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Abstract

Alzheimer’s disease (AD) is the leading cause of dementia worldwide and significantly impacts the essential functions of daily life and
social activities. Research on AD has found that its pathogenesis is related to the extracellular accumulation of amyloid-beta (A/3) plaques
and intracellular neurofibrillary tangles in the cortical and limbic areas of the human brain, as well as cerebrovascular factors. The de-
tection of Af or tau can be performed using various probes and methodologies. However, these modalities are expensive to implement
and often require invasive procedures, limiting accessibility on a large scale. While magnetic resonance imaging (MRI) and computed
tomography (CT) are generally used for morphological and structural brain imaging, they show wide variability in their accuracy for
the clinical diagnosis of AD. Several novel imaging modalities have emerged as alternatives that can accurately and vividly display the
changes in blood flow and metabolism in each brain area and enable physicians and researchers to gain insights into the generation and
progression of the cerebro-microvascular pathologies of AD. In this review, we summarize the current knowledge on microvascular per-
fusion imaging modalities and their application in AD, including MRI (dynamic susceptibility contrast-MRI, arterial spin labeling-MRI),
CT (cerebral CT perfusion imaging), emission computed tomography (positron emission tomography (PET), single-photon emission
computed tomography (SPECT)), transcranial doppler ultrasonography (TCD), and retinal microvascular imaging (optical coherence
tomography imaging, computer-assisted methods for evaluating retinal vasculature).
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1. Introduction

Alzheimer’s disease (AD) is the most common neu-
rodegenerative disorder, and is often characterized by pro-
gressive cognitive decline and memory loss, which seri-
ously affect the essential functions of daily life and regular
social activities. AD is the leading cause of dementia in the
world, affecting an estimated 50 million people worldwide,
with a projected tripling of prevalence by 2050 due to an ag-
ing population [ 1-4]. The care required for AD patients rep-
resents a considerable healthcare cost, which is predicted to
increase further. AD imposes a tremendous public health
burden, not only on the patients, the caregivers, and physi-
cians, but also on society in general [5]. Early diagnosis of
AD and timely medical intervention are fundamental for re-
ducing the risk of progression to advanced dementia, slow-
ing down the process, and also allowing significant cost
savings to Medicare [6—8].

Multiple mechanisms have been reported to contribute
to the pathogenesis of AD, including the extracellular accu-
mulation of amyloid beta (A5) plaques and tau proteins, as
well as cerebrovascular factors [9—13]. The processing of
amyloid precursor protein and dysfunction of A3 clearance
mechanisms contribute to the accumulation of AS plaques,
which can initiate downstream tau tangle formation and
neuronal dysfunction [14]. Although some studies have
shown a positive association between A accumulation and

increased cerebral blood flow (CBF) in certain brain areas
[15], recent research has demonstrated that reduced CBF
may be an early indicator of AD [16]. In particular, A3 can
cause constriction of capillaries, potentially reducing CBF
in AD [17]. Reduced CBF may also initiate the amyloid
cascade or amplify AS production [14,16]. Accumulating
evidence indicates that cerebrospinal fluid tau proteins are
associated with lower CBF in patients with mild cognitive
impairment (MCI) and AD dementia [18]. The accumula-
tion of hyperphosphorylated tau protein and neurofibrillary
tangles can lead to neuronal death and alterations in the mi-
crovascular system [19-21]. Consequently, cerebral blood
perfusion alterations and microvascular system dysfunction
can impair A and tau clearance from tissue, leading to
structural brain atrophy and cognitive decline [22]. The
complex interplays between A5 accumulation, tau pathol-
ogy, and cerebrovascular factors highlight the need for a
multifactorial approach to the development of effective di-
agnosis and therapies for AD.

Etiological research suggests that measurement of
cerebral perfusion and amyloid may hold the most promise
for detecting preclinical AD [23,24]. Recent studies report
a strong correlation between cerebral perfusion and disease
progression, indicating that CBF is a helpful parameter in
the preclinical stage of AD [25-27]. Magnetic resonance
imaging (MRI) and computed tomography (CT) are gen-
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erally used for morphological and structural brain imag-
ing, but they show wide variability in accuracy when used
for the clinical diagnosis of AD [28]. Numerous imaging
modalities have been developed and used to visualize vas-
cularization, and these can accurately and vividly display
changes in blood flow and metabolism in each brain area.
In this narrative review, we summarize the currently avail-
able microvascular perfusion imaging methods applied in
AD with the aim of exploring the complexities of cerebral
blood flow alterations and the potential of microvascular
perfusion imaging technology to shed light on the underly-
ing mechanisms and clinical implications of CBF changes.

