MC: mild cognitive impairment; ADD: Alzheimer’s disease dementia. Notes: Values in average (standard deviation). 

Table 6. Cerebral blood flow normalized values.

Brain region Control MCI Mild ADD

Left posterior cingulate 1.28 (0.23) 0.92 (0.29) 1.03 (0.35)

Right posterior cingulate 1.24 (0.30) 0.89 (0.32) 1.07 (0.37)

Right precuneus 1.12 (0.18) 0.87 (0.17) 0.95 (0.25)

Abbreviations: MC: Mild cognitive impairment; ADD: Alzheimer’s disease dementia. Notes: Values in average (standard deviation).
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Table 7. Comparison of normalized cerebral blood flow quantitative data.

Brain region OR p-value 95%CI

Left posterior cingulate

MCI-control -0.38 0.02 (-0.70; -0.05)

MCI-mild ADD -0.29 0.15 (-0.66; 0.08)

Control-mild ADD -0.09 0.87 (-0.34; 0.52)

Right posterior cingulate

MCI-control -0.45 0.02 (-0.82; -0.08)

MCI-mild ADD -0.31 0.20 (-0.74; 0.12)

Control-mild ADD 0.14 0.76 (-0.35; 0.64)

Right precuneus

MCI-control -0.28 <0.01 (-0.49; -0.07)

MCI-mild ADD -0.05 0.88 (-0.29; 0.19)

Control-mild ADD 0.23 0.11 (-0.041; 0.51)

Abbreviations: OR: odds ratio; MC: mild cognitive impairment; ADD: Alzheimer’s 

disease dementia.

observed, possibly because of the small sample size. 
A previous study showed the same findings, except for 
presenting a significant difference in the reduction of 
the left hippocampus volume when compared control 
group with mild ADD41, which can be explained by the 
asymmetric regional cerebral atrophy characteristic of 
AD as described in other studies42,43.

A study that compared controls with MCI and mild 
ADD showed that the gray matter volume was reduced 
in the MCI group, particularly in the medial and lateral 
temporal lobes44. Such a finding was not observed in the 
present work, most likely owing to the small sample.

Some studies demonstrated hypoperfusion in sev-
eral brain areas, but the most consistent findings were 
reported in the posterior cingulate and precuneus45, 
corroborating the present work. Regarding the quan-
titative data of normalized CBF, when comparing MCI 
with the control group, the first showed a reduction 
in CBF in regions of the left posterior cingulate, right 
posterior girdle, and right precuneus. A study published 
in 2019 demonstrated that such alteration performed 

Abbreviations: MTA: medial temporal atrophy; ERICA: entorhinal cortex atrophy.

Figure 2. Mild cognitive impairment Spearman’s correlations.
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well in differentiating MCI from control and mild ADD 
from control, but not in differentiating MCI from mild 
ADD. It could be explained by hypoperfusion being 
more accentuated in the early stages of the disease, 
before established dementia, when such a change is 
not as evident46.

Another study showed that MCI and mild ADD 
had similar perfusion alterations, in particular, 
hypoperfusion in the posterior cingulate and precu-
neus, in addition to hyperperfusion in the medium 
temporal47, and this latter finding was not evidenced 
in the present work.

Overall, the most consistent finding was hypoper-
fusion in the posterior cingulate from the pre-clin-
ical phase to the MCI and dementia onset, can be 
considered a functional biomarker of the disease48. 
Longitudinal studies observed posterior cingulate 
hypoperfusion in healthy elderly who developed 

subsequent cognitive impairment, which may be use-
ful for predicting conversion49,50. A study published 
in 2017 analyzed patients diagnosed with mild ADD 
followed for two years and found that the rate of CBF 
decline, particularly in the posterior regions, may 
had a value associated with cognitive decline; that is, 
changes in CBF could also be considered prognostic 
markers in AD36. Areas with CBF alteration demon-
strated atrophy associated with cognitive manifesta-
tion in other studies47-49.

Some regions presented increased CBF in patients 
with MCI and mild ADD, but no significant difference 
between the groups. Other studies showed hyperper-
fusion in some regions in these phases and could be 
justified as a compensatory mechanism for neurode-
generation51,52. It revealed no significant differences 
compared to the present work, probably as a result of 
the small sample size,

Abbreviations: MTA: medial temporal atrophy; ERICA: entorhinal cortex atrophy.

