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Abstract

On the 20th anniversary of the Alzheimer’s Disease Neuroimaging Initiative (ADNI),
this paper provides a comprehensive overview of the role of arterial spin labeling
(ASL) magnetic resonance imaging (MRI) in understanding perfusion changes in the
aging brain and the relationship with Alzheimer’s disease (AD) pathophysiology and
its comorbid conditions. We summarize previously used acquisition protocols, avail-
able data, and the motivation for adopting a multi-post-labeling delay (PLD) acquisition
scheme in the latest ADNI MRI protocol (ADNI 4). We also detail the process of set-
ting up this scheme on different scanners, emphasizing the potential of ASL imaging in
future AD research.

KEYWORDS
Alzheimer’s disease, arterial spin labeling, arterial transit time, cerebral blood flow, magnetic
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Highlights

* The Alzheimer’s Disease Neuroimaging Initiative (ADNI) adopted multimodal arte-
rial spin labeling magnetic resonance imaging (ASL MRI) to meet evolving biomarker
requirements.

» The ADNI provides one of the largest multisite, multi-vendor ASL data collections.

* The ADNI 4 incorporates multi-post-labeling delay ASL techniques to jointly
quantify cerebral blood flow and arterial transit time.

* ADNI 4 ASL MRI protocol is apt for detecting early Alzheimer’s disease with
cerebrovascular pathology.
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1 | BACKGROUND

Since its inception two decades ago, the Alzheimer’s Disease Neu-
roimaging Initiative (ADNI) has been instrumental in transforming our
understanding of Alzheimer’s disease (AD), the most common form
of neurodegenerative dementia. Primary objectives of the ADNI have
included the development of standardized neuroimaging protocols
that have been widely used in clinical trial study designs and multi-
modality imaging data repositories to investigate disease progression
and validate biomarkers for use in clinical trials. The ADNI has also
been dedicated to evaluating the potential of novel imaging techniques
in these contexts. One such technique is arterial spin labeling (ASL) per-
fusion imaging, a magnetic resonance imaging (MRI) method that offers
critical insight into cerebral perfusion dynamics, which are significantly
altered in AD.1"2? ASL has served as one of the non-invasive func-
tional brain imaging modalities in the ADNI, facilitating assessment of
brain function by means of cerebral blood flow (CBF). ASL MRI comple-
ments both structural MRI methods and molecular positron emission
tomography (PET) by offering insights into perfusion changes linked to
core biomarkers of AD. For instance, lower CBF in temporo-parietal
regions has been linked to amyloid beta (AjB) accumulation as mea-
sured by amyloid PET imaging and shown to be predictive of presence
of amyloid pathology in early disease stages.>’ Studies have provided
evidence that pathologic tau is a major correlate of CBF in early
Braak stages, independent of amyloid, apolipoprotein E (APOE) geno-
type, and small vessel disease markers.1>18:30 Thjs finding suggests a
synergy between tau pathology and cerebral perfusion independent
of amyloid deposition, and that ASL-MRI might offer unique insights
into the vascular and neurodegenerative processes occurring in AD,
independent of other known risk factors. Furthermore, multimodality
imaging studies suggest that changes in CBF as a surrogate biomarker
of vascular dysregulation might precede detectable AD pathological
changes.”192225 Further research is needed to fully understand the
role of ASL MRI measures in AD diagnosis and monitoring, but current
evidence supports its complementary role in a more comprehensive
understanding of AD pathophysiology. In addition, the revised crite-
ria for diagnosis and staging of AD from the Alzheimer’s Association
Workgroup3! acknowledge biomarkers that are not specific to AD
pathology but are important in the AD pathogenic pathways. Addi-
tionally, the revised criteria describe the importance of integration of
common co-pathologies, such as cerebrovascular disease, as they mod-
ify relationships between clinical and biological AD stages. Therefore,
although regional CBF changes might not be specific to AD, ASL MRI
fits well into the revised staging criteria by providing valuable infor-
mation on vascular physiology and neurodegeneration, allowing for a
more comprehensive understanding of an individual beyond or in addi-
tion to the presence of AD pathology, ultimately leading to improved
diagnostic and therapeutic strategies.

ASL MRI is a perfusion imaging technique that leverages magneti-
cally labeled arterial blood water as an endogenous tracer.32-34 After
a specific post-labeling delay (PLD) period, during which the labeled
blood travels from the labeling location to the imaging region, brain

images are acquired. These images can then be used to calculate
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RESEARCH IN CONTEXT

1. Systematic review: This sweeping review was conducted
by members of the Alzheimer’s Disease Neuroimaging
Initiative (ADNI) magnetic resonance imaging (MRI) Core
to map use and protocol optimization of arterial spin
labeling (ASL) MRI as a functional imaging biomarker of
pathophysiological changes associated with Alzheimer’s
disease (AD) pathology and disease progression.

2. Interpretation: The incorporation and expansion of ASL
in the ADNI has proven invaluable in enhancing our
understanding of brain blood perfusion changes in the
aging brain and their relationship with AD pathophysiol-
ogy and comorbid conditions. Through more precise and
comprehensive cerebral blood flow (CBF) measurements,
multiple post-labeling delays (multi-PLD) techniques hold
promise in advancing our understanding of AD and its
common comorbid condition, cerebrovascular disease.

3. Future directions: Incorporation of multi-PLD ASL tech-
nigues into the ADNI 4 imaging protocol provides more
accurate estimates of CBF changes when investigating
early stages of AD, as well as providing complementary
information relating to abnormal arterial transit times

intertwined with cerebrovascular pathology.

and map the blood flow within the brain.®> Before the introduction
of ASL-MRI, measurements of CBF were typically made using PET
with injections of radiolabeled water. ASL-MRI is non-invasive, with-
out radioactive exposure, is easily co-registered to structural MRI, and
data can be acquired in < 10 minutes.32-3436-38 AS| -MRI and 18F-
fluorodeoxyglucose PET (FDG PET) have been successfully used to
study overlapping alterations that occur in AD,3?4° connecting CBF
with metabolism and providing insight into the overall integrity of
neurovascular coupling in the brain. Before the incorporation of ASL
MRI into the ADNI study, an increasing body of work showed that
the method can detect regional patterns of reduced brain perfusion
in AD*142 and even those with mild cognitive impairment (MCI).4?
In addition, MCI and AD present a characteristic pattern of reduced
perfusion that is different from the perfusion pattern of other demen-
tias, such as frontotemporal dementia (FTD).#1"43 Moreover, it has
been shown that alterations in brain atrophy and perfusion in AD
can be discordant,*! implying that ASL MRI provides information
complementary to structural MRI. Altogether, along with dependable
repeatability,** this evidence supported ASL MRI as an ideal candi-
date technique for longitudinal studies aimed at understanding neural
function, pathophysiology, and progression of AD.

