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Abstract

Although cerebral blood flow (CBF) alterations are associated with Alzheimer’s disease (AD), CBF patterns across prodro-
mal stages of AD remain unclear. Therefore, we investigated patterns of regional CBF in 162 Alzheimer’s Disease
Neuroimaging Initiative participants characterized as cognitively unimpaired (CU; n = 80), objectively-defined subtle cogni-
tive decline (Obj-SCD; n = 3 1), or mild cognitive impairment (MCl; n = 51). Arterial spin labeling MRI quantified regional CBF
in a priori regions of interest: hippocampus, inferior temporal gyrus, inferior parietal lobe, medial orbitofrontal cortex, and
rostral middle frontal gyrus. Obj-SCD participants had increased hippocampal and inferior parietal CBF relative to CU and
MCI participants and increased inferior temporal CBF relative to MCI participants. CU and MCI groups did not differ in
hippocampal or inferior parietal CBF, but CU participants had increased inferior temporal CBF relative to MCI participants.
There were no CBF group differences in the two frontal regions. Thus, we found an inverted-U pattern of CBF signal across
prodromal AD stages in regions susceptible to early AD pathology. Hippocampal and inferior parietal hyperperfusion in Obj-
SCD may reflect early neurovascular dysregulation, whereby higher CBF is needed to maintain cognitive functioning relative
to MCI participants, yet is also reflective of early cognitive inefficiencies that distinguish Obj-SCD from CU participants.
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Introduction

Early detection of Alzheimer’s disease (AD) in its pre-
clinical phase has garnered significant attention in

recent years, as this may be the optimal time to inter- *Data used in preparation of this article were obtained from the

vene to delay, slow, or prevent the onset of cognitive
and functional impairment due to AD. Several studies
have now shown that subtle cognitive changes can be
captured in the preclinical phase of AD using sensitive
neuropsychological measures and that these measures
add prognostic value to predict future decline,
above and beyond traditional AD biomarkers.'
Neuropsychological process scores, for example, can
be used to detect the cognitive inefficiencies associated

Alzheimer’s Disease Neuroimaging Initiative (ADNI) database (adni.loni.
usc.edu). As such, the investigators within the ADNI contributed to the
design and implementation of ADNI and/or provided data but did not
participate in analysis or writing of this report. A complete listing of
ADNI investigators can be found at: http://adni.loni.usc.edu/wp-content/
uploads/how_to_apply/ADNI_Acknowledgement_List.pdf
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with AD, prior to the onset of dementia.>® Process
scores quantify the number and types of errors that
an individual may make on a neuropsychological test
or the approach and strategies that are used on a task.”
These scores are distinct from the traditionally used
overall total score and are often used to understand
the cognitive profile of underlying brain pathology.
Process scores derived from a word-list memory test,
including intrusion errors, flattened learning slope, and
susceptibility to retroactive interference have been
shown to differ between cognitively unimpaired (CU)
older adults who remain stably CU over five years rel-
ative to those who progress to mild cognitive impair-
ment (MCI) or dementia within five years.?

Our recent work has integrated process scores into
an existing definition of objectively-defined subtle cog-
nitive decline (Obj-SCD) initially proposed by
Edmonds et al.> Using these Edmonds/Thomas crite-
ria, Obj-SCD is defined by performance > 1 standard
deviation (SD) below the age-, education-, and sex-
adjusted mean on: (1) two neuropsychological total
scores in two different cognitive domains, (2) one neu-
ropsychological total score and one process score, or
(3) two process scores. Our work using this classifica-
tion shows that Obj-SCD status predicts faster progres-
sion to MCI/dementia as well as more rapid functional
decline, amyloid-f (AP) accumulation, and entorhinal
cortex atrophy relative to CU participants.” '
Additionally, Obj-SCD appears to have cross-
sectional cerebrospinal fluid (CSF) and positron emis-
sion tomography (PET) AD biomarker abnormalities
that fall in between CU and MCI participants,”'" pro-
viding further evidence that Obj-SCD can be identified
coincident with accumulating amyloid and tau pathol-
ogies. However, we have not yet examined how Obj-
SCD status relates to cerebrovascular pathology within
individuals along the AD continuum.

The relationship between cerebrovascular pathology
and AD has gained increasing attention in recent years,
as evidence has emerged that vascular changes may
accelerate cognitive changes associated with AD
pathology, or, in fact, may be the part of the earliest
phase of AD pathogenesis.'* !> Cerebral blood flow
(CBF) is critical for brain function, as it ensures ade-
quate delivery of oxygen, glucose, and nutrients to the
brain as well as the removal of carbon dioxide and
cellular waste. The vascular two-hit hypotheses of
AD pathogenesis suggest that cerebral hypoperfusion
(i.e. “hit one”) precedes and initiates AD pathogenesis
(“hit two”), which suggests that CBF perfusion pat-
terns could be an early biomarker of AD.'> CBF meas-
ures the rate of delivery of arterial blood to the
capillary bed in the brain (quantified as milliliters of
blood per grams of tissue per minute) and can be mea-
sured in vivo via arterial spin labeling (ASL) magnetic

resonance imaging (MRI).'® ASL is a non-invasive
MRI technique in which arterial water is magnetically
labeled and used as an endogenous tracer to measure
CBF. It has advantages over traditional blood oxygen-
ation level dependent (BOLD) fMRI signal since it is a
direct measure of blood flow and has the potential to
more accurately capture the magnitude and location of
neural function given that the signal is localized to the
capillary bed.'®