Figure 3. Mild Alzheimer’s disease dementia Spearman’s correlations.
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Although all individuals were carefully selected, the ab-
sence of an amyloid biomarker and a definitive pathological 
diagnosis does not exclude other underlying abnormalities 
or mixed pathophysiological processes. The cross-sectional 
design of the study does not allow the observation of con-
version of patients to MCI and mild ADD, which would only 
be possible with longitudinal follow-up of the individuals 
in the sample. Another limitation of the cross-sectional 
design is that it does not allow for establishing a cause-
and-effect relationship between the findings.

The relatively small sample size makes comparing 
and identifying differences between groups complex. 
The large number of variables and comparisons included 
in the study limits the findings’ strength. Additional 
studies are essential to highlight the crucial role of 
combining different brain MRI techniques to investigate 
different neurodegeneration aspects and increase the 
AD continuum’s diagnostic accuracy.

The study demonstrated that in patients with MCI, 
the reduction of CBF in the left posterior cingulate cor-
related with gray matter atrophy, as well as the increase 
of CBF in the right upper temporal pole correlated with 
an increase in cerebrospinal fluid, evidencing the likely 
influence of CBF on AD-related brain atrophy. These 
findings position CBF as a possible vascular biomarker 
for early-stage AD diagnoses.

AUTHORS’ CONTRIBUTIONS
MISSA, RFL, MPF, EF, NKL, ACS, JCM: conceptualiza-
tion, data curation, formal analysis, funding acquisition, 
investigation, methodology, project administration, re-
sources, software, supervision, validation, visualization, 
writing – original draft, writing – review & editing. JP, 
MC, VP, JCNJ, MCZZ: data curation, formal analysis, 
investigation. 

REFERENCES
1. Lane CA, Hardy J, Schott JM. Alzheimer’s disease. Eur J Neurol. 

2018;25(1):59-70. https://doi.org/10.1111/ene.13439
2. Tiwari S, Atluri V, Kaushik A, Yndart A, Nair M. Alzheimer’s disease: 

pathogenesis, diagnostics, and therapeutics. Int J Nanomedicine. 
2019;14:5541-54. https://doi.org/10.2147/IJN.S200490

3. McKhann GM, Knopman DS, Chertkow H, Hyman BT, Jack Jr CR, Kawas 
CH, et al. The diagnosis of dementia due to Alzheimer’s disease: recom-
mendations from the National Institute on Aging-Alzheimer’s Association 
workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimers 
Dement. 2011;7(3):263-9. https://doi.org/10.1016/j.jalz.2011.03.005

4. 2020 Alzheimer’s disease facts and figures. Alzheimer’s Dement. 2020. 
https://doi.org/10.1002/alz.12068

5. Livingston G, Huntley J, Sommerlad A, Ames D, Ballard C, Banerjee 
S, et al. Dementia prevention, intervention, and care: 2020 report of 
the Lancet Commission. Lancet. 2020;396(10248):413-46. https://doi.
org/10.1016/S0140-6736(20)30367-6

6. DeTure MA, Dickson DW. The neuropathological diagnosis of Alzheimer’s 
disease. Mol Neurodegener. 2019;14(1):32. https://doi.org/10.1186/
s13024-019-0333-5

7. Vermunt L, Sikkes SAM, van den Hout A, Handels R, Bos I, van der Flier 
WM, et al. Duration of preclinical, prodromal, and dementia stages of Al-
zheimer’s disease in relation to age, sex, and APOE genotype. Alzheimers 
Dement. 2019;15(7):888-98. https://doi.org/10.1016/j.jalz.2019.04.001

8. Petrone PM, Casamitjana A, Falcon C, Artigues M, Operto G, Cacciaglia R, 
et al. Prediction of amyloid pathology in cognitively unimpaired individuals 
using voxel-wise analysis of longitudinal structural brain MRI. Alzheimers 
Res Ther. 2019;11(1):72. https://doi.org/10.1186/s13195-019-0526-8

9. Albert MS, DeKosky ST, Dickson D, Dubois B, Feldman HH, Fox NC, et al. 
The diagnosis of mild cognitive impairment due to Alzheimer’s disease: re-
commendations from the National Institute on Aging-Alzheimer’s Association 
workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimers 
Dement. 2011;7(3):270-9. https://doi.org/10.1016/j.jalz.2011.03.008