Concurrently, there was a growing need for more sensitive detec-
tion methods capable of identifying subtle and early treatment signals,
as trials moved into the preclinical phase of AD. Moreover, the demand

for additional functional imaging techniques began to increase in trial
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FIGURE 1 Timeline of ASL MRI acquisition types used in the ADNI. ADNI study cycle boundaries (1-4) are indicated by dates across the top
and dashed vertical lines. The top arrow summarizes the total number of scans, individuals, and longitudinal individuals who have ASL MRI data.
Each subsequent arrow represents a different vendor and acquisition type with a label to the left including the date of the first scan. Numbers
within each arrow indicate the # scans/# unique individuals/# individuals with longitudinal data available, as of April 2024. Longitudinal individuals
have had more than one scan since 2010. Striped arrows refer to ongoing recruitment and acquisitions in ADNI 4. ADNI, Alzheimer’s Disease
Neuroimaging Initiative; ASL, arterial spin labeling; MRI, magnetic resonance imaging; PASL, pseudo-arterial spin labeling; PCASL,

pseudo-continuous arterial spin labeling; PLD, post-labeling delay.

protocols, aimed at providing a more comprehensive assessment of
treatment effects. In tandem with the evolving biomarker require-
ments of AD clinical trials, the ADNI adapted a multimodality MRI
approach, which included ASL MRI.

As shown by the timeline illustrated in Figure 1, the single-vendor
substudy of ASL MRI was initially launched during the ADNI GO cycle
and continued into the ADNI 2 cycle. This study was later expanded
to include all of the ADNI sites, regardless of the MRI scanner ven-
dor, resulting in one of the largest multisite, multi-vendor ASL MRI
data collections within the scope of AD and related disorders. In these
early years of ADNI ASL imaging, single PLD ASL MRI protocols were
used. While these protocols offered significant insights into the cere-
bral perfusion abnormalities in AD, they also had limitations. The most
significant of these was the inability to accurately quantify CBF in
regions with delayed arterial transit times (ATT). This limitation led to
the exploration of multi-PLD ASL MRI protocols. This approach, which
captures multiple time points after blood bolus labeling, allows for bet-
ter characterization of the arterial inflow curve and more accurate
quantification of CBF across different vascular territories.*>#¢ This is
particularly relevant for AD research, as elderly individuals and AD
patients often exhibit both altered perfusion and extended vascular
transit times.

This paper aims to provide an overview of the journey of ASL-MRI

in the ADNI. We begin by summarizing the protocols used earlier and
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the data derived from them. We then delve into the motivation behind
the adoption of the multi-PLD acquisition scheme and describe the
process of setting up this advanced technique across different MRI
scanners. Further, we highlight the potential role of multi-PLD ASL MRI
in understanding the complex pathophysiology of AD and its comorbid

conditions, particularly cerebrovascular disease.

2 | ASLIN THE ADNI: THE PAST

ASL MRI was first incorporated into the ADNI study during the ADNI
GO cycle in 2009. During this period, the leading-edge ASL MRI acqui-
sition method was 2D ASL using multi-slice echo-planar imaging (EPI)
readout, implemented on 3 Tesla (3T) Siemens scanners. However, it
was not feasible to conduct a multi-vendor ASL MRI study with a uni-
fied acquisition sequence across various platforms. The complexity of a
multi-vendor ASL MRI study encompassed differences in hardware and
sequence implementations across scanners, as well as varying acqui-
sition protocols. These factors could introduce variability in the ASL
MRI signal and the physiological modeling of CBF, posing challenges
in ensuring consistency of CBF quantification across different plat-
forms. Consequently, an ASL MRI sequence was added exclusively for
subjects imaged on Siemens 3T Trio and Verio scanners using uniform

product sequences, thereby producing comparable data across sites.
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TABLE 1 Single PLD ASL MRI acquisition types used in ADNI GO/2/3 cycles.

Siemens 2D PASL (ADNI
GO/2/3) Siemens 3D PASL (ADNI 3) Philips 2D PASL (ADNI 3°)  GE 3D pCASL (ADNI 3)
Software versions 20VB17 Prisma 20180612 R3,R5 25 x, widebore 25 x
PrismaD13
Prisma VE11C
SkyraE11
SkyraVE11
Magento Vida-XT
TR 3400 ms 4000 ms 5000 ms 4888 ms
TE 12ms 20.26-21.80 ms 16 ms 10.528 ms
Field of view 256 x 256 mm? 240 x 240 mm? 192 x 192 mm? 240 x 240 mm?
Acquisition matrix 64 x 64 64 x 64 64 x 64 128 x 128
Reconstruction 64 x 64 128 x 128 64 x 64 128 x 128
matrix
Slice thickness 4 mm 4.5 mm 4 mm 4 mm
Tag thickness 100 mm N/A 130 mm N/A
Number of slices 24 N/A 40 N/A
Bandwidth 2368 Hz/pix 2442-2604 Hz/pix 1567.9-1794.2 Hz/pix 976.6 Hz/pix
Background Yes Yes Yes Yes
suppression
MO available Yes No No Yes
Control-tag pairs Yes Yes Yes No?
available
Mode/readout PICORE, Q2TIPS GRASE EPISTAR Stack of spirals
Bolus duration 700 ms 800 ms 700 ms 1800 ms
Inversion time/PLD 1200 ms 2000 ms 2000 ms 2025 ms
Number of repeats 54 10 30 3
Acquisition time 6:02 min 5:24-8:04 min 5:10 min 6 min
Number of arms N/A N/A N/A 8
Number of points per  N/A N/A N/A 512

arm

Abbreviations: ADNI, Alzheimer’s Disease Neuroimaging Initiative; ASL, arterial spin labeling; MRI, magnetic resonance imaging; PASL, pseudo- arterial spin
labeling; pCASL, pseudo-continuous arterial spin labeling; PLD, post-labeling delay; TE, echo time; TR, repetition time.
2Provided as vendor estimated perfusion-weighted tag—control difference images.
bAlthough 3D pCASL was planned to be acquired on Philips systems upgraded to version 5.3, none of the ADNI Philips systems were upgraded to version 5.3
during the ADNI 3 study cycle.

The ASL imaging substudy conducted at select 3T Siemens ADNI GO
sites aimed to demonstrate the feasibility of ASL MRI in a multisite
setting and compare the findings to FDG PET. The ASL MRI substudy
was extended into the ADNI 2 cycle, starting in 2011 and continuing
until 2017. Specifics of ADNI GO/2 ASL MRI acquisition protocol are
summarized in Table 1.