2. Methods

This narrative review focuses on the existing litera-
ture concerning microvascular perfusion imaging in AD. A
systematic search was conducted across multiple databases
including PubMed, CNKI, Web of Science, Cochrane Li-
brary, and Wanfang. The search used a combination of
keywords encompassing modalities such as “Magnetic res-
onance imaging (MRI)”, “Dynamic susceptibility contrast
(DSC)”, “Arterial spin labeling (ASL)”, “Computed to-
mography (CT)”, “Computed tomography perfusion imag-
ing (CTPI)”, “Emission computed tomography (ECT)”,
“Transcranial Doppler ultrasonography (TCD)”, “Retinal
microvascular imaging”, “Optical coherence tomography
(OCT)”, and “Computer-assisted program measures retinal
microvascular”. This combination was further constrained
by the terms “Alzheimer’s disease” or “Dementia”. Arti-
cles were deemed eligible if they furnished evidence for
both (1) quantitative analysis of microcirculatory perfusion
in relation to AD, and (2) a comparison between AD and
healthy controls or MCI in terms of microcirculatory per-
fusion. The search encompassed literature published up to
February 2023. The inclusion criteria were collectively as-
sessed by all three authors to ascertain relevance, culminat-
ing in the selection of 22 articles for inclusion in this narra-
tive review.

3. Results of the Literature Search
3.1 Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) relies on the be-
havior of atomic nuclei, particularly hydrogen nuclei (pro-
tons), which are abundant in the human body. When these
protons are exposed to radiofrequency pulses, the protons
absorb energy and temporarily move away from their equi-
librium state. After the radiofrequency pulse is turned off,
the excited protons start to relax back to their equilibrium
state. T1 relaxation refers to the time constant of longitu-
dinal magnetization recovery. Different tissues exhibit dis-
tinct T1 relaxation times due to variations in molecular in-
teractions, composition, and physical properties. T2 relax-
ation refers to the time over which the transverse magne-
tization of nuclear spins dephases and decays after an ini-

tial radiofrequency pulse, while T2* relaxation refers to the
decay of transverse magnetization seen with gradient-echo
(GRE) sequences. Different tissues possess distinct T1 or
T2 relaxation times, influenced by molecular interactions,
tissue composition, and structural properties. T1-weighted
and T2-weighted imaging create contrast through the dis-
tinct relaxation behaviors of nuclear spins in different tis-
sues to generate image contrasts that are sensitive to differ-
ent tissue properties. T2*-weighted imaging can detect the
smallest changes in uniformity in the magnetic field and can
improve the rate of small lesion detection.

3.1.1 Arterial Spin Labeling

Arterial spin labeling (ASL)-MRI is a noninvasive
procedure based on the difference in spin magnetization be-
tween mobile and static protons. ASL-MRI uses the wa-
ter protons of arterial blood as an endogenous perfusion
tracer. Before flowing into the imaging area, the proxi-
mal arterial blood containing water protons is labeled, and
a control image of the imaging area without labeled arterial
blood is obtained. The labeled water protons flowing into
the imaging plane with the bloodstream within a certain de-
lay time (post-labeling delay time, PLD) mix with the unla-
beled water protons in the tissue, leading to changes in the
local tissue T1, thereby generating blood flow-dependent
image contrast, which can be calculated by subtracting the
labeled images from the control images. The remaining sig-
nals are linear measurements proportional to cerebral blood
flow perfusion. Then, qualitative and quantitative analy-
sis can be obtained from the CBF perfusion information.
The PLD time is the delay time of blood flow from the la-
beled area to the tissue of the imaging area, and ASL can
be performed with single or multiple PLDs. Single PLD se-
quences are typically used in clinical practice, and estimate
CBF with a simplified model, which is a potential source of
error. In contrast, multi-PLD ASL can more accurately esti-
mate CBF by also estimating the arterial transit time (ATT).

ASL implementations fall into three categories ac-
cording to their different labeling methods: continuous
ASL (CASL), pulsed ASL (PASL), and pseudo-continuous
ASL (pCASL). The latter combines the advantages of
CASL and PASL and achieves the long pulse effect of
CASL by switching the gradient field and combining mul-
tiple short pulses while providing an improved signal-to-
noise ratio and labeling efficiency. ASL uses fast spin echo,
propeller technology, three-dimensional volume acquisi-
tion technology, and/or spiral center oversampling technol-
ogy, which can significantly improve the signal-to-noise ra-
tio and the image quality by reducing the interference of
motion artifacts and magnetic sensitivity artifacts. Delayed
scanning is another important technique for analyzing ASL,
facilitating the collection of blood flow information from
veins, perfusion imaging, and brain structure. The char-
acteristics of ASL in microvascular perfusion imaging are
summarized in Table 1 (Ref. [29-37]) and Table 2 .
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Table 1. Major measurements and quantitative models or methods of microvascular perfusion imaging modalities in

Alzheimer’s Disease.