Alterations in resting CBF are associated with pro-
gression through the stages of the AD continuum,
though the relationship between CBF and disease
severity does not appear to be linear. Specifically,
later stages of AD are associated with hypoperfusion,
while the early stages show a more complex relation-
ship of initial hyperperfusion in preclinical stages with
transition to decline in CBF during MCL,'” though it is
important to consider that these findings are largely
from cross-sectional studies. Consistent with this
model of early hyperperfusion in those in the early pre-
clinical stages of AD, followed by hypoperfusion
during the MCI phase, the current study aimed to
examine whether CBF across a priori-specified regions
of interest known to be susceptible to AD pathology
differed between CU, Obj-SCD, and MCI groups.

Method

Data used in the preparation of this article were
obtained from the Alzheimer’s Disease Neuroimaging
Initiative (ADNI) database (adni.loni.usc.edu). The
ADNI was launched in 2003 as a public—private part-
nership, led by Principal Investigator Michael W.
Weiner, MD. The primary goal of ADNI has been to
test whether serial MRI, PET, other biological
markers, and clinical and neuropsychological assess-
ment can be combined to measure the progression of
MCI and ecarly AD. For up-to-date information, see
www.adni-info.org. This study was approved by the
University of California, San Diego institutional
review board and the ADNI study was approved by
the institutional review boards at each of the partici-
pating institutions. Written informed consent was
obtained from all participants or authorized represen-
tatives at each site. All procedures were in accordance
with the ethical standards of the institutional and/or
national research committee and with the 1975
Helsinki Declaration and its later amendments.

Participants
Specific  enrollment criteria for ADNI have
been previously described in detail elsewhere.'®

Briefly, participants from ADNI were 55-90years
old, had >6years of education or work-history
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equivalent, were fluent in English or Spanish, had a
Geriatric Depression Scale <6, had a Hachinski
Ischemia Scale <5, adequate vision and hearing to per-
form neuropsychological tests, were in generally good
health and without significant head trauma or neuro-
logic disease, were stable on permitted medications,
and had a reliable study partner. The current study
included 162 participants from ADNI GO/ADNI 2
cohorts (when ASL MRI was collected); participants
did not have dementia at their first study visit (classified
as CU, as having a subjective memory complaint, early
MCI, or late MCI by ADNI), had ASL data within
12 months of their baseline visit, and also had available
baseline neuropsychological testing and ['®F] fluoro-
deoxyglucose (FDG) PET imaging.

Cognitive groups

First, Jak/Bondi actuarial neuropsychological MCI cri-
teria were applied to all participants in this sample.'**
Relative to the conventional MCI criteria used in
ADNI that rely heavily on a subjective clinical rating
and a single memory test score and, as a result, show
artificially low MCI-to-CU reversion rates,”' this Jak/
Bondi approach uses available objective neuropsycho-
logical test scores and has been shown to reduce the
number of “false positive” diagnostic errors.
Specifically, by using neuropsychological tests, this
approach showed that approximately one-third of
ADNI MCI participants exhibit biomarker profiles,
neuropsychological performances, and functional tra-
jectories that are more in-line with CU participants
than MCI participants;>*>>>* this Jak/Bondi approach
also produced a realistic, yet slightly improved, MCI-
to-CU reversion rate relative to the literature.”> Using
this method, participants were considered MCI if they
performed >1 SD below the age-/education-/sex-
adjusted mean on: (1) two neuropsychological meas-
ures within the same cognitive domain, or (2) at least
one measure across all three sampled cognitive
domains, or (3) a score of 6 or higher on the
Functional Activities Questionnaire score.'”?° Six neu-
ropsychological test scores were considered in the Jak/
Bondi diagnostic criteria for MCI, including two
memory measures (Rey Auditory Verbal Learning
Test (AVLT) delayed free recall correct responses and
AVLT recognition (hits minus false positives)); two
language measures (30-item Boston Naming Test
(BNT) total correct and Animal Fluency total score),
and two attention/executive functioning measures (Trail
Making Test (TMT) Parts A and B times to
completion).