The decision to select a specific PLD was driven by the need to opti-
mize imaging for elderly participants, both with and without cognitive
impairment, who fall within the age range studied in the ADNI. Specif-
ically, it was found that a minimum of TI2 of 1800 ms was needed in
an elderly population to minimize intravascular signal contamination
in the ASL images.*” Given that CBF and ATT can vary with age and
disease status, the chosen PLD aimed to accommodate these varia-

tions, ensuring sufficient time for labeled blood to reach the imaging
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slices.*” When the ADNI started, single-PLD imaging was prevalent
mainly due to its relatively short acquisition time, making it a practical
choice for the study. As such, the selection of this PLD was a balance
between optimizing signal-to-noise ratio (SNR) for CBF measurement
and minimizing sensitivity to ATT effects, while considering the overall
acquisition time constraints.3*

Although restricted to Siemens-only sites (15 and 23 sites during
the ADNI GO and ADNI 2 cycles, respectively), the integration of ASL
MRI into ADNI GO and subsequently ADNI 2 represented a signif-
icant stride in the endeavor to evaluate the feasibility of multisite
ASL imaging at such a large scale. Around this time, the International
Society for Magnetic Resonance in Medicine Perfusion Study Group
published a consensus paper on recommended harmonized sequences

and protocols for ASL MRl in the brain,3* and other studies also investi-
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(A) ADNI 2 2D PASL acquisition; 3T Siemens Trio
Tim scanner

ASL Control Image

CBF

(B) ADNI 3 3D PASL acquisition; 3T Siemens Prisma-
fit scanner

ASL Control Image

CBF

FIGURE 2 Single-PLD Siemens PASL acquisitions from a cognitively unimpaired 77-year-old female subject illustrating quality improvement
from 2D to 3D ASL MRI acquisitions. CBF is presented in mL/100 g/min. ASL MRI data were acquired 2 years apart. ASL, arterial spin labeling; CBF,
cerebral blood flow; MRI, magnetic resonance imaging; PASL, pseudo-arterial spin labeling; PLD, post-labeling delay.

gated the intrinsic sources of inter-scanner variability for multisite ASL
MRI.%8 In 2017, with the start of the ADNI 3 cycle, ASL MRI acquisition
was expanded to incorporate all three major MRI vendors (Siemens,
GE, and Philips) across all the ADNI sites. This expansion was driven
by the primary objective of the ADNI to validate biomarkers for clini-
cal trials, which typically involve clinical imaging sites operating with a

diverse range of MRI vendors and models. Although this introduced the
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complexity of having multiple “varieties” of ASL MRI data in the ADNI 3
dataset, the step was crucial in addressing the heterogeneity typically
encountered in large multicenter studies and clinical trials.

The expanded ASL MRI acquisition in the ADNI 3, summarized
in Table 1, also provided an opportunity to compare the effect size
of CBF metrics across different platforms, as well as across 2D and
3D ASL MRI acquisitions as illustrated in Figure 2, and pseudo-ASL
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FIGURE 3 Distribution of ATT variability within GM and WM, assessed separately for AD and age- and sex-matched CU individuals (n=3in
each group, 2 females and 1 male, mean age: 72 years), using a multi-PLD acquisition*? at a 3T Siemens Skyra MR scanner. The plot illustrates the
differences in ATT variability across tissue types and cognitive stages, emphasizing the challenges of using a single-PLD value in ASL imaging that
generalizes to different tissue types and cohorts at different cognitive stages. AD, Alzheimer’s disease; ASL, arterial spin labeling; ATT, arterial
transit time; CU, cognitively unimpaired; GM, gray matter; PLD, post-labeling delay; WM, white matter.

(PASL) versus pseudo-continuous (pCASL) sequence types. These
comparisons are crucial in understanding the potential sources of
variability in ASL data and determining the optimal ASL acquisition

techniques for future ADNI studies and clinical trials.

3 | ASLIN THE ADNI: THE PRESENT

In the past, single-PLD schemes dominated ASL imaging for most neu-
roimaging applications. This was fundamentally due to the limited
SNR of ASL MRI, and the requirement to acquire multiple averages
to achieve acceptable sensitivity. In general, a PLD corresponding to
the time of the expected peak of the ASL inflow curve was chosen
to maximize SNR. However, the timing of the ASL peak depends on
the individual hemodynamics of the participant being scanned, and in
situations in which the actual inflow curve is significantly shifted rel-
ative to the expected curve, large errors in CBF quantification will
result. Figure 3illustrates the distribution of ATT variability within gray
matter (GM) and white matter (WM), assessed separately for AD and
age- and sex-matched cognitively unimpaired (CU) individuals (n = 3
each group, 2 females/1 male, mean age: 72 years) using a multi-PLD
technique*’ (data acquired in an independent study, separate from
the ADNI cohort data collection). The results demonstrate significant
differences across tissue types as well as cognitive stages. Therefore,
while single-PLD protocols provide valuable insights, they have impor-
tant limitations in quantifying CBF in regions with delayed ATT.46-4?
Furthermore, the recruitment strategy for ADNI 4, which places a
significant emphasis on the inclusion of participants from underrepre-
sented populations and recognizes the importance of including individ-

uals with cerebrovascular disease to better understand the complex
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interplay between cerebrovascular disease and AD, underscores the
need for a robust method for CBF measurement.

Recognizing the need for CBF measurements that are accurate and
robust to physiological state (i.e., less affected by inter-subject varia-
tions in ATT), the ADNI 4 has transitioned to a multi-PLD acquisition
scheme. This scheme involves acquisition of multiple ASL images with
varying delay timings after the labeling of arterial blood, thereby allow-
ing for more accurate modeling and quantification of CBF across differ-
ent vascular territories. This method provides a more comprehensive
view of cerebral perfusion and enables improved characterization of
cerebrovascular pathologies that are commonly comorbid with AD.
In addition to enhanced CBF quantification, the multi-PLD scheme
also provides valuable data on ATT, which can offer further insights
into the cerebrovascular changes associated with cognitive decline and
AD.?951 By providing a more complete picture of cerebral perfusion
dynamics, the multi-PLD scheme is poised to improve our under-
standing of the complex interplay between AD and cerebrovascular
disease.

However, while multi-PLD ASL MRI provides improved accuracy
and the ability to measure both CBF and ATT simultaneously, it can
result in decreased SNR and increased motion sensitivity, due to the
distribution of sampling over the ASL inflow curve and the range of con-
trasts associated with this. For elderly subjects and individuals with AD
and vascular comorbidities, this may negatively impact CBF quantifi-
cation, though the inclusion of a PLD longer than 2 seconds is likely
to improve the detection of the perfusion signal in these subjects. In
addition, it is also important to reiterate the limitations of single-PLD
ASL MRI. Specifically, single-PLD ASL MRI can be problematic when
the ATT deviates significantly from the expected value. For participants
with much longer ATT, single-PLD ASL MRI can result in unusable data
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due to the predominance of vascular artifacts and negligible perfusion
signal. Conversely, setting a very long PLD to accommodate extended
ATT can lead to a significant loss of SNR in subjects with “normal” ATT,
thereby affecting the overall quality of the data. Therefore, acquiring
data with several PLDs is likely to improve robustness and result in a
larger proportion of usable ASL MRI data sets for ADNI.