Imaging modality = Measurement

Quantitative model or method

DSC Cerebral blood flow, Cerebral blood volume, Mean transit time,

Time to peak

ASL Cerebral blood flow, Cerebral blood volume, Mean transit time,

Time to peak

Gamma-variate model, Tofts model [29]

Buxton’s general kinetic model [29]

CTPI Cerebral blood flow, Cerebral blood volume, Mean transit time, ~ Central volume principle model, deconvo-
Time to peak lution method [30]

PET Cerebral blood flow, Cerebral blood volume, Mean transit time,  Autoradiographic method, Simplified ref-
Time to peak erence tissue model [31,32]

SPECT Cerebral blood flow, Cerebral blood volume, Mean transit time, ~ Patlak graphical analysis method [33,34]
Time to peak

TCD Blood flow velocity, Pulsatility index, Lindegaard ratio, Breath- ~ Doppler Effect Model [35]
holding index

OCTA Vessel Area Density, Vessel Diameter Index, Blood flow rate Speckle variance method [36]

RVAS Retinal vascular caliber, Retinal vascular fractal dimension, Knudtson-Parr-Hubbard formula [37]

Retinal vascular tortuosity, Retinal vascular branching angle

DSC, dynamic susceptibility contrast; ASL, arterial spin labeling; CTPI, cerebral computed tomography perfusion imaging; PET,

positron emission tomography; SPECT, single-photon emission computed tomography; TCD, transcranial doppler ultrasonogra-

phy; OCTA, optical coherence tomography angiography; RVAS, retinal vessels assessment system.

A study by Ding et al. [38] investigated CBF
changes in healthy controls, patients with AD, and pa-
tients with amnestic MCI. They found decreased CBF in
the bilateral temporo-parieto-occipital cortices and left lim-
bic lobe relative to the healthy controls. In comparison
with healthy controls, patients with amnestic MCI showed
hyper-perfusion regions in the right temporal subgyral and
bilateral frontal lobes, and hypoperfusion regions in the bi-
lateral inferior temporal cortex, left occipital lobe, and right
middle temporal cortex [38]. A recent report found that pa-
tients with MCI and AD had significantly lower quantified
perfusion in the posterior cingulate and lingual gyri, but no
solid positive correlations were observed between perfusion
and gray matter volumes in the regions of interest, except
for temporal neocortex [39]. However, the results of Zhang
et al. [40] revealed significant differences between AD and
controls, as well as between MCI and AD; patients with
AD had lower mean CBF in gray matter than did the other
groups. With a focus on cognition, learning, and memory-
associated brain regions, such areas as the frontal and tem-
poral lobes have shown hypoperfusion in both MCI and
AD, suggesting that disrupted perfusion is a disease man-
ifestation throughout the preclinical or dementia phase of
AD. Although areas of hyperperfusion are relevant in the
progression of AD, hyperperfusion might lead to lower oxy-
gen extraction in the presence of relatively mild to mod-
erate capillary dysfunction, requiring suppression of blood
flow to optimize metabolism. The mechanism of perfusion
changes in AD needs further exploration and validation in
human studies. ASL is an appealing alternative because it
can provide helpful perfusion information for further patho-
logic and neuropsychological studies in AD.
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3.1.2 Dynamic Susceptibility Contrast

Dynamic susceptibility contrast (DSC)-MRI involves
tracking an exogenous paramagnetic contrast medium
(gadolinium-based compounds) as it passes through a given
capillary bed. The bolus of gadolinium-based contrast
medium with a high magnetic moment significantly de-
creases brain signal intensity on T2- or T2*-weighted im-
ages. These signal changes are rapidly measured with spin
echo or gradient echo echo-planar sequences. The intravas-
cular compartmentalization of the contrast-induced local
magnetic field gradients results in the magnetic suscepti-
bility effect, which dominates the T1 relaxation enhance-
ment due to the direct interaction of intravascular protons
with the coordination sphere of the gadolinium-based com-
plexes. To evaluate the changes in contrast medium con-
centration occurring in each imaging voxel, a kinetic model
based on the indicator dilution theory is applied to the signal
reduction resulting from the first throughflow of the con-
trast medium bolus on T2- or T2*-weighted images. The
time-signal intensity curve of the tissue can be obtained for
a region of interest, which allows the estimation of quanti-
tative hemodynamic information, including cerebral blood
volume, CBF, and mean transit time. The main disadvan-
tage of DSC-MRI is that it requires an exogenous tracer,
such as a gadolinium chelate, which may increase the risk
of a rare but fatal multisystem disease (i.e., nephrogenic
systemic fibrosis) in patients with renal failure. The char-
acteristics of DSC in microvascular perfusion imaging are
summarized in Tables 1,2.