Next, Edmonds/Thomas actuarial neuropsychologi-
cal Obj-SCD criteria were applied to the remaining
participants without MCI or dementia. Consistent

with our previous work, participants were considered
to have Obj-SCD if they performed >1 SD below the
age-/education-/sex-adjusted mean on (1) one impaired
total test score in two different cognitive domains
(memory, language, attention/executive), or (2) two
impaired neuropsychological process scores from the
AVLT, or (3) one impaired total test score and one
impaired process score.” '" The total test scores were
the six neuropsychological variables used for determin-
ing MCI classification. The three process scores for the
ODbj-SCD classification were derived from the AVLT,
which is a 15-word learning and memory test that
includes five learning trials (List A, Trials 1-5), an inter-
ference list trial (List B), a short delay free recall trial
(List A, Trial 6), a long delay free recall trial (List A,
Trial 7), and delayed recognition. The process scores
used in the Obj-SCD criteria were learning slope ((List
A Trial 5 — List A Trial 1)/5), retroactive interference
(List A Trial 6/List A Trial 5), and total intrusion errors
(total number of extra-list intrusion errors across all
recall trials). These scores were previously shown to
differ between CU ADNI participants who remained
stable and those who progressed to MCI within
five years.’

For both the neuropsychological total scores and
process scores, the z-scores were derived based on a
sample of CU participants in ADNI who did not prog-
ress to MCI for the duration of their study participa-
tion (i.e. “robust” controls; N =385). Consistent with
our prior work in ADNI,'"?>% within the robust con-
trol group, each neuropsychological score was
regressed on age, education, and sex. Next, the result-
ing regression weights were used to compute a pre-
dicted score for each participant on each score. The
z-scores were then calculated by subtracting the pre-
dicted score from each participant’s actual score and
then dividing by the test-specific regression model’s
standard error of the estimate.

Arterial spin labeling and structural MRI

Detailed information describing the ASL and structur-
al MRI data acquisition and processing is available
online; all imaging data (e.g. ASL, structural MRI,
FDG PET) used in this study were previously proc-
essed and downloaded from http://adni.loni.usc.edu/.
All briefly, MR imaging was performed on a 3.0
Tesla scanner using a pulsed ASL method (QUIPS II
with thin-slice TIl periodic saturation) with echo-
planar imaging.® Scan parameters include inversion
time for arterial spins (TI1)=700ms, total transit
time of spins (T12) = 1900 ms, tag thickness = 100 mm,
tag to proximal slice gap=25.4mm, repetition time-
=3400ms, echo time = 12ms, field of view =256 mm,
matrix = 64 x 64, slice thickness =4 mm, number of
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axial slices = 24, time lag between slices =22.5ms. ASL
MRI processing was largely automated using a
MATLAB pipeline and involved motion correction,
aligning each ASL frame to the first frame using a
rigid body transformation, and least squares fitting
using  SPMS8  (http://www fil.ion.ucl.ac.uk/spm/).
Perfusion-weighted images were computed as the dif-
ference of the mean-tagged and mean-untagged ASL
data and were intensity scaled to account for signal
decay during acquisition and to generate intensities in
meaningful physiological units. After geometric distor-
tion correction using Insight Toolkit libraries,”” ASL
images were aligned to structural T1 images using FSL
(http://www.fmrib.ox.ac.uk/fsl/). To minimize the
effects of the lower perfusion in white matter on CBF
estimates, a partial volume correction was performed
that assumed that CBF in gray matter is 2.5 times
greater than in white matter; SPM8 was used for
tissue segmentation. The partial volume-corrected per-
fusion-weighted images were normalized by the refer-
ence image (i.e. an estimate of blood water
magnetization) to convert the signal into physical
units (mL/100 g tissue/min). ADNI quality control
procedures to determine a global pass/fail rating were
based on visual inspection of signal uniformity, geo-
metrical distortions, gray matter contrast, and presence
of large, disruptive artifacts. If a rating of “unusable”
in any of these categories resulted in a global “fail”
those data were excluded.

Structural MRI was acquired during the same ses-
sion as the ASL scan. A Tl-weighted 3D MPRAGE
sequence was acquired with the following parameters:
with field of view =256 mm, repetition time = 2300 ms,
echo time=2.98ms, flip angle=9, and resolu-
tion=1.1 x 1.1 x 1.2mm?*. FreeSurfer (version 4.5.0)
was used to skull-strip, segment, and parcellate the
structural scans. T2-weighted fluid-attenuated inver-
sion recovery (FLAIR) scans were collected with the
following parameters: field of view =280mm, field of
view phase =100.0%, slice thickness=8.0mm, TR =
20ms, TE = 5ms, flip angle =40°.

FreeSurfer-derived anatomical regions of interest
(ROIs) were applied and used to extract CBF estimates
for each participant. The primary analyses examined
the following five a priori ROIs: (1) hippocampus, (2)
inferior parietal lobe (IPL), (3) inferior temporal gyrus
(ITG), (4) medial orbitofrontal cortex (mOFC), and (5)
rostral middle frontal gyrus (rMFG). These regions
were chosen given prior work showing these regions
were vulnerable to early AD-related changes,?
showed associations between CBF and AD severity,”
as well as to be consistent with prior CBF analyses
conducted in ADNIL?*** Also consistent with other
CBF work in ADNI,?>** CBF of the precentral gyrus
was selected to serve as the control reference region as

it is not thought to be impacted in early AD, allowing
for adjustment of expected individual differences in
CBF that are likely not due to AD pathologies. Mean
CBF corrected for partial volume effects was extracted
for each of the ROIs and reference region for each
hemisphere separately (hemisphere-specific analyses
are included in Supplemental Materials). However, to
reduce the number of comparison and ensure reliabil-
ity, averaged bilateral CBF estimates for each ROI
were used as the outcome variables within the current
study. Bilateral CBF estimates were calculated by aver-
aging the mean CBF of each hemisphere, with each
hemisphere’s contribution to the average, weighted by
the surface area of the ROI for that hemisphere.
A similar approach was used to create a global CBF
variable was created from all FreeSurfer derived gray-
matter cortical and subcortical regions (excluding cer-
ebellum); global CBF was calculated by averaging all
regions with each region’s contribution to the average
weighted by its volume. An additional global CBF var-
iable without the ROIs in this study was also derived to
determine whether any group differences in global CBF
were driven by inclusion of the five ROIs. If partici-
pants were missing baseline ASL but had ASL within
the first year of their baseline visit, the first occasion of
ASL data was used (84% of participants had the ASL
and cognitive testing visits within 3 months of each other;
median absolute time between visits = 0.96 months,
mean = 2.16 months, SD = 3.12 months).

Cerebral metabolism

Brain glucose metabolism was measured by FDG PET.
Detailed information describing the FDG PET data
acquisition, processing, and analysis is available
online at http://adni.loni.usc.edu/. Briefly, FDG scan-
ning began 30min after intravenous injection of an
approximately 5mCi dose of tracer. PET images were
spatially normalized to a Montreal Neurological
Institute (MNI) PET template. Consistent with prior
work in ADNI, a composite meta-ROI that is com-
prised of the standardized uptake value ratios
(SUVRs) of the left and right angular gyri, left and
right middle/inferior temporal gyri, and bilateral pos-
terior cingulate gyrus was used as the covariate in cur-
rent analyses as a measure of global brain metabolism.
These brain regions demonstrate metabolic changes in
MCI and AD that are associated with cognitive perfor-
mance.*'*? The meta-ROI was intensity normalized by
dividing by the mean for a pons and cerebellum refer-
ence region.’”> FDG PET was included as a covariate so
that the CBF effects could be interpreted as indepen-
dent of glucose metabolism.
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White matter hyperintensity volume

Detailed methods for WMH volumetric quantification
have been previously described in detail.>* 3¢ WMH
volume was calculated using a Bayesian approach to
segmentation of the high resolution T1-weighted and
FLAIR scans. Briefly, non-brain tissues were removed
from Tl-weighted and FLAIR images, the FLAIR
image was spatially aligned to the T1-weighted image,
and MRI field artifacts were removed. Prior to WMH
calculation, images were warped to a standard template
space. The likelihood of WMH was estimated from
FLAIR signal characteristics, prior probability maps
of WMH occurrence calculated from previously super-
vised segmentations of independent FLAIR images
from more than 700 individuals, and tissue class con-
straints. Then the segmented WMH masks were back-
transformed to native space for volume calculation. If a
participant was missing baseline WMH data, the first
visit with WMH data was used as long as it was within
12 months of their baseline visit.

Additional covariates and descriptive variables

Apolipoprotein E (APOE) €4 carrier status was deter-
mined by the presence of at least one €4 allele and was
included as a covariate to adjust for the known effect of
a €4 allele on risk for AD and CBF. Pulse pressure
(systolic — diastolic blood pressure) is a proxy measure
for arterial stiffness and is thought to serve as an
index of vascular aging. Higher pulse pressure is
associated with increased cerebrospinal fluid (CSF)
p-tau levels and progression to AD*”* and was includ-
ed as a covariate to determine whether differences in
regional CBF persist above and beyond general vascu-
lar risk. To further characterize the sample, CSF AD
markers were examined in a subset of participants
(n=143) who underwent a lumbar puncture. AD
CSF markers were processed using Elecsys® immuno-
assays; AD biomarker positivity was determined using
the previously determined CSF p-tau/Ap ratio cut-
score of >0.0251 pg/ml, which was optimized for the
ADNI sample.*

Statistical analyses

Descriptive variables were analyzed using one-way
analyses of variance (ANOVAs) for continuous varia-
bles and Chi-squared tests for categorical variables.
Two ANCOVAs examined group differences in total
gray matter volume and total WMH volume after
adjusting for age, sex, APOE &4 status, pulse pressure,
and total intracranial volume. WMH volume was
log-transformed given the non-normal distribution.
Two additional ANCOVAs examined group differen-
ces in global CBF (with and without the five ROIs

included in the global CBF variable) after adjusting
for age, sex, APOE €4 status, pulse pressure, cerebral
metabolism measured using FDG PET. A multivariate
analysis of covariance (MANCOVA) was used to
examine group differences between CU, Obj-SCD,
and MCI participants in CBF of five a priori ROIs:
hippocampus, IPL, ITG, mOFC, and rMFG. Age,
sex, APOE &4 status, pulse pressure, FDG PET, and
precentral gyrus CBF were adjusted for in the analysis
to account for vascular and metabolic factors that
could influence CBF. Precentral gyrus CBF was used
as a reference region due to its relative sparing from
AD-related changes and its prior use for these purposes
in ADNI CBF data.”~° The five ROIs were entered
into the MANCOVA simultaneously, and follow-up
least significant difference pairwise comparisons were
restricted to those regions for which the MANOVA
was significant. Statistical significance of the pairwise
comparisons was also examined using false discovery
rates (FDR) of 0.10 and 0.05.* To further explore
whether the pattern of findings was retained in those
who were p-tau/AP positive (on the AD continuum),
the ROI analyses were first repeated in the subset of
participants considered p-tau/Af positive and then
only in those considered p-tau/Af negative.

Results

Participant characteristics by cognitive group are pre-
sented in Table 1. Regarding demographic variables,
the Obj-SCD group was about three years older than
the CU group, but not different from the MCI group.
There were no differences in education level or sex by
cognitive group. Participants with MCI were more
likely to be APOE &4 carriers, have higher rates of
CSF p-tau/AB positivity, and lower FDG PET
SUVR than CU participants, but only differed from
Obj-SCD on FDG PET (with lower values). Obj-
SCD had higher rates of CSF p-tau/AB positivity
than CU participants. As expected, across almost all
neuropsychological measures, the MCI group per-
formed the worst, followed by Obj-SCD, and then
CU participants. There were no differences in time
between ASL and cognitive testing visit by group.
The ANCOVA examining group differences in total
gray matter, after adjusting for age, sex, APOE &4
status, pulse pressure, and total intracranial volume
were significant [F(2,154)=4.01, p=.020, 1,”=.049]
such that the CU group had greater total gray matter
volume than the MCI group (p=.005) but did not
differ from the Obj-SCD group (p=.270). The Obj-
SCD and MCI groups did not differ from each other
(p = .222). There was one outlier in the MCI group with
very high gray matter volume, so the model was also
run without that participant and the pattern of results
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Table 1. Descriptive variables by cognitive group.
cu Obj-SCD MCl
(N=280) (N=31) (N=51) F or nror®  p

Age 70.12 (5.88)° 73.14 (7.07) 71.91 (7.34) F=254 ,>=.031  .082
Education 16.69 (2.68) 16.68 (2.12) 16.35 (2.73) F=0.28 N> =.004 753
Female, % (n) 53.8% (n=43) 51.6% (n=16) 41.2% (n=21) x>=205  ®=.112 359
Pulse pressure/ 59.70 (14.24) 62.55 (17.10) 56.94 (17.36) F=1.24 ny>=.015 291
APOE &4 carrier, % (n) 33.8% (n=27)"  355% (n=11) 529% (n=27)°  y*=512  ®=.178 077
CSF p-tau/AP positive* 18.6% (n=13)*°  423% (n=11)>  68.1% (n=32)> ¢>=29.07 @& =.45] <.001
FDG-PET SUVR 1.31 (0.12) 1.29 (0.11) 121 (0.13)>¢ F=11.05  p,>=.122  <.00I
MMSE 29.06 (1.12)* 29.03 (1.25) 27.67 (1.88)>¢ F=16.56 npz =.172  <.00l
Animal fluency 23.45 (5.12)*° 18.84 (5.07)° 16.98 (5.16)° F=126.95 »>=.253  <.00l
BNT (30 item) 28.54 (1.54)* 27.71 (2.56) 26.18 (3.86)>¢ F=12.25 2 =.134 <00l
Trails A 27.73 (6.79)*° 36.67 (10.68)*° 4290 (17.77)>¢  F=25.77 2 =245 <00l
Trails B 71.38 (26.74) 86.37 (25.24) 118.90 (76.82)>¢  F=14.76 2 =.160  <.00l
AVLT delayed recall 9.86 (3.57)*° 529 (3.62)*¢ 2.82 (3.01)°>¢ F=69.73 2 =467  <.00l
AVLT recognition 28.28 (1.54)*° 25.87 (2.49)*¢ 22,67 (3.61)°>¢ F=76.41 2 =490  <.00l
AVLT learning slope 1.32 (0.44)*° 0.90 (0.47) 0.77 (0.47)° F=24.48 2 =235 <00l
AVLT retroactive interference 0.85 (0.14)*® 0.64 (0.33)° 0.54 (0.32)° F=2528 2 =.241 <.001
AVLT intrusion errors 3.36 (4.17)° 5.45 (4.24)° 4.12 (3.36) F=3.16 2 =.038 045

CU: cognitively unimpaired; Obj-SCD: objectively-defined subtle cognitive decline; MCI: mild cognitive impairment; CSF: cerebrospinal fluid; FDG-PET:
fluorodeoxyglucose-PET; SUVR: standardized uptake value ratio; CBF: cerebral blood flow; MMSE: mini mental state exam; BNT: Boston Naming Test;

AVLT: Rey Auditory Verbal Learning Test.

*Significantly different from MCI group (p <.05).
BSignificantly different from Obj-SCD group.

“Significantly different from CU group.

*Subsample of 70 CU, 26 Obj-SCD, 47 MCI with CSF data.

did not change. There were also group differences in
total  WMH volume [F(2,154)=3.77, p=.025,
pZ:.047] such that the CU group had lower WMH
volume than the MCI group (p=.008) but did not
differ from the Obj-SCD group (p=.178). The Obj-
SCD and MCI groups did not differ from each other
(p=.370). The ANCOVA examining differences in
global CBF, after adjusting for age, sex, APOE ¢4
status, pulse pressure, and FDG PET were significant
[F(2,148)=5.02, p=.008, 171,2 =.064] such that the MCI
group had hypoperfusion relative to the CU (p =.004)
and Obj-SCD (p =.011) groups. The CU and Obj-SCD
did not differ from each other (p >.05). There was one
outlier in the Obj-SCD group, but the results did not
change when that participant was removed from anal-
yses. Another ANCOVA was run examining group dif-
ferences in a global CBF variable that did not include
the five a priori ROIs; however, when the five ROIs
were removed from the global CBF, there was no
longer an effect of group on global CBF (p>.05).
The significant group differences were retained under
both a 0.10 FDR and 0.05 FDR. Figure 1 shows the
gray matter volumes, WMH volumes, and global CBF
(that includes the ROIs) of each group.

The MANCOVA omnibus test indicated a signifi-
cant effect of cognitive group on CBF [F(10, 300)=
2.04, p=.029, 17,,2: .064]. Specifically, there was a

p=.017, n,”=.052],

significant effect of cognitive group on three CBF
ROIs, including the hippocampus [F(2,153)=4.20,
IPL [F(2,153)=3.07, p=.049,
np2: .039], and ITG [F(2,153)=5.56, p=.005,
np2 =.068]. The mOFC and rtMFG ROIs were not sig-
nificant (ps>.05), and therefore the post hoc analyses
were not examined. Figure 2 shows the CBF of each
group by ROI. Post hoc analyses showed that hippo-
campal CBF was higher in Obj-SCD than CU
(p=.007) and MCI participants (p=.016), but CU
and MCI groups did not differ (p=.974). A similar
pattern was found for the IPC such that Obj-SCD
showed hyperperfusion relative to the CU (p=.040)
and MCI groups (p=.020), but the CU and MCI
groups did not differ (p=.550). For the ITG, Obj-
SCD had higher CBF than the MCI group (p =.002),
but did not differ from the CU group (p=.274). The
CU group also had higher ITG CBF than the MCI
group (p=.010). The significant hippocampus and
ITG CBF group differences were retained under both
a 0.10 FDR and 0.05 FDR. The significant IPL results
were retained under a 0.10 FDR, but not a 0.05 FDR.
One participant in the CU group was considered an
outlier; however, the pattern of results did not change
when they were excluded. Hemisphere-specific analyses
are included in Supplemental Materials; the pattern of
results was largely identical with group differences in
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left and right hippocampus and ITG, though the left
and right IPL region results were slightly attenuated
when they were examined separately instead of aver-
aged across hemispheres.

Finally, exploratory sensitivity analyses were con-
ducted to examine whether the pattern of regional
hyperperfusion in the Obj-SCD group retained when
only those who were considered p-tau/AP positive
were included in analyses; then the analyses were
repeated in participants who were considered p-tau/
AP negative. In p-tau/AB positive participants (CU

n=13, Obj-SCD n=11, MCI n=32), there was a sig-
nificant effect of group on hippocampal CBF
[F(2,47)=3.55, p=.037, 171,2:.131] and tMFG CBF
[F(2,47)=4.75, p=.013, np2: .168], and similar,
though attenuated, pattern for ITG [F(2,47)=3.15,
p=.052, 11,,22 .118] and IPL [F(2,47)=2.07, p=.137,
npz =.081]. There was not a significant effect of group
on mOFC CBF. Pairwise comparisons are shown in
Supplementary Material, but across the hippocampus,
rMFG, and ITG, the Obj-SCD group had hyperperfu-
sion relative to the CU and MCI groups (ps<.05), and



Journal of Cerebral Blood Flow & Metabolism 0(0)

the CU and MCI groups not differ from each other.
The IPL group comparisons had a similar pattern, but
was at trend level (ps<.1). When these analyses were
explored in p-tau/A negative participants (CU n =57,
ODbj-SCD n=15, MCI n=15), there was not a signifi-
cant effect of group on any of the CBF ROIs (ps > .05).