4 | SETTING UP MULTI-PLD ASL: THE JOURNEY

The decision process for the multi-PLD ASL MRI protocol design in
ADNI 4 was influenced by several key factors, in line with the initiative’s
goal of validating biomarkers across diverse clinical imaging sites and
MRI vendors, including Siemens, GE, and Philips. Striving for a balance
between robust data acquisition and practical considerations, the pro-
tocol was designed to fit within a 7-minute acquisition time, including
all prep and “dead” time, and to be based on product sequences without
requiring vendor work-in-progress (WIP) or independently developed
sequences, to avoid additional burden on sites. The chosen protocol,
involving either 3D pCASL or 3D PASL, is needed to enable reliable esti-
mation of CBF and ATT, considering the number of PLDs, range of PLDs,
number of repeats, and the availability of head coils across platforms.
The ultimate goal was to ensure cross-platform consistency, enabling
the translation of findings to clinical trials and enhancing the utility and
impact of ADNI 4.

The protocol design for multi-PLD ASL MRI in the ADNI 4 study
also had to navigate vendor-specific limitations, as obtaining multi-
PLD in a single sequence is not feasible for some vendors. This led to
the development of a quasi multi-PLD ASL MRI approach (see below).
In addition, each vendor has its own restrictions on PLD selection.
For example, while Siemens offers full flexibility in PLD value selec-
tion, GE’s 3D pCASL sequence is limited to certain predefined PLD
values, and Philips’ 3D pCASL sequence only allows for a maximum
PLD of 2500 ms. These vendor-specific restrictions posed significant
challenges and were crucial factors in the final protocol design.

The quasi-multi-PLD acquisition scheme consists of collecting
single-PLD data in separate series for several PLDs and concatenating
them in the first step of the processing pipeline to effectively create
a multi-PLD data set. To accurately capture the ATT across different
vascular territories, PLDs from 1000 to 3000 ms are included. As a
strategic decision, five unique PLD values are selected within this range
to limit the total ASL MRI acquisition time to < 7 minutes, when pos-
sible. With five PLDs, researchers can adequately sample the transit
time curve for a broad range of ATTs (1000 ~ 3000 ms). This approach
maintains a feasible scan duration, minimizing patient discomfort and
facilitating the integration of this protocol into routine clinical practice.
Accordingly, the quasi multi-PLD sequences are included in the ADNI
4 with protocol parameters summarized in Table 2. For a sample ADNI
3 participant who later continued in the ADNI 4 study, their ADNI 3
single-PLD 3D PASL and ADNI 4 multi-PLD 3D pCASL imaging data
collected on a 3T Siemens scanner are shown in Figure 4. These images
highlight the value of the multi-PLD approach in providing regionally
accurate CBF estimates and the ability to estimate ATT.
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5 | REVIEW OF THE ADNI ASL MRI
PUBLICATIONS

The inclusion of ASL MRI by the ADNI MRI Core has contributed to our
understanding of the pathophysiology and progression of AD. Using
standardized protocols and harmonizing multimodal and multidisci-
plinary data have not only expanded our imaging biomarker portfolio
but also augmented research with existing AD biomarkers and cog-
nitive measures. We conducted an exhaustive search across Web of
Science, Google Scholar, PubMed, and Scopus, using specific keywords
such as “ADNI,” “ASL,” “arterial spin labeling,” and “cerebral blood flow.”
In addition, we reviewed the reference lists of key articles to ensure
no significant publications were omitted. To the best of our knowledge,
studies using ADNI ASL MRI data are discussed in this section. Several
studies emerged based on the ASL MRI data combined with multidisci-
plinary biomarker and clinical data from the ADNI participants, whose
details are summarized in Table 3.

Since its incorporation into the ADNI in 2009, ASL MRI has been
included in several studies to analyze CBF as a measure of brain
function and potential biomarker for AD pathology. At first, stud-
ies showed that data from ASL MRI and structural MRI, obtained in
the same scan session, could give the same caliber of information as
previous studies conducted with PET and single photon emission com-
puted tomography.®2 In 2013, Wang et al. reported the complementary
information from structural MRI and ASL MRI data by tracking mea-
sures across CU to MCI individuals.> Meta-region of interest (ROI)
(precuneus, bilateral parietal cortex, and bilateral temporal cortex)
CBF measures were associated with diagnostic groups, with signifi-
cant hypoperfusion observed in late MCI and AD compared to CU
individuals.® Next, structural and CBF (multimodal) changes were ana-
lyzed more specifically in relation to AD biomarkers. With acquisitions
from the ADNI GO and ADNI 2 cycles, multimodal MRI was used to
classify brain amyloid positivity (amyloid+ or amyloid-) in early AD
with high accuracy and sensitivity (83% and 87%, respectively).® The
same approach was then applied to all diagnostic groups of AD, expand-
ing across the breadth of the disease continuum. Results showed that
amyloid pathology affected CBF across the AD spectrum, with lower
regional CBF associated with higher amyloid load early on, and GM
volume higher later in the disease (late MCI and AD dementia).” In
2016, Iturria-Medina et al. analyzed changes from a spatiotemporal
lens using multifactorial data from amyloid PET, cerebrospinal fluid
(CSF) and plasma proteins, ASL MRI, FDG PET, structural MR, resting
state functional MRI (fMRI) from individuals across the AD spectrum,
specifically focusing on late-onset AD (LOAD). They reported that vas-
cular dysfunction is an early event associated with LOAD, followed
by amyloid pathology and the known amyloid/tau/neurodegeneration
(ATN) cascade seenin AD.? This work laid the foundation for using mul-
timodal imaging to connect structural and neural characteristics with
known AD biomarkers and outcomes of disease progression.

Memory performance is an important clinical outcome measure
of AD, particularly as a measure of success in clinical trials. Thus,
linking memory performance with individual AD biomarker measures

such as amyloid, tau, metabolism, and CBF allows researchers to gain
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TABLE 2 Quasi Multi-PLD ASL MRI acquisition types used in ADNI 4 cycle.