In a study by Eskildsen et al. [41], DSC-MRI was
used to compare cerebral microcirculation in patients with
AD or MCI with that in age-matched healthy controls. AD
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Table 2. Characteristics of modalities used for microvascular perfusion imaging in Alzheimer’s Disease.

ASL DSC CTPI

PET SPECT TCD OCTA RVAS

Spatial resolution High High High

Low Low Low High High

Contrast agent or ra- No Required Contrast agent No Required Radiotracer Radiotracer No Required No Required No Required

diotracer

Invasive No No No
Availability Wide Wide Wide
Temporal resolution Vary High Limited
Sensitivity Limited High Limited
Quantification Yes Challenge Yes
Whole-brain coverage Limited Limited Yes
Acquisition time Long Vary Fast
Radiation exposure No No Yes
Real-time imaging No No No

No No No No No
Limited Limited Wide Limited Limited
Limited Limited High High High

High Limited High Limited Limited
Yes Yes Yes Yes Yes
Yes Yes Limited Limited Limited

Vary Long Fast Fast Fast
Yes Yes No No No
No No Yes Yes Yes

DSC, dynamic susceptibility contrast; ASL, arterial spin labeling; CTPI, cerebral computed tomography perfusion imaging; PET, positron

emission tomography; SPECT, single-photon emission computed tomography; TCD, transcranial doppler ultrasonography; OCTA, optical

coherence tomography angiography; RVAS, retinal vessels assessment system.

or MCI patients showed widespread hypoperfusion and in-
creased relative capillary transit time heterogeneity. Fur-
thermore, the patients’ relative capillary transit time hetero-
geneity was positively correlated with white matter hyper-
intensities and symptom severity in large parts of the tempo-
ral, parietal, and frontal cortices [41]. The diagnostic sensi-
tivity of CBF for identifying perfusion abnormalities when
using DSC-MRI was also investigated in MCI patients who
progressed to AD, patients with mild AD, and healthy con-
trols [42]. The study found decreased CBF perfusion in the
parietal lobes of the progressed-to-AD patients and a nega-
tive association between cortical thickness and CBF in the
right parahippocampal gyrus. Cerebral blood volume alter-
ations were only present in the AD patients, while CBF ab-
normalities were already present in the MCI patients. Thus,
CBF changes appear before cerebral blood volume changes
in AD development. Disturbed capillary flow patterns al-
ready exist in the preclinical phase of AD, and these may
affect the neurovascular coupling through which arterioles
adjust the local CBF. Such a bidirectional longitudinal re-
lationship between reduced CBF and brain atrophy would
explain the inconsistencies in results, including the nega-
tive association between CBF and cortical thickness [42],
as well as the cerebral hypoperfusion associated with brain
atrophy [43].

3.2 CT Perfusion Imaging

CT refers to a computerized X-ray imaging procedure
in which a narrow beam of X-rays is quickly rotated around
the body, producing signals that are processed by a com-
puter to generate tomographic cross-sectional images of the
body that contain more detailed information than conven-
tional X-rays. The computer can then digitally stack the
successive images together to form a three-dimensional im-
age of the body, allowing for easier identification and loca-
tion of basic structures and possible abnormalities.

By acquiring dynamic and repeated scans of an area of
interest following intravenous bolus injection of iodine con-
trast agent, the density of the contrast agent change can be
recorded. Physicians and scientists can obtain time-density
curve and blood perfusion information from the brain tis-
sue through mathematical modeling calculations. The pa-
rameters include cerebral blood volume, CBF, time to peak,
mean transit time, and capillary permeability. In contrast to
the time-consuming nature of perfusion assessment through
MRI, CT perfusion imaging (CTPI) offers a swift alterna-
tive suitable for patients with poor coordination. CTPI has
a high spatial and temporal resolution, extensive scanning
range, and high post-processing and data acquisition effi-
ciency. CTPI can obtain images of morphological struc-
ture and vascular images at the same time. However, the
use of CTPI is limited because of adverse reactions such
as nephrotoxicity and allergic reactions to iodine contrast
agents. In recent years, the emergence of low-dose multi-
slice spiral CT and volume CT has effectively reduced the
radiation dose for the broad application of CTPI. The char-
acteristics of CTPI in microvascular perfusion imaging are
summarized in Tables 1,2.