Discussion

The current study found an inverted-U pattern of CBF
across the stages of prodromal AD in key ROIs that
are susceptible to early AD pathology. Specifically, the
Obj-SCD group showed increased CBF in the hippo-
campus, IPL, and ITG relative to the MCI group and
increased CBF in the hippocampus and IPL relative to
the CU group. There were no differences in CBF across
frontal regions in the primary analyses. Our study
extends prior work that has investigated biomarker
associations with the Obj-SCD classification by exam-
ining very early neurovascular changes in regions sus-
ceptible to AD pathology, and further demonstrates
the utility of ASL MRI as a biomarker of early AD-
related changes.

Our findings are consistent with prior work that has
found higher regional CBF in participants at risk for
progression to AD, but who are not yet considered
cognitively impaired.*'** For example, CU partici-
pants who were APOE &4 carriers have shown
increased medial temporal CBF relative to non-car-
riers.*** Other studies have examined CBF in CU
individuals at elevated risk for AD, including individ-
uals who are AP positive on PET imaging,'? APOE ¢4
carriers,*** or those with self-reported cognitive
decline.*® These studies have demonstrated a negative
relationship between cognition and CBF in the at-risk
group, but a positive relationship or no significant rela-
tionship between cognition and CBF in the group with-
out the AD risk factor. This is consistent with the
observed pattern in which the Obj-SCD group per-
formed worse on cognitive measures than the CU
group but showed regional hyperperfusion relative to
the CU group. One possible explanation for this con-
sistent pattern across unimpaired participants at high
risk for progression to MCI or dementia, including
Obj-SCD, is that higher CBF may indicate a vascular
compensatory response to very early pathologic pro-
cesses, whereby higher CBF is needed to maintain
intact cognitive functioning relative to the MCI
group, yet is also reflective of the increased errors
and inefficiencies in performance that distinguish the
ODbj-SCD from CU group.

The mechanisms behind this complex relationship of
hyperperfusion in CU participants at higher risk for
AD are not fully understood. However, Ostergaard
and colleagues™’ capillary dysfunction hypothesis

suggests that increased heterogeneity of capillary
blood flow patterns may occur early in preclinical
AD and require increased CBF to maintain sufficient
brain oxygenation. As the disease progresses, contin-
ued increases in capillary blood flow heterogeneity may
subsequently result in low tissue oxygen that require
neurovascular adjustments such as suppression of
CBF to maintain tissue metabolism. Therefore, early
regional compensatory hyperperfusion, such as that
observed in the Obj-SCD group, and later hypoperfu-
sion known to occur in later MCI and AD stages, fits
within this hypothesis.'”??***? This pattern is also con-
sistent with what was observed for the pattern of global
CBF, in that the early hyperperfusion of the Obj-SCD
group appears to be region-specific, rather than a
global pattern, and that global hypoperfusion is evi-
dent at the MCI stage.

While there was a qualitative pattern of higher CBF
across all five a priori regions, the inverted-U pattern
across the CU, Obj-SCD, and MCI groups was most
salient for the hippocampus and inferior parietal lobe.
This pattern was not observed in the global CBF anal-
ysis in which the CU and Obj-SCD groups did not
differ, while the MCI group had reduced global CBF.
Given that the Obj-SCD group showed higher rates of
CSF p-tau/Ap positivity, it is possible that early AD
pathology in the medial temporal lobe is causing the
need for hyperperfusion of the hippocampus in order
to maintain sufficient brain oxygenation. Results of the
sensitivity analyses are consistent with this hypothesis
since the pattern of regional hyperperfusion was
retained when analyses were run only in those with
an elevated CSF p-tau/Ap ratio (considered to be on
the AD continuum), but was not present when analyses
were run only in those who were p-tau/AP negative.
However, these results should be interpreted with cau-
tion given the extremely small group sizes and cross-
sectional nature. Postmortem studies of individuals
with asymptomatic (i.e. preclinical) AD have demon-
strated this similar inverted-U pattern in cortical
neuron and nuclei volume. In these studies, the preclin-
ical AD group showed hypertrophy of cortical neurons
and their nuclei in AD vulnerable regions, including in
the CAI1 region of the hippocampus, relative to both
normal control and MCI participants.***’ This work
suggested that the hypertrophy of cortical neurons and
their nuclei in the preclinical AD participants may
either represent an early response to toxic AP and tau
proteins or is a protective response that allows individ-
uals with AD pathology to compensate in order
to maintain normal cognition. The hypertrophied neu-
rons/nuclei may, in turn, require increased blood flow
to maintain neuronal health and functionality.