Siemens 3D PASL" Siemens 3D pCASL Philips 3D pCASL GE 3D pCASL
Software versions Prisma VE11C/VE11E XA30 Advanced 5.6 MR750: 29.0 8ch Basic, 29.1 8ch
SkyraVE11C Vida XA50 Basic, 29.1 32ch Nova Advanced
Vida XA20 Premier: 29.0 48ch Basic, 29.1
48ch Advanced
TR 4000 ms XA30:5533ms 4850 ms 4533-4706 ms
XA50:5110 ms
TE 20.26 ms XA30: 14.4 ms 9 ms 12.556 ms
XA50: 16.6 ms
Field of view 240 x 240 mm? 230 x 230 mm? 240 x 240 mm? 240 x 240 mm?
Acquisition matrix 64 x 64 64 x 64 68 x 62 N/A
Reconstruction matrix 128 x 128 128 x 128 96 x 96 128 x 128
Spatial resolution 1.875 % 1.875 x 4.5 mm?® 1.8 x 1.8 x 4.0 mm? 2.5x%2.5%x4.5mm3 1.875x 1.875 x 4.5 mm?3
Bandwidth 2442 Hz/pix XA30: 3396 Hz/pix 1898.9 Hz/pix 976.6 Hz/pix
XAS50: 3444 Hz/pix
Background Yes Yes Yes Yes
suppression
Readout EPI GRASE GRASE Stack of spirals
Bolus duration 800 ms 1800 ms 1800 ms 1800 ms
TlIs/PLDs 1000, 1500, 2000, 2510, XA30: 1260, 1500, 1000, 1500, 1750, 2000, 1025, 1525, 2025, 2525, 3025 ms
3000 ms 2000, 2500, 3000 ms 2500 ms
XA50: 1000, 1500,
2000, 2500, 3000 ms
MO No XA30: Yes, single MO Yes, with PLD = 2500 ms; 2 Yes, per PLD
XA50: Yes, per PLD repeats
Control-tag pairs Yes Yes Yes No?
available
Number of repeats per 2 1 1 for PLD = 1000 -2000 ms 1
PLD 2 for PLD = 2500 ms
Acquisition time 5:40-8:20 min XA30: 5:26 min 8:15 min 7:17 min
XA50: 5:40 min
Number of 4 4 6 6
segments/arms
Number of points per N/A N/A N/A 768
arm

Abbreviations: ADNI, Alzheimer’s Disease Neuroimaging Initiative; ASL, arterial spin labeling; MRI, magnetic resonance imaging; PASL, pseudo- arterial spin
labeling; pCASL, pseudo-continuous arterial spin labeling; PLD, post-labeling delay; TE, echo time; TR, repetition time.

2Provided as vendor estimated perfusion-weighted tag—control difference images.

bAs 3D pCASL becomes available as a product sequence in upgraded platforms, the sites will transition to 3D pCASL protocols. While this is not ideal from a
longitudinal perspective, it maximizes the quality of ASL MRI data being generated and harmonization across vendors.

insight into the pathophysiological progression of AD. Both hypoperfu-
sion and hyperperfusion have been associated with variable cognition
across the clinical spectrum, depending on disease stage and brain
ROI.71422.53 Bangen et al. reported that individuals with higher amy-
loid burden showed significant negative associations between higher
CBF inthe hippocampus, posterior cingulate, and precuneus and worse
memory performance, whereas amyloid— individuals showed no sig-
nificant associations between CBF and memory performance. It was
suggested that higher CBF (e.g., hyperperfusion) associated with worse
cognition may be a response to vascular dysregulation with increased

CBF needed to compensate for memory.!? Weigand et al. found that
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lower CBF levels in older CU adults were more strongly associated
with tau pathology than with amyloid pathology, and this was evident
in measured objective and subjective memory outcomes.?? Interest-
ingly, older CU individuals who do not carry the APOE &4 allele have
higher CBF and better memory performance than those who carry the
¢4 allele.®* In a longitudinal (3-year follow-up) study, individuals who
converted to dementia were found to have lower CBF (e.g., hypoperfu-
sion) in inferior temporal and parietal regions, and this was associated
with faster rates of decline with everyday functioning.'®

The connection between memory performance and CBF has also

been studied in cognitively impaired individuals. In 2020, Thomas et al.
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(A) ADNI 3 3D PASL
acquisition with single PLD
= 2000 ms and 10 control-
tag repeats; 3T Siemens

Trio Tim scanner PLD = 1000 ms

ASL Control Image
ASL Control Image

CBF
Perfusion weighted image

PLD = 1500 ms
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(B) ADNI 4 3D PASL acquisition with quasi-PLD protocol and 2 control-tag repeats per PLD; 3T Siemens Prisma

scanner

PLD =2000 ms PLD =2510 ms PLD = 3000 ms

CBF ATT

FIGURE 4 3D PASL acquisitions from a CU 73-year-old male subject illustrating the quality of improvement from single-PLD ADNI 3 protocol
to multi-PLD ADNI 4 protocol. CBF is presented as mL/100 g/min. ATT is in seconds. ASL MRI data were acquired 1 year apart. ADNI, Alzheimer’s
Disease Neuroimaging Initiative; ASL, arterial spin labeling; ATT, arterial transit time; CBF, cerebral blood flow; CU, cognitively unimpaired; MRI,
magnetic resonance imaging; PASL, pseudo-ASL; PLD, post-labeling delay.

reported that patterns of regional CBF are complex and vary across AD
diagnostic groups.* Individuals with objectively defined subtle cog-
nitive decline (early stage of AD) had hyperperfusion in hippocampal
and inferior parietal regions compared to CU and MCl groups, and also
in the inferior temporal region relative to MCI, while there were no
perfusion differences in the frontal regions. This is in line with higher
CBF being detected in earlier, prodromal stages of AD compared to
individuals who have progressed further and have cognitive impair-
ment, perhaps indicating a cognitive reserve or protective feature.
CBF-tau associations were identified to be related to cognition, con-
firmed with PET, and reported to be driven in part by amyloid burden.'®
Further, modeling of entorhinal CBF, adjusted for AD biomarkers,
demographic characteristics, and pulse pressure, showed that hypop-
erfusion predicts faster rates of memory issues, atrophy, and small
vessel cerebrovascular disease,!! suggesting that CBF may be a use-
ful predictive AD biomarker. Holmqvist et al. examined within-person
cognitive variability and found that amyloid burden is associated with
hypoperfusion and cognitive function in older individuals and that indi-
viduals with AD biomarker positivity (amyloid+/phosphorylated tau+)
had higher cognitive variability and lower CBF in entorhinal and hip-

pocampal regions over a 12-month longitudinal analysis.2%2 Higher
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cognitive reserve, estimated from a verbal intelligence quotient, was
found to protect the brain from cognitive changes in MCl individuals,
linking CBF with language fluency.2*

Regional hypoperfusion is regularly identified in individuals who
have amyloid and tau burden.16:181921.2325 A recent retrospective
analysis by Kapadia et al. analyzed perfusion in CU and MCI indi-
viduals from ADNI 2 and found that hypoperfusion is correlated
with eventual tau deposition in the entorhinal cortex and that lower
CBF in this region occurs before tau deposition.?> A comprehensive
study of perfusion using ASL MRI, amyloid PET, and tau PET showed
that hypoperfusion is associated with pathologic tau in early Braak
stages, independent of amyloid status, vascular biomarkers, and APOE
genotype.'® Significant correlations were found between lower CBF
and structural measurements (cortical volume, surface area, and thick-
ness) across AD diagnostic groups.2® Using causal mediation analyses,
Bilgel et al. reported that higher inferior temporal tau was associ-
ated with hypoperfusion, lower glucose metabolism, and lower regional
volume independent of amyloid pathology.'?