10. Petersen RC, Lopez O, Armstrong MJ, Getchius TSD, Ganguli M, Gloss 
D, et al. Practice guideline update summary: mild cognitive impairment 
report of the guideline development, dissemination, and implementation 
Subcommittee of the American Academy of Neurology. Neurology. 
2018;90(3):126-35. https://doi.org/10.1212/WNL.0000000000004826

11. Atri A. The Alzheimer’s disease clinical spectrum: diagnosis and manage-
ment. Med Clin North Am. 2019;103(2):263-93. https://doi.org/10.1016/j.
mcna.2018.10.009

12. Leocadi M, Canu E, Calderaro D, Corbetta D, Filippi M, Agos-
ta F. An update on magnetic resonance imaging markers in AD. 
Ther Adv Neurol Disord. 2020;13:1756286420947986. https://doi.
org/10.1177/1756286420947986

13. Yesavage JA, Sheikh JI. 9/geriatric depression scale (GDS) recent evidence 
and development of a shorter version. Clin Gerontol. 1986;5(1-2):165-73. 
https://doi.org/10.1300/J018V05N01_09

14. Paradela EMP, Lourenço RA, Veras RP. Validation of geriatric depression 
scale in a general outpatient clinic. Rev Saúde Pública. 2005;39(6):918-
923. https://doi.org/10.1590/S0034-89102005000600008

15. Folstein MF, Folstein SE, McHugh PR. “Mini-mental state”. A practical me-
thod for grading the cognitive state of patients for the clinician. J Psychiatr 
Res. 1975;12(3):189-98. https://doi.org/10.1016/0022-3956(75)90026-6

16. Brucki SMD, Nitrini R, Caramelli P, Bertolucci PHF, Okamoto IH. Sugestões 
para o uso do mini-exame do estado mental no Brasil. Arq Neuropsiquiatr. 
2003;61(3 B):777-81. https://doi.org/10.1590/S0004-282X2003000500014

17. Hachinski VC, Iliff LD, Zilhka E, Du Boulay GH, McAllister VL, Marshall J, 
et al. Cerebral blood flow in dementia. Arch Neurol. 1975;32(9):632-7. 
https://doi.org/10.1001/ARCHNEUR.1975.00490510088009

18. Weintraub S. Mental state assessment of young and elderly adults in 
behavioral neurology. Princ Behav Neurol. 1985;71-123.

19. Moura SM, Haase VG. Características psicométricas e dados normativos do 
Teste das Três Palavras e Três Figuras (3P3F) no Brasil. Psico. 2008;39(4):500-8.

20. Rey A. L’Examen clinique en psychologie . Lyon: Presses Universitaires; 1970.
21. Cotta MF, Malloy-Diniz LF, Rocha FL, Bicalho MAC, Nicolato R, Moraes 

EM, et al. Validade discriminante do Teste de Aprendizagem Auditivo-
-Verbal de Rey: comparação entre idosos normais e idosos na fase inicial 
da doença de Alzheimer. J Bras Psiquiatr. 2011;60(4):253-8. https://doi.
org/10.1590/S0047-20852011000400004

22. Porto CS, Fichman HC, Caramelli P, Bahia VS, Nitrini R. Brazilian version of 
the Mattis dementia rating scale diagnosis of mild dementia in Alzheimer’s 
disease. Arq Neuropsiquiatr 2003;61(2B):339-45. https://doi.org/10.1590/
S0004-282X2003000300004

23. Foss MP, Carvalho VA, Machado TH, Reis GC, Tumas V, Caramelli P. et al. 
Mattis dementia rating scale (DRS) normative data for the Brazilian mid-
dle-age and elderly populations. Dement Neuropsychol. 2013;7(4):374-9. 
https://doi.org/10.1590/S1980-57642013DN74000004

24. Campos MC, Silva ML, Florêncio NC, Paula JJ. Confiabilidade do Teste 
dos Cinco Dígitos em adultos brasileiros. J Bras Psiquiatr. 2016;65(2):135-
9. https://doi.org/10.1590/0047-2085000000114

25. Bertolucci PHF, Okamoto IH, Brucki SMD, Siviero MO, Toniolo Neto J, 
Ramos LR. Applicability of the CERAD neuropsychological battery to 
Brazilian elderly. Arq Neuropsiquiatr. 2001;59(3A):532-6. https://doi.
org/10.1590/S0004-282X2001000400009