Tang et al. [44] used CTPI to evaluate perfusion
abnormalities in AD. AD patients showed lower cerebral
blood volume and CBF values in the temporal cortex, bi-
lateral frontal cortex, hippocampus, and basal ganglia com-
pared to healthy control, while the mean transit time and
transit time peak values of these brain areas were lower in
the healthy control than in the AD. The incidence of AD sig-
nificantly correlated with the mean transit time perfusion
parameter of the right temporal cortex, left frontal cortex,
right hippocampus, and right basal ganglia [44]. These re-
sults indicate that brain CTPI is a valuable tool for detecting
microcirculation abnormalities and provides new evidence
for microcirculation disturbance and ischemia in AD.
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3.3 Emission Computed Tomography

Emission computed tomography (ECT) is a functional
imaging modality that uses radiolabeled biologically-active
compounds (radiotracers) to visualize and measure phys-
iological activities, including metabolic processes, blood
flow, regional chemical composition, and absorption. Ra-
diotracers emit either positrons or gamma rays when they
decay in transport through the blood-brain barrier.

Positron emission tomography (PET) is based on the
emission of positrons as radionuclides decay. In PET, the
emitted positron interacts with an electron and both parti-
cles annihilate simultaneously to form two gamma-ray pho-
tons in opposite directions with high energy. Then, both
gamma rays travel a few millimeters through tissue and can
be detected by the sensors of the PET scanner. Reconstruc-
tion algorithms use these rays of coincidence to determine
the location of the source. The PET tracers most com-
monly used for the measurement of CBF are 11C, 150, and
18F. The characteristics of PET in microvascular perfusion
imaging are summarized in Tables 1,2.

Unlike PET, single-photon emission computed to-
mography (SPECT) uses a bolus injection of radionuclides
in the form a radioligand that emits a single gamma ray
generated either directly or indirectly as a result of the de-
cay. The SPECT detector attempts to record the gamma
rays, and a back projection reconstruction algorithm de-
termines the location of the decay events. The accu-
mulation and distribution of radionuclides in brain tissue
are directly proportional to cerebral blood flow. SPECT
tracers for cerebral blood perfusion imaging include tech-
netium 99m-hexamethylpropyleneamine oxime (99 mTc-
HMPAO), technetium 99m-ethyl cysteinate dimer (99 mTc-
ECD), 133Xe, 123I-iomazenil, and N-isopropyl-(iodine-
123) p-iodoamphetamine (123I-IMP). The characteristics
of SPECT in microvascular perfusion imaging are summa-
rized in Tables 1,2.

Several studies have used ECT to investigate per-
fusion and functional changes in AD and MCI. For in-
stance, Ishii ef al. [45] used PET with oxygen-15-labeled
gases as tracers to clarify the medial temporal perfusion and
functional changes in mild-to-moderate AD. AD patients
showed significantly decreased mean CBF in the parietal
and lateral temporal cortices compared to healthy control.
The medial temporal oxygen metabolism and CBF of pa-
tients with AD correlated with certain nonverbal memory
test scores and cognitive impairment scales [45]. Staffen
et al. [46] investigated the diagnostic validity of SPECT
with 99 mTc-HMPAO in patients with MCI and AD. They
reported reduced cerebral perfusion in AD in all evaluated
cortical areas (temporal, parietal, and frontal lobes). In pa-
tients with MCI, cerebral perfusion was decreased in these
measured brain areas, except for the left parietal and frontal
cortex [46]. The same group also examined regional cere-
bral perfusion detected by SPECT with 99 mTc-HMPAO
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in MCI and AD patients. MCI patients showed hypoperfu-
sion in the parietal and temporal lobes of both hemispheres
and the posterior part of the cingulate gyrus of the right
hemisphere. AD patients showed significant hypoperfusion
in the global forebrain [47]. Habert ef al. [48] improved
the diagnosis of early AD by using SPECT with 99 mTec-
ECD in patients with MCI who progressed to AD (MCI-AD
group) or remained stable (MCl-stable group). Their study
showed that right parietal and hippocampal perfusion was
significantly lower in the MCI-AD group compared with
the MClI-stable group [48]. Pappata et al. [49] used SPECT
with 99 mTc-HMPAO in subjects with amnestic MCI and
elderly healthy controls, and performed both voxel-based
and region-of-interest analysis to measure cerebral perfu-
sion. Voxel-based analysis and region of interest analysis
revealed hypoperfusion of the precuneus and the posterior
cingulate cortex in MCI and MCI progressed-to-AD pa-
tients [49]. These results suggest that perfusion is impaired
in MCI and AD. Hypoperfusion, as detected by ECT, is
associated with clinical, functional, and cognitive decline,
and may help identify candidates for future AD treatment
trials.