Genetic AD risk factors have been studied using ASL MRI. A sin-
gle nucleotide polymorphism (SNP) of ABCC9 known to be associated

with hippocampal sclerosis was found to be associated with decreased
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TABLE 3 Demographic characteristics and AD biomarker data availability for subjects with ASL data by ADNI study cycle and ASL type, as of

April 2024.

ADNIGO ADNI2 ADNI3

Siemens 2D Siemens Philips Siemens

PASL 2D PASL Siemens2D PASL 2D PASL 3D PASL GE 3D pCASL
Age at baseline (years) 70+ 6.3 73+7.3 72+78 74 +82 72 +83 74+74
Sex (M/F) 29/13 197/176 58/90 85/78 209/247 112/103
Race 40/1/0/1 344/17/5/8 88/21/4/6 139/3/1/1 324/55/21/8 185/13/4/4
(White/Black/Asian/Other
or More than one)
Ethnicity (Hispanic or 2/40 8/366 11/108 5/139 41/375 12/193
Latino/not Hispanic or
Latino)
Years of education 16 +2.5 16 +2.7 16 +2.3 17 +24 16 +24 16 +2.5
Clinical diagnosis at 3/21/1 55/76/26 79/31/8 62/68/10 242/140/28 111/67/26
baseline
(CU/MCl/dementia)
APOE ¢4 carriers 13 162 33 51 120 74
MMSE at baseline 28+4.3 27 +3.3 28+ 2.3 28+24 27 +£2.9 28 +2.9
CDR-SB at baseline 1.3+17 15+25 0.76 + 1.6 1.3+1.8 0.96 +1.7 14+22
ADAS-Cog13 at baseline 10+ 11 15+11 12 +8.7 13+8.9 13+8.9 14 + 10
Amyloid PET availability 40 347 106 129 374 189
Tau PET availability 0 37 101 116 341 181
CSF biomarker availability 34 292 56 93 195 105
Total number of scans 113 1555 276 392 837 523
Total number of subjects 47 385 148 163 456 215

Abbreviations: AD, Alzheimer’s disease; ADAS-Cog13, Alzheimer’s Disease Assessment Scale, 13-item cognitive subscale; ADNI, Alzheimer’s Disease Neu-
roimaging Initiative; APOE, apolipoprotein E; ASL, arterial spin labeling; CDR-SB, Clinical Dementia Rating Sum of Boxes; CSF, cerebrospinal fluid; CU,
cognitively unimpaired; MCI, mild cognitive impairment; MMSE, Mini-Mental State Examination; PASL, pseudo arterial spin labeling; PET, positron emission

tomography; pCASL, pseudo-continuous arterial spin labeling.

CBF.>° In 2019, Yao et al. explored how genes associated with AD
risk correlated with regional CBF. They found that a specific variant
of the gene INPP5D, involved in downregulation of inflammation, had
higher perfusion in the left angular gyrus, which suggests a poten-
tial protective role from AD pathology.”® Calculated AD genetic risk
scores from genome-wide association studies in addition to mRNA
transcript expression of risk genes near the AD risk loci were found
to be correlated with decreasing CBF across the lifespan,’ indicat-
ing that expression of AD risk genes can affect CBF. Edwards et al.
found a significant interaction between pulse pressure and APOE ¢4
dose on CBF; higher pulse pressure was found to be associated with
hypoperfusion in ¢4 homozygous individuals in the entorhinal cortex,
hippocampus, and inferior parietal cortex.28

Results from ASL MRI perfusion have also been studied as a marker
for delayed blood delivery,>® blood pressure variability,>? connecting
blood glucose and word memory,?° and linking plasma neurofilament

light chain to regional CBF¢!

among AD groups.
Significant strides have been made recently that contribute to
improving ASL MRI processing and analysis, and many of these tech-

nical developments leveraged ADNI ASL MRI data in their methods
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development and validation. Using machine learning techniques, Bron
et al. used CBF and GM volume to diagnostically classify early-stage
dementia individuals who were suspected of having either AD or FTD.
ASL was not found to have added value over atrophy markers.®?
Cselényi and Farde found that quasi-steady-state standardized uptake
value ratio values of amyloid PET measurements were sensitive to
changes in regional CBF, and this significant effect increased with
disease progression,® advocating for amyloid pathology burden quan-
tification approaches not sensitive to this effect. The algorithm SCORE
(Structural Correlation-based Outlier REjection) was introduced to
remove artifacts and clean outliers from 2D PASL data and showed
improved CBF quantification.®® Dolui et al. also reported that back-
ground suppressed (BS) 3D pCASL is more sensitive than PASL and
2D pCASL in regional CBF of MCl individuals.* Li et al. presented an
improved method using prior-guided and slice-wise outlier rejection.®
ASL-MRICloud was established as a remote tool for ASL MRI process-
ing from all major vendors and acquisition types, and its veracity was
tested on ASL MRI data from the ADNL.%¢ Li et al. also proposed a
sparse regression algorithm to infer integrated hyper-connectivity net-

works from blood oxygen-level dependent fMRI and ASL MRI using
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functionally weighted least absolute shrinkage and selection operator
(LASSO) for classification. This method outperformed what was being
used at that time.®” A VAE-GAN (Variational Auto-Encoder Generative
Adversarial Network) model was introduced by Li et al. to synthe-
size ASL images.®® Zhang et al. slightly improved sensitivity of ASL
MRI by training deep learning models using data from healthy individ-
uals and then transferring to pCASL data of older AD individuals.®?
Personalized brain models were introduced by Khan et al. that inte-
grated multimodal neuroimaging and neurotransmitter receptor data.
Results showed that mechanisms that affect CBF and GM atrophy
contributed to most of the variability among individuals.”® Camargo
and Wang compared sensitivity and performance of ASL MRI among
three commercial sequences (2D PASL, 3D BS PASL, and 3D BS pCASL)
to distinguish among controls, MCI, and AD individuals. They found
that 3D BS pCASL detected more widespread differences in CBF and
revealed an interesting pattern in the orbito-frontal cortex related to
change from normal to MCI to AD.” Li et al. found disruptions in
the topological organization of CBF correlation networks that differed
between the two diagnostic groups.2’ An automated and objective
quality evaluation index (QEI) for ASL CBF maps was introduced by
Dolui et al. to provide a metric for CBF map quality. This method was
shown to work through common artifacts and was comparable to man-
ual examination.”2 Finally, Shyna et al. recently proposed and validated
a 2D convolutional neural network architecture to increase SNR and
resolution while retaining edge information using ASL MRI from the
ADNI.73 While the ADNI ASL MRI data set can be used to help validate
and test novel processing and analysis methods, it is of course possi-
ble to process the data using standard, generally available ASL MRI
software tools (e.g., those listed in Fan et al.”#); most studies involving
ADNI ASL MRI data have indeed been analyzed in this way.