26. Nascimento E, Figueiredo VLM. WISC-III e WAIS-III: alterações nas 
versões originais americanas decorrentes das adaptações para uso no 
Brasil. Psicol Reflex Crít. 2002;15(3):603-12. https://doi.org/10.1590/
S0102-79722002000300014

https://doi.org/10.1111/ene.13439
https://doi.org/10.2147/IJN.S200490
https://doi.org/10.1016/j.jalz.2011.03.005
https://doi.org/10.1002/alz.12068
https://doi.org/10.1016/S0140-6736(20)30367-6
https://doi.org/10.1016/S0140-6736(20)30367-6
https://doi.org/10.1186/s13024-019-0333-5
https://doi.org/10.1186/s13024-019-0333-5
https://doi.org/10.1016/j.jalz.2019.04.001
https://doi.org/10.1186/s13195-019-0526-8
https://doi.org/10.1016/j.jalz.2011.03.008
https://doi.org/10.1212/WNL.0000000000004826
https://doi.org/10.1016/j.mcna.2018.10.009
https://doi.org/10.1016/j.mcna.2018.10.009
https://doi.org/10.1177/1756286420947986
https://doi.org/10.1177/1756286420947986
https://doi.org/10.1300/J018V05N01_09
https://doi.org/10.1590/S0034-89102005000600008
https://doi.org/10.1016/0022-3956(75)90026-6
https://doi.org/10.1590/S0004-282X2003000500014
https://doi.org/10.1001/ARCHNEUR.1975.00490510088009
https://doi.org/10.1590/S0047-20852011000400004
https://doi.org/10.1590/S0047-20852011000400004
https://doi.org/10.1590/S0004-282X2003000300004
https://doi.org/10.1590/S0004-282X2003000300004
https://doi.org/10.1590/S1980-57642013DN74000004
https://doi.org/10.1590/0047-2085000000114
https://doi.org/10.1590/S0004-282X2001000400009
https://doi.org/10.1590/S0004-282X2001000400009
https://doi.org/10.1590/S0102-79722002000300014
https://doi.org/10.1590/S0102-79722002000300014


Agnollitto MISS, et al.  Cerebral blood flow on Alzheimer’s disease.  11

Dement Neuropsychol 2023;17:e20230004

27. Sanchez MAS, Correa PCR, Lourenço RA. Cross-cultural Adaptation of the 
“Functional Activities Questionnaire – FAQ” for use in Brazil. Dement Neuropsychol. 
2011;5(4):322-7. https://doi.org/10.1590/S1980-57642011DN05040010

28. Assis LO, Assis MG, Paula JJ, Malloy-Diniz LF. O questionário de 
atividades funcionais de Pfeffer: revisão integrativa da literatura bra-
sileira. Estud Interdiscipl Envelhec. 2015;20(1):297-324. https://doi.
org/10.22456/2316-2171.50189

29. Hughes CP, Berg L, Danziger WL, Coben LA, Martin RL. A new clinical 
scale for the staging of dementia. Br J Psychiatry. 1982;140(6):566-72. 
https://doi.org/10.1192/BJP.140.6.566

30. O’Bryant SE, Waring SC, Cullum CM, Hall J, Lacritz L, Massman PJ, et al. 
Staging dementia using Clinical Dementia Rating Scale Sum of Boxes 
scores: a Texas Alzheimer’s research consortium study. Arch Neurol. 
2008;65(8):1091-5. https://doi.org/10.1001/ARCHNEUR.65.8.1091

31. Scheltens P, Leys D, Barkhof F, Huglo D, Weinstein HC, Vermersch P, 
et al. Atrophy of medial temporal lobes on MRI in “probable” Alzheimer’s 
disease and normal ageing: diagnostic value and neuropsychological 
correlates. J Neurol Neurosurg Psychiatry. 1992;55(10):967-72. https://
doi.org/10.1136/jnnp.55.10.967

32. Scheltens P, Launer LJ, Barkhof F, Weinstein HC, van Gool WA. Visual 
assessment of medial temporal lobe atrophy on magnetic resonance 
imaging: interobserver reliability. J Neurol. 1995;242(9):557-60. https://
doi.org/10.1007/BF00868807