3.4 Transcranial Doppler Ultrasonography

Doppler Ultrasonography is based on the principle of
the Doppler frequency shift. The ultrasound wave from the
probe is transmitted and reflected by red blood corpuscles
moving within vessels. The frequency difference between
transmitted and reflected waves is proportional to the speed
of the moving red blood corpuscles. The Doppler signal
represents a mixture of different Doppler shifts resulting
from the laminar flow in the blood vessel, and thus repre-
sents a spectrum display of the velocity distribution of red
blood cells on the monitor. Then, spectral analysis can be
used to obtain measurements of blood flow parameters, in-
cluding breath-holding index (BHI), blood flow velocity,
end-diastolic velocity, peak systolic velocity, pulsatility in-
dex, time-averaged mean maximum velocity, and systolic
upstroke or acceleration time.

Transcranial Doppler (TCD) transmits waves through
the skull and detects blood flow within the cerebral vessels.
In most transcranial doppler instruments, the time-averaged
mean maximum velocity as a function of time is a continu-
ous trace of peak velocities that can be automatically calcu-
lated and displayed. The main advantages of TCD are that
it is non-invasive, does not require ionizing radiation, uses a
contrast agent that is excreted rapidly, and is repeatable and
quickly performed. Assessed by ultrasound, extracranial
carotid artery stenosis is a risk factor for Alzheimer’s dis-
ease [50]. Carotid artery disease changes the brain structure
associated with dementia [51]. Studies have shown that ab-
normal internal carotid artery is associated with white mat-
ter hyperintensities, which are associated with the risk of
progression to MCI when cerebrospinal fluid measures of
neurodegeneration are low [52]. Ultrasonography can ex-
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plain the relationship between carotid artery stenosis, cere-
bral small vessel function, and AD-related brain structural
and cognitive alterations.

BHI is a commonly used method for TCD-based as-
sessment of cerebrovascular reactivity. It is calculated
based on the mean flow velocities of the middle cerebral
artery. Silvestrini et al. [53] investigated the contribution
of alterations in cerebral hemodynamics to the evolution of
cognitive impairment by measuring the breath-holding in-
dex with TCD ultrasonography in patients with AD. They
reported that unfavorable evolution of cognitive function
was associated with the breath-holding index, and multiple
logistic regression also suggested that the breath-holding in-
dex was the only significant predictor of cognitive decline
[53]. Puls ef al. [54] performed transcranial color-coded
duplex ultrasound examinations to determine microvascu-
lar disease related to the integrity of brain microcirculation.
They demonstrated that patients with vascular dementia had
significantly longer cerebral transit times (¢TT) than those
with AD; cTT is significantly associated with cognitive im-
pairment in vascular dementia patients, rather than in AD
patients. These findings suggest that cTT may be a valuable
tool to reveal small vessel disease in patients with dementia.

3.5 Peripheral Microcirculation Testing

3.5.1 Retinal Microvascular Imaging

The retina shares prominent similarities with the brain
regarding embryological origin, anatomical features, and
physiological properties. Many researchers consider the
retina to be an extension of the central nervous system.
It offers a unique perspective for studying cerebral micro-
circulation, and may improve the understanding of cere-
brovascular pathophysiology processes, diagnosis, and risk
assessment of dementia in the brain. Retinal microcircula-
tory alterations can be visualized quickly and assessed non-
invasively by retinal photographic techniques, such as opti-
cal coherence tomography (OCT) and the retinal vessels as-
sessment system with computer-assisted imaging software.