6 | OTHER MULTI-CENTER STUDIES USING ASL
MRI

In parallel with ADNI, several other large multicenter neuroimag-
ing studies have also incorporated ASL MRI into their neuroimaging
protocols. Some of these, particularly those focusing on dementia
and/or other neurodegenerative diseases, have chosen to align with the
ADNI ASL MRI protocol, to facilitate comparison and possible merg-
ing of data sets. For example, the Dominantly Inherited Alzheimer’s
Network (DIAN) study’> MRI protocol includes the ADNI 3 ASL
MRI sequence, as does the Longitudinal Early-Onset Alzheimer’s Dis-
ease Study (LEADS)”¢ and Standardized Centralized Alzheimer’s and
Related Dementias Neuroimaging (SCAN). Other large studies have
implemented ASL MRI using slightly different acquisition schemes,
either with single PLD (e.g., the Genetic Frontotemporal Initiative
[GENFI]7778) or multi-PLD protocols (e.g., UK Biobank,”’ the Human
Connectome Project [HCP]®0). Different objectives and restrictions on
study design mean that the choice of ASL MRI acquisition parame-
ters varies among these different studies, and this should be taken into

account when comparing their ASL MRI results.
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7 | LIMITATIONS/CHALLENGES

The analysis of ADNI ASL MRI presents several technical challenges
and limitations that impact the accuracy and consistency of CBF mea-
surements. Some of these challenges could be addressed through a
multifaceted approach, but some intrinsic limitations persist.

One of the primary technical limitations of ASL MRI is SNR. Rel-
atively low spatial resolution (compared to the anatomical scans) is
used to achieve acceptable SNR and precision in the output CBF maps.
While isotropic resolution is possible, it is more typical to acquire
ASL MRI with anisotropic voxels, with higher in-plane resolution and
thicker slices. For 2D multi-slice acquisitions, this enables whole-brain
coverage while keeping the between-slice variation of PLD within an
acceptable range; for 3D acquisitions, thicker slices keep the number
of segments (and therefore the overall acquisition time) to areasonable
value. For the ADNI cohort, we were careful to design the protocol to
try to avoid long scans, for reasons of patient comfort and to avoid data

corruption from motion artifacts.

7.1 | Biological and scanner variability

ASL MRI studies have been challenging to a large degree because
SNR is low and biological variations are difficult to control. To reduce
variability in ASL MRI data, the processing steps can include (1) co-
registration of ASL MRI to the corresponding structural MRI data using
acombination of linear and non-linear registration to account for global
and local alignment; (2) intensity normalization concerning the corre-
sponding ASL reference scan signal without background suppression
and labeling (i.e., MO image) to account for B1-field inhomogeneity and
other instrumental variations, and to enable accurate CBF quantifica-
tion; (3) intensity calibration to the mean value of perfusion from a
reference brain region to account for global variations in CBF from

scan to scan;81:82

and (4) correction for partial volume effects (PVE)
to account for underlying structural variations in brain atrophy and in
GM/WM voxel composition using information from the probabilistic

tissue segmentation maps of structural MRI co-registered to ASL MRI.

7.2 | Lack of MO images and calibration challenges
across multiple PLDs

One of the primary challenges with certain acquisition protocols (cf
Tables 1-2) is the absence of MO images, used for perfusion calibration
to achieve quantitative CBF measures in mL/g/min units. To circumvent
this, background-suppressed control images are used as a surrogate
for MO by scaling up the control images by the background suppres-
sion factor. This method has proven effective for single-PLD ASL with
high SNR. However, its efficacy for multi-PLD ASL data sets remains
to be validated. The variability in CSF signal across different PLDs, due
to non-ideal background suppression, means that it may be preferable

to use a subset of the control images for MO approximation. Further-
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more, the heterogeneity in sequence timing—some sequences extend
the repetition time (TR) with increasing PLD—leads to an “effective
MO” that may vary across PLDs. This introduces extra complications for
CBF quantification, which have yet to be fully addressed.

7.3 | Vascular contributions to the ASL signal

The labeling and image acquisition processes in ASL MRI occur on a
time scale of a few seconds, which is similar to the time taken for blood
to travel from the labeling plane to the capillary bed of the brain. Con-
sequently, it is expected that the ASL MRI signal will contain a mixed
contribution from intra- and extravascular water. ASL MRI quantifica-
tion models typically assume that the labeled bolus is fully delivered
to the tissue, and in situations in which this is not true (e.g., in patients
with unusually long ATT), strong vascular artifacts (known as “arterial
transit artifacts,” or ATAs8384) caused by signal in the large arteries
and arterioles will be seen. For single PLD acquisitions, this is espe-
cially problematic, as the characteristic focal hyperintense signal will
cause local overestimation of CBF. Vascular crusher gradients can be
used to eliminate intravascular signal, but errors in CBF quantifica-
tion still result, due to incomplete delivery of the bolus. Multi-PLD ASL
MRI can help address this issue by sampling the inflow curve more
completely, thereby enabling the use of more complex and realistic
biophysical models that include an intravascular compartment.8> Sep-
aration of the signal into “macrovascular” and “perfusion” components
also opens up the possibility of analyzing these signals independently,
potentially providing complementary insight into the different blood
flow-related aspects of neurodegenerative disease.

7.4 | Measuring WM and GM perfusion

The optimal ASL MRI sensitive to WM perfusion often requires a long
measurement time, extended labeling duration, and a long PLD. How-
ever, we recognize that a single protocol cannot be perfectly optimized
for both GM and WM perfusion. Multi-PLD ASL MRI represents a bal-
anced approach to measuring both GM and WM perfusion. Multi-PLD
ASL MRI sequences include PLDs much longer than those typically
used for single-PLD scans, which can help with WM CBF estimation
and capturing perfusion signals in regions with delayed ATT. While
the SNR may be decreased, the extended PLDs provide valuable data
for assessing WM perfusion, crucial for understanding the pathophys-
iology of AD and its associated cerebrovascular components. This
balanced approach ensures comprehensive perfusion measurements
across both GM and WM, addressing the limitations of single-PLD ASL
MRI protocols.