33. Enkirch SJ, Traschütz A, Müller A, Widmann CN, Gielen GH, Heneka MT, 
et al. The ERICA score: an MR imaging-based visual scoring system for the 
assessment of entorhinal cortex atrophy in Alzheimer disease. Radiology. 
2018;288(1):226-333. https://doi.org/10.1148/radiol.2018171888

34. Koedam ELGE, Lehmann M, van der Flier WM, Scheltens P, Pijnenburg 
YAL, Fox N, et al. Visual assessment of posterior atrophy development 
of a MRI rating scale. Eur Radiol. 2011;21(12):2618-25. https://doi.
org/10.1007/s00330-011-2205-4

35. Alsop DC, Detre JA, Golay X, Günther M, Hendrikse J, Hernandez-Garcia 
L, et al. Recommended implementation of arterial spin-labeled perfusion 
MRI for clinical applications: a consensus of the ISMRM perfusion study 
group and the European consortium for ASL in dementia. Magn Reson 
Med. 2015;73(1):102-16. https://doi.org/10.1002/MRM.25197

36. Benedictus MR, Leeuwis AE, Binnewijzend MAA, Kuijer JPA, Scheltens 
P, Barkhof F, et al. Lower cerebral blood flow is associated with faster 
cognitive decline in Alzheimer’s disease. Eur Radiol. 2017;27(3):1169-75. 
https://doi.org/10.1007/s00330-016-4450-z

37. van Oostveen WM, Lange ECM. Imaging techniques in Alzheimer’s disea-
se: a review of applications in early diagnosis and longitudinal monitoring. 
Int J Mol Sci. 2021;22(4):2110. https://doi.org/10.3390/IJMS22042110

38. Guo X, Wang Z, Li K, Li Z, Qi Z, Jin Z, et al. Voxel-based assessment 
of gray and white matter volumes in Alzheimer’s disease. Neurosci Lett. 
2010;468(2):146-50. https://doi.org/10.1016/J.NEULET.2009.10.086

39. Hoy AR, Ly M, Carlsson CM, Okonkwo OC, Zetterberg H, Blennow K, et al. 
Microstructural white matter alterations in preclinical Alzheimer’s disease 
detected using free water elimination diffusion tensor imaging. PLoS One. 
2017;12(3):e0173982. https://doi.org/10.1371/journal.pone.0173982

40. Kaur B, Himali JJ, Seshadri S, Beiser AS, Au R, McKee AC, Auerbach 
S, et al. Association between neuropathology and brain volume in the 

Framingham Heart Study. Alzheimer Dis Assoc Disord. 2014;28(3):219-25. 
https://doi.org/10.1097/WAD.0000000000000032

41. Lou B, Jiang Y, Li C, Wu PY, Li S, Qin B, et al. Quantitative analysis of 
synthetic magnetic resonance imaging in Alzheimer’s disease. Front Aging 
Neurosci. 2021;13:638731. https://doi.org/10.3389/fnagi.2021.638731

42. Mueller SG, Schuff N, Yaffe K, Madison C, Miller B, Weiner MW. Hippo-
campal atrophy patterns in mild cognitive impairment and Alzheimer’s 
disease. Hum Brain Mapp. 2010;31(9):1339-47. https://doi.org/10.1002/
HBM.20934

43. Silva Filho SRB, Barbosa JHO, Rondinoni C, Santos AC, Salmon CEG, 
Lima NKC, et al. Neuro-degeneration profile of Alzheimer’s patients: a 
brain morphometry study. Neuroimage Clin. 2017;15:15-24. https://doi.
org/10.1016/j.nicl.2017.04.001

44. Gong NJ, Chan CC, Leung LM, Wong CS, Dibb R, Liu C. Differential 
microstructural and morphological abnormalities in mild cognitive im-
pairment and Alzheimer’s disease: evidence from cortical and deep gray 
matter. Hum Brain Mapp. 2017;38(5):2495-508. https://doi.org/10.1002/
HBM.23535

45. Swinford CG, Risacher SL, Wu YC, Apostolova LG, Gao S, Bice PJ, 
et al. Altered cerebral blood flow in older adults with Alzheimer’s disease: 
a systematic review. Brain Imaging Behav. 2023;223-56. https://doi.
org/10.1007/s11682-022-00750-6

46. Thomas B, Sheelakumari R, Kannath S, Sarma S, Menon RN. Regional 
cerebral blood flow in the posterior cingulate and precuneus and the 
entorhinal cortical atrophy score differentiate mild cognitive impairment 
and dementia due to Alzheimer disease. AJNR Am J Neuroradiol. 
2019;40(10):1658-64. https://doi.org/10.3174/ajnr.A6219

47. Duan W, Sehrawat P, Balachandrasekaran A, Bhumkar AB, Boraste 
PB, Becker JT, et al. Cerebral blood flow is associated with diagnostic 
class and cognitive decline in Alzheimer’s disease. J Alzheimers Dis. 
2020;76(3):1103-20. https://doi.org/10.3233/JAD-200034

48. Sierra-Marcos A. Regional cerebral blood flow in mild cognitive impairment 
and Alzheimer’s disease measured with arterial spin labeling magnetic 
resonance imaging. Int J Alzheimers Dis. 2017;2017:5479597. https://
doi.org/10.1155/2017/5479597

49. De Vis JB, Peng SL, Chen X, Li Y, Liu P, Sur S, et al. Arterial-spin-labeling 
(ASL) perfusion MRI predicts cognitive function in elderly individuals: a 
4-year longitudinal study. J Magn Reson Imaging. 2018;48(2):449-58. 
https://doi.org/10.1002/JMRI.25938

50. Camargo A, Wang Z; Alzheimer’s Disease Neuroimaging Initiative. Longi-
tudinal cerebral blood flow changes in normal aging and the Alzheimer’s 
disease continuum identified by arterial spin labeling MRI. J Alzheimers 
Dis. 2021;81(4):1727-35. https://doi.org/10.3233/JAD-210116

51. McKiernan EF, Mak E, Dounavi ME, Wells K, Ritchie C, Williams G, et al. 
Regional hyperperfusion in cognitively normal APOE ε4 allele carriers in 
mid-life: analysis of ASL pilot data from the PREVENT-Dementia cohort. J 
Neurol Neurosurg Psychiatry. 2020;91(8):861-6. https://doi.org/10.1136/
jnnp-2020-322924

52. Thomas KR, Osuna JR, Weigand AJ, Edmonds EC, Clark AL, Holmqvist 
S, et al. Regional hyperperfusion in older adults with objectively-defined 
subtle cognitive decline. J Cereb Blood Flow Metab. 2021;41(5):1001-12. 
https://doi.org/10.1177/0271678X20935171

https://doi.org/10.1590/S1980-57642011DN05040010
https://doi.org/10.22456/2316-2171.50189
https://doi.org/10.22456/2316-2171.50189
https://doi.org/10.1192/BJP.140.6.566
https://doi.org/10.1001/ARCHNEUR.65.8.1091
https://doi.org/10.1136/jnnp.55.10.967
https://doi.org/10.1136/jnnp.55.10.967
https://doi.org/10.1007/BF00868807
https://doi.org/10.1007/BF00868807
https://doi.org/10.1148/radiol.2018171888
https://doi.org/10.1007/s00330-011-2205-4
https://doi.org/10.1007/s00330-011-2205-4
https://doi.org/10.1002/MRM.25197
https://doi.org/10.1007/s00330-016-4450-z
https://doi.org/10.3390/IJMS22042110
https://doi.org/10.1016/J.NEULET.2009.10.086
https://doi.org/10.1371/journal.pone.0173982
https://doi.org/10.1097/WAD.0000000000000032
https://doi.org/10.3389/fnagi.2021.638731
https://doi.org/10.1002/HBM.20934
https://doi.org/10.1002/HBM.20934
https://doi.org/10.1016/j.nicl.2017.04.001
https://doi.org/10.1016/j.nicl.2017.04.001
https://doi.org/10.1002/HBM.23535
https://doi.org/10.1002/HBM.23535
https://doi.org/10.1007/s11682-022-00750-6
https://doi.org/10.1007/s11682-022-00750-6
https://doi.org/10.3174/ajnr.A6219
https://doi.org/10.3233/JAD-200034
https://doi.org/10.1155/2017/5479597
https://doi.org/10.1155/2017/5479597
https://doi.org/10.1002/JMRI.25938
https://doi.org/10.3233/JAD-210116
https://doi.org/10.1136/jnnp-2020-322924
https://doi.org/10.1136/jnnp-2020-322924
https://doi.org/10.1177/0271678X20935171