3.5.1.1 Optical Coherence Tomography. OCT imaging
uses a non-invasive method to irradiate the tissue or spec-
imen with weak coherent light and measure the time delay
of the reflected light and the longitudinal internal structure
of the tissue. The original OCT imaging adopted the prin-
ciple of the time domain, but the mechanical motion of the
reference arm limited the imaging rate, and the axial reso-
lution was 10 um. The low imaging speed was considered
too slow to favor angiographic imaging. The highly struc-
turalized system of eyes also caused poor blood vessel de-
piction because of light scattering. With the emergence of
frequency domain OCT, the scanning speed has increased
to 6800 times per second per scan. OCT has a higher axial
resolution, which provides conditions suitable for the emer-
gence of ocular vascular imaging (optical coherence tomog-
raphy angiography, OCTA). OCTA detects the movement

of blood cells in the vascular cavity by measuring the shift
in the amplitude of the reflected OCT signal. It has gener-
ally been used for vascular imaging of the retina, choroid,
and optic nerve. Physicians can measure the margins and
areas of new blood vessels and capillaries more accurately.

Split-spectrum amplitude correction angiography is a
commonly used algorithm in octal devices. It decomposes
eight images into different spectral bands to increase the
number of available images. Each new image has a hor-
izontally balanced axial resolution, thereby reducing the
sensitivity to axial eye movements caused by the pulsa-
tion of posterior blood flow. The appropriately weak-
ened axial signal increases the coherence range, reflect-
ing the signal from moving particles such as blood cells.
Because each spectral band contains different spot pat-
terns and independent blood flow information, the exponen-
tially enhanced blood flow signal can provide high-speed
and high-definition OCTA images when it integrates spec-
trally decorrelated images from multiple spectral bands. At
present, OCTA is used not only for diagnosing the posterior
segment of the optical system, but also as an aid in the eval-
uation of the anterior segment of it. The characteristics of
OCTA in microvascular perfusion imaging are summarized
in Tables 1,2.

Jiang et al. [55] determined the retinal blood flow
rate and blood flow velocity of pre-capillary arterioles and
post-capillary venules using OCTA in cognitively normal
controls, comparing them with patients with MCI and AD.
The macular blood flow rate and blood flow velocity in
arterioles and venules of the AD group were significantly
lower than in cognitively normal controls. Similarly, the
blood flow rates of MCI and AD group were lower than
the blood flow rates of the control group in both arteri-
oles and venules. The thicknesses of the ganglion cell-inner
plexiform layer in patients with AD and MCI were signif-
icantly lower than in controls. These findings suggest that
in the neurovascular-hemodynamic system, impairment of
the blood flow rate and ganglion cell-inner plexiform layer
may play a critical role in AD progression.

3.5.1.2 Retinal Vessels Assessment System. The retinal
vessels assessment system includes: (i) an intravital micro-
scope focused on the bulbar conjunctival vessels, which ap-
pear as sharp black tubes; (ii) a charge-coupled device video
camera for on-screen videorecording and visualization of
the bulbar conjunctival vessels; and (iii) a fiber-optics light
source focused on the vessels of the bulbar conjunctiva for
illumination [56]. The well-resolved frames of video se-
quences are selected and captured, and are then used to
identify morphometric microvascular abnormalities. With
the help of customized or public-domain imaging software,
researchers can quantitatively measure vascular parameters
from retinal photographs.

Notably, software named Singapore I Vessel Assess-
ment improved the post-processing of retinal photographs.
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Singapore I Vessel Assessment can automatically identify
the vessel type and optic disc and calculate retinal vascu-
lar parameters. The specified measurement area is stan-
dardized and defined with reference to the center of the op-
tic disc, and the visible vessels coursing through this area
can be measured. According to the revised Knudtson-Parr-
Hubbard formula, the retinal arteriolar and venular calibers
can be estimated as the equivalences to the central retinal
artery and vein, respectively. The characteristics of the reti-
nal vessels assessment system in microvascular perfusion
imaging are summarized in Tables 1,2.

Smith et al. [56] used the retinal vessels assessment
system in a real-time non-invasive in vivo study of vascu-
lopathy and hemorheological perturbations in AD subjects.
They found that the severity indices (SI) of conjunctival mi-
crocirculation and whole blood viscosity were significantly
higher in AD subjects than in controls, with the SI being
computed based on the presence of microvascular abnor-
malities commonly found in vascular disease. In addition,
there is a strong correlation between SI and whole-blood
viscosity in AD [56]. Williams ef al. [37] evaluated reti-
nal microvascular parameters in cognitively normal con-
trols and AD patients. They demonstrated that AD patients
had significantly lower arteriolar and venular fractal dimen-
sions but less tortuous retinal arterioles. Multivariate logis-
tic regression revealed that AD patients were more suscep-
tible to having lower venular fractal dimension and lower
arteriolar tortuosity after adjustment [37]. These findings
suggest that patients with AD have retinal hemorheologi-
cal abnormalities and vasculopathy may represent similar
pathophysiological events within the cerebral microvascu-
lature of patients with AD.