7.5 | Vendor-specific metadata inconsistencies

Diverse MRI vendors often supply insufficient or inconsistent meta-

data in Digital Imaging and Communications in Medicine headers.
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Comprehensive and precise metadata are crucial for CBF computa-
tion, and most quantification software relies on this data for automatic
parameter entry during ASL MRI processing. Missing information, such
as bolus/labeling duration, echo spacing, dwell time (for EPI distor-
tion correction), and slice-to-slice delay time (for 2D EPI) significantly
hampers straightforward data processing and quantification, which is
essential in large cohort studies such as the ADNI.

7.6 | Harmonization across ASL MRI types

Although both PASL and pCASL methods label blood water by inver-
sion of its magnetization, the differences in how this is achieved result
in significant variations in the contrast of the subsequent perfusion-
weighted images. Due to the relatively short bolus duration and inflow
time (TI2-TI11), which is required to minimize T1 relaxation of the
labeled blood and retain acceptable SNR, PASL tends to be more prone
to ATAs and unwanted intravascular signal than pCASL, especially in
elderly populations. This can lead to larger errors in CBF quantification
and misinterpretation of results, for example, prolonged transit times
often accompany low CBF in the parenchyma and high CBF in or near
feeding arteries. Due to the continuous inversion process, pCASL can
use longer, more optimal labeling durations, and a wider range of PLDs,
which help to avoid the appearance of vascular artifacts or enable bet-
ter characterization and modeling of them, as well as improve the SNR
of the perfusion signal. For these reasons, ADNI 4 has shifted toward
using multi-PLD pCASL; however, when analyzing ASL data from
previous cycles of ADNI, and combining data that have been acquired
with different ASL methods, it is important to keep these intrinsic
differences in mind. The differences could also be sensitive to the
biological factors affecting the blood flow dynamics, such as the impact
of arterial stiffness on blood velocity, which can differ with pathology
and age.

7.7 | Motion sensitivity for 3D sequences

3D sequences are now most commonly used for ASL, due to their
intrinsic SNR benefits and their straightforward compatibility with
background suppression. However, complete 3D data sets cannot be
acquired within a single excitation (or shot) while still achieving whole-
brain coverage and an acceptable image point spread function, so data
collection for individual ASL MRI volumes must be spread out over mul-
tiple TR periods. This inevitably leads to some motion sensitivity, which
can cause image artifacts and compromise the reliability of the result-
ing quantitative CBF and ATT maps. Recent advances in rapid imaging
technologies, such as compressed sensing and deep learning-based
reconstructions, offer the possibility of single-shot acquisitions in the
future. For now, however, it is important to implement rigorous image
quality control procedures as part of the post-processing pipeline,
and to reject sufficiently corrupt data from the analysis, ideally using
either visual quality control assessment approaches or objective and

automated approaches.8¢

858017 SUOWILLIOD @A 118810 3dedl [dde ayy Aq peusenob a1e ssjolle YO ‘@S Jo ss|n. 10} Ariq18UIUO AB]IM UO (SUOTIPUD-PUB-SWBIW0 A8 |IM A eI 1 BU1|UO//SIL) SUORIPUOD PUe Swiie | 8u8eS *[7202/0T/TE] uo AkeiqiTauliuo Ae|im IuIodieD JO AiseAlun Aq OTERT ZB/Z00T 0T/I0p/Woo A8 1M Aeiq Ul |uo's uIno -z [e//:Sdiy Wwoy papeoumoq ‘0 ‘6/252SST


https://alz-journals.onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Falz.14310&mode=

THROPP ET AL.

Alzheimer’s &Dementia® | 1

7.8 | ASL MRI in the ADNI: the future

The advancement of multi-PLD ASL MRI techniques holds promise
for significantly enhancing our understanding of AD progression. Sam-
pling of multiple points along the dynamic ASL inflow curve using
multi-PLD enables characterization of ATT, which is known to be
prolonged in cerebrovascular disease and with age,8¢-87 therefore
making it particularly suited to investigating early AD stages and asso-
ciated cerebrovascular pathology. Modeling the dynamic changes in
CBF and blood transit through the brain can reveal early hemody-
namic markers of AD before significant atrophy or cognitive decline
occurs. Identifying these markers early could enable timely therapeutic
interventions to slow disease progression. As AD and cerebrovas-
cular disease share several pathophysiological features, complicating
their prognosis and treatment, detailed characterization of ATT in
conjunction with CBF could help distinguish vascular contributions
to cognitive impairment and dementia from those due to primary
neurodegenerative processes.??70

Additionally, multi-PLD ASL MRI can deepen our understanding of
AD pathophysiology by providing insights into cerebral hemodynam-
ics. By providing a window into cerebral hemodynamics, we can study
the relationship between CBF alterations and other biomarkers of
AD, such as amyloid deposition and tau tangles.”?1 A multimodality
approach could elucidate the sequence of pathological events leading
to AD and the role of vascular dysfunction in this cascade.’

Furthermore, multi-PLD ASL MRI can serve as a valuable tool for
monitoring the efficacy of therapeutic interventions. Changes in ATT
and CBF after treatment can indicate the therapy’s impact on brain
health and function.?2?3 This objective measure could accelerate the
evaluation of new drugs or treatment protocols, potentially speeding
up the development of effective AD therapies.

Finally, continuous advancements in ASL MRI methodology, includ-
ing the use of higher magnetic field strengths and more sophisticated
post-processing techniques, will further refine CBF quantification.
The integration of multi-PLD ASL MRI with other imaging modal-
ities, such as PET (amyloid and tau) and structural MRI, promises
to provide a more holistic picture of the AD brain. Improved hard-
ware, such as stronger gradients and better coil technology, coupled
with innovative software algorithms, will enhance SNR and spatial
resolution, potentially making it possible to detect even earlier CBF

changes.

8 | SUMMARY

The use of ASL MRI in the ADNI has evolved over the years, driven
by advances in technology and the need for more detailed and reliable
measurements of cerebral perfusion. Despite the challenges encoun-
tered, the incorporation and expansion of ASL MRI in the ADNI
has proven invaluable in enhancing our understanding of AD and
its associated changes in CBF. In designing the ADNI ASL study, we
have incorporated data and findings from several independent stud-

ies. These prior studies form the foundation and motivation for our
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approach, ensuring that our study is built on well-established scientific
principles and prior evidence.

The transition to multi-PLD ASL MRI reaffirms the ADNI's com-
mitment to driving innovation in AD research. Through more precise
and comprehensive CBF measurements, this technique holds promise
in advancing our understanding of AD and its common comorbid

condition, cerebrovascular disease.
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