Conversely, since Obj-SCD has been shown to be
associated with future amyloid accumulation and
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neurodegeneration,'! it is possible that early neurovas-
cular dysfunction occurs very early and results in the
subsequent accumulation of AP and tau. This latter
hypothesis would be consistent with Zlokovic’s two-
hit hypothesis of AD pathogenesis' in which primary
microvascular damage (“hit one”) initiates vascular-
mediated neuronal dysfunction, such as blood—brain
barrier dysfunction, neurotoxic secretion, and micro-
ischemic events. Next, the blood—brain barrier dysfunc-
tion and ischemia result in impaired clearance of and
subsequent accumulation of amyloid-B (“hit two”).>°
Although “hit one” is generally thought to describe
hypoperfusion rather than hyperperfusion, the
two-hit hypothesis may fit best in the context of
more progressed prodromal AD (e.g. MCI), while
Ostergaard’s capillary dysfunction hypothesis suggest-
ing increased CBF to maintain brain oxygenation may
be more in line with the very early preclinical stage that
Obj-SCD captured.

Beyond amyloid and tau pathology, it is possible
that the hyperperfusion of the inferior partial lobe in
the Obj-SCD group may be associated with or predic-
tive of early white matter discase. WMHs have been
shown to be important for predicting progression to
MCI and AD.’"3 Furthermore, work from the
Dominantly Inherited Alzheimer Network (DIAN)
study, which included presymptomatic carriers of a
deterministic gene mutation for AD (PSENI1, PSEN2,
APP) and non-carrier first-degree relatives, showed
that WMHSs may be a core pathology associated with
AD. Specifically, parietal and occipital lobe WMH
volume was higher in mutation carriers approximately
22 years prior to estimated symptom onset.'* Thus, the
inferior parietal hyperperfusion in the Obj-SCD may be
associated with the very early posterior cerebrovascular
changes associated with preclinical AD. We examined
whether there were group differences in total WMH
volume by group and found that the MCI group had
greater WMH volume than the CU group. Although
the Obj-SCD group did not significantly differ from the
CU group, their mean WMH volume was much closer
to the MCI groups’ than the CU group (see Figure 1).
This pattern may suggest that there is a relationship
between the need for increased CBF in Obj-SCD par-
ticipants that may ultimately precede the downstream
structural changes of increased WMH volume.
Regional WMH volume was not available for the cur-
rent study, but future research should examine the lon-
gitudinal relationships between CBF and regional
WMH volume across the AD clinical continuum,
including among those with Obj-SCD.

The current study is limited by the small sample size,
particularly in the Obj-SCD group, and the cross-
sectional design precludes conclusions about causation
despite interpretation that findings represent

differences along the AD continuum. Future work
that integrates longitudinal CBF, AD biomarkers
(e.g., amyloid and tau PET), and cognition data
would help to disentangle these complex, and poten-
tially causal relationships. Additionally, multiple anal-
yses were conducted, though we used a MANCOVA
(rather than multiple univariate analyses) and only
examined the post hoc comparisons for ROIs that
were significant. This approach was modeled from a
previously published three-group (AB+, AP—, and
AD) study that used CBF data from ADNIL? Our pat-
tern of results was retained when an FDR of 0.10 was
used, and all results except for the IPL post hoc pattern
of significance were retained using an FDR of 0.05.
Bilateral ROIs were also created to reduce compari-
sons, particularly given the relative consistency of find-
ings across hemispheres. Our study is also limited in its
generalizability beyond this mostly white, highly edu-
cated, and very healthy ADNI sample. It is very pos-
sible that results may change in populations with
higher rates of vascular diseases. However, it is note-
worthy that we were able to detect CBF difference
despite  ADNI participants being such a healthy
sample (all Hachinski scores < 5). Although the most
common underlying neurodegenerative process in these
Obj-SCD and MCI groups is likely AD, the current
study did not include autopsy-based pathological con-
firmation, and therefore cannot rule out the possibility
that non-AD pathologies could also be contributing to
these cognitive and CBF differences. Strengths of the
current study include the ability to characterize and
adjust for vascular and metabolic markers that could
impact CBF as well as examine other variables such as
total WMH volume to better understand the possible
mechanisms and implications for the group differences
in CBF. The current study also adjusted for APOE €4
carrier status. Thus, the finding that CBF group differ-
ences, particularly in hippocampal and inferior parietal
regions, persisted after these adjustments suggests rel-
atively robust effects and that CBF is an independent
contributor/risk factor rather than a byproduct of
other risk factors.

Taken together, our findings add to the expanding
literature to suggest that the Edmonds/Thomas actuar-
ial Obj-SCD definition, which includes both neuropsy-
chological total scores and process scores, is a sensitive
and accessible marker of individuals at elevated risk for
future progression to MCI/dementia as well as future
functional difficulties, amyloid accumulation, and
medial temporal neurodegeneration.” " The consistent
findings of associations between the Obj-SCD criteria
and both clinical progression and sensitive AD bio-
markers provide further support for the use of these
criteria in clinical research to better capture the subtle
cognitive changes that occur very early in the
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preclinical stage of AD. The findings of increased hip-
pocampal and inferior parietal CBF in the Obj-SCD
group relative to the CU and MCI groups suggest
that hyperperfusion of these regions may be an early
biological marker of cognitive inefficiency due to AD.
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