3.5.2 Other Methods

Various methods for peripheral microcirculation test-
ing have contributed to the emerging understanding that mi-
crovascular dysfunction may extend beyond the brain, po-
tentially manifesting systemically. These approaches in-
clude machine learning applied to functional thermal imag-
ing, laser Doppler flowmetry for skin test response mea-
surement, and second-derivative finger photoplethysmog-
raphy. These techniques represent different avenues for
investigating microcirculatory dysfunction beyond cerebral
confines in AD.

Perpetuini et al. [57] used functional thermal imaging
and machine learning methodologies to examine peripheral
microcirculation impairments in individuals with AD, com-
paring them with age-matched healthy controls during rest-
ing states. Their findings highlighted microvascular pattern
alterations in early-stage AD pathology, suggesting the in-
tegration of functional thermal imaging as a supportive tool
for early AD diagnosis. Khalil et al. [58] conducted a com-
parative investigation of peripheral endothelial vascular re-
sponses in individuals with early clinically-confirmed AD
and controls with normal cognition. Their study revealed an
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84% reduction in peripheral endothelial vascular responses
among the AD patients. This simple skin test may serve as
a diagnostic adjunct for individuals displaying mild cogni-
tive symptoms or early clinical indications of AD. Iwamoto
et al. [59] used second-derivative finger photoplethysmog-
raphy to investigate hemodynamic indices in healthy con-
trols and AD individuals with or without severe periven-
tricular lucency. Their research indicated that peripheral
impedance exhibited no significant disparity between AD
patients and healthy controls.

While peripheral microcirculation testing endeavors
to ascertain whether such alterations transcend cerebral
confines, the complex relationship between peripheral and
cerebral microcirculation remains incompletely elucidated.
The multifaceted influence of various factors on peripheral
microcirculation poses challenges for isolating AD-specific
changes; observed changes may not be direct reflections of
cerebral alterations. To foster uniformity and comparability
across studies, the establishment of standardized protocols
for testing and interpretation is imperative.

4. Directions for Future Research

The assessment of cerebral blood flow in AD using
microvascular perfusion imaging technology can reflect mi-
crovascular pathogenesis and clinical diagnosis. However,
there is yet to be a definitive answer to which imaging
method is the best. Multiple factors play influential roles
in the choice of imaging modalities for evaluating cerebral
blood flow, such as the feasibility and reliability of the tech-
nology, imaging speed, financial cost, and patient comfort.
There are several promising future research directions that
could further enhance our understanding of microvascular
perfusion alterations in AD and their clinical implications:
(1) investigating the underlying mechanisms that drive the
biphasic response of CBF in AD could shed light on dis-
ease progression; (2) conducting longitudinal studies that
track microvascular perfusion changes over time in individ-
ual AD patients would help discern the trajectory of CBF
alterations, and their association with cognitive decline and
disease progression; and (3) integrating CBF imaging data
with other AD biomarkers, such as amyloid and tau pro-
tein levels, could offer a comprehensive view of disease
progression, which might enhance diagnostic accuracy and
aid in understanding the relationship between microvascu-
lar perfusion alterations and neurodegenerative processes.

5. Conclusion

The studies reviewed above suggest that hyperper-
fusion and hypoperfusion are both exhibited in the de-
velopment and progression of AD, while hypoperfusion
leads to structural changes in brain areas that are associ-
ated with cognitive impairments and dementia. Inconsis-
tencies across studies may be attributable to methodolog-
ical differences, such as CBF measurement methods, pa-
tient demographics (such as age and vascular risk burden),
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diagnostic criteria for AD, disease severity, or misclassifi-
cation of MCI and AD. Furthermore, there are differences
in how CBF correlates with the local metabolic environ-
ment during different phases of disease development and
progression, and these may explain the biphasic response.
The capillary dysfunction hypothesis of AD developed by
Ostergaard may offer a possible explanation for this para-
dox [60]. Specifically, increases in the heterogeneity of
capillary blood flow patterns occur in early AD and re-
quire increases in CBF to maintain adequate brain oxygena-
tion, while progressive increases in heterogeneity with dis-
ease progression result in low tissue oxygen that involves
suppression of CBF to maintain tissue metabolism. Thus,
both hyperperfusion and hypoperfusion are found in the
CBF biphasic response. However, the compensatory mech-
anisms for cerebral hypoperfusion warrant future human
studies.
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