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1. Introduction

Vascular endothelial growth factor-A (VEGF), a signaling protein encoded by the VEGF-A
gene, is involved in vascular and metabolic physiological processes including blood vessel
growth, oxygen and glucose delivery, vasodilation, and vascular permeability (Lange et al.,
2016). Homeostatic VEGF signaling is also integral to the maintenance of cognitive function
(Cao et al., 2004), as VEGF promotes neurogenesis (Cao et al., 2004; Fournier et al.,

2012), improves synaptic plasticity (Licht et al., 2011), and counteracts neurodegeneration
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(Gora-Kupilas and Josko, 2005; Zacchigna et al., 2008) - all essential to the preservation of
cognitive ability in older adults.

Greater VEGF availability is neuroprotective in pre-clinical Alzheimer’s disease (AD)
models (Religa et al., 2013; Spuch et al., 2010; Wang et al., 2011), but /n7-vivo human
studies have found varying relationships between VEGF levels and AD diagnosis and
cognition. Specifically, in small independent studies, cerebrospinal fluid (CSF) VEGF levels
did not differ by diagnosis (Chakraborty et al., 2018) or were higher in AD patients
compared to controls (Tarkowski et al., 2002). However, in larger Alzheimer’s Disease
Neuroimaging Iniative (ADNI) studies, higher CSF VEGF levels were associated with less
cognitive decline (Hohman et al., 2015; Paterson et al., 2014) and this relationship was
stronger in those with abnormal levels of AD-neuropathological hallmarks - CSF A4, and
CSF t-tau (Hohman et al., 2015).

The association between VEGF and cognition may be stronger in the presence of AD
pathology, possibly due to bidirectional effects between VEGF and amyloid and tau on brain
function. Amyloid can modify homeostatic VEGF signaling; for instance, in AD human
post-mortem temporal cortex tissue samples, VEGF co-accumulated with pre-aggregated
AP plaques with a high affinity and specificity to AP peptides, ultimately depleting VEGF
bioavailability (Yang et al., 2004). Ap can also interfere with VEGF signaling by modifying
VEGF receptor expression (Angom et al., 2019; Cho et al., 2017). Conversely, higher VEGF
levels, generated through exogenous application of VEGF, can also rescue vascular damage,
attenuate memory impairment when it exists, and reduce amyloid and hyperphosphorylated
tau load (Religa et al., 2013). Thus, presence of higher VEGF levels may compensate for
amyloid-driven VEGF inhibition, resulting in better brain function and cognitive ability.
While the relationship between VEGF and tau has not been fully elucidated, a recent

animal tauopathy model demonstrated that tau induced blood vessel abnormalities with an
associated upregulation of VEGF-A gene expression (Bennett et al., 2018). Collectively,
these studies highlight both independent and synergistic relationships between VEGF and
AD neuropathological hallmarks, but it remains unknown whether these interactions exist
for early brain biomarkers on the AD cascade, such as cerebral glucose metabolism and
cortical thickness.

By the time an individual has evidence of cognitive decline and/or an AD diagnosis,

the brain has already undergone severe structural and functional degeneration, making

it essential to assess factors, such as VEGF, that may contribute to brain biomarker
changes early in the AD cascade. Neuroimaging brain biomarkers fluctuate early and
follow a specific spatial and temporal sequence in disease course (Jack and Holtzman,
2013). Identifying the spatial relationship of vascular factors to brain measures may

also illuminate possible vascular mechanisms that contribute to heterogeneity in AD
neuroimaging phenotype patterns (Risacher et al., 2017). Critically, few studies have
mapped how human VEGF levels are related to early AD-brain biomarkers. Data derived
from the ADNI indicate that higher CSF VEGF levels are associated with less hippocampal
atrophy and greater total cerebral glucose metabolism (Hohman et al., 2015; Wang et al.,
2018), but regional cortical indices of glucose metabolism and gray matter thickness have
yet to be identified. Mapping these regional relationships will help clarify how VEGF relates
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to the topographical trajectory of AD-related pathology and disease progression, informing
future mechanistic and prevention studies.

To address these gaps, we evaluated whether CSF VEGF levels were related toregional
measures of 1) flurodeoxyglucose (FDG) positron emission tomography (PET) and 2)

and magnetic resonance imaging (MRI) derived cortical thickness in AD-signature regions
(Wang et al., 2015), by assessing these associations in both A+ and AB- participant
subgroups (Shaw et al., 2009) in an ADNI cohort (N=310). We also evaluated whether these
regional associations were modified by CSF phosphorylated,g; tau (p-tau), an AD-specific
marker of tau phosphorylation, and total tau (t-tau), a nonspecific marker of neuronal
damage that is closely linked to cognitive dysfunction in early stages of AD (Blennow

et al., 2010; Hedden et al., 2013; Holtzman, 2011). We hypothesized that in those along

the AD-continuum (i.e., AR+ participants), higher endogenous VEGF levels (which may
compensate for amyloid-driven VEGF inhibition) would be associated with greater glucose
metabolism and cortical thickness in AD-signature regions. Whereas in AB- participants, we
hypothesized that higher endogenous VEGF levels would not be positively associated with
AD-brain biomarkers, since a lower amyloid load would likely not interfere with VEGF
availability. Since abnormal tau accumulation is more closely linked to changes in brain
function and cognitive decline in AD than amyloid (Hedden et al., 2013; Ossenkoppele et
al., 2019), we hypothesized that the association between VEGF levels and AD-relevant brain
neuroimaging biomarkers would be strongest in the presence of higher CSF p-tau and t-tau
levels.

In a secondary analysis, we reproduced a previous analysis by Hohman et al. (Hohman

et al., 2015) that evaluated the relationships between VEGF levels and cognitive domain
measures of executive function (ADNI-EF) and episodic memory (ADNI-MEM). We further
expanded on the analysis by assessing test-specific effects in cognitive domain measures.
We also evaluated whether the previously-detected association between VEGF and cognition
was mediated by regional FDG-PET associations. We hypothesized that regional FDG-PET
signal would mediate the detected association between VEGF and cognition in those along
the AD continuum (Ap+ participants).

Methods

2.1 The Alzheimer’s Disease Neuroimaging Initiative (ADNI)

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
2004 as a public-private partnership, led by Principal Investigator Michael W. Weiner, MD.
The primary goal of ADNI has been to test whether serial magnetic resonance imaging
(MRI), PET, other biological markers, and clinical and neuropsychological assessment can
be combined to measure the progression of mild cognitive impairment (MCI) and early
AD. For up-to-date information, see www.adni-info.org. All data utilized in this study were
acquired from the publicly available ADNI Image Data Archive (https://ida.loni.usc.edu).
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2.2 Participants

We selected participants from the ADNI cohort who had available CSF VEGF, 1.5 T
structural MRI scan, and neuropsychological assessment within 1 year of each other,
resulting in 310 participants (92 cognitively intact (ClI), 149 mild cognitive impairment
(MCI), 69 AD), aged 56 to 89 years old. CSF was acquired within a mean *

standard deviation (SD) of 28.6 + 28.5 days (max = 237 days) from the MRI scan.
Neuropsychological assessments were acquired within a mean + SD of 18.6 + 24.5 days
(max = 237 days) from the MRI scan. In a subset of the cohort, we analyzed 158 participants
who also underwent FDG-PET scanning (39 CI, 80 MCI, 39 AD) acquired within a mean +
SD of 30.0 £ 26.7 (max = 203 days) days from the MRI scan.

Detailed information on ADNI’s participant selection and diagnostic criteria are outlined

in the ADNI protocol (http://www.adni-info.org/Scientists/AboutADNI.aspx). Briefly,
participants were excluded from the ADNI cohort if they had a serious neurological or
neuropsychiatric condition, or history of brain injury. Participants were classified into
diagnostic categories of probable AD, MCI, and ClI. Criteria for an AD diagnosis included:
1) a memory complaint, 2) objective memory dysfunction identified by an education-
adjusted Wechsler Memory Scale-Revised (WMS-R) - Logical Memory Il (LM-I1) R
(WMS-R LM-II), 3) Mini-Mental State Exam (MMSE) score between 20-26 (inclusive),

4) Clinical Dementia Rating (CDR) = 0.5), and 5) NINDS/ADRDA criteria for probable AD
(McKhann et al. 1984). MCI diagnosis was made when 1) a reported memory complaint
was present, but the diagnostic criteria for dementia was not met, or 2) when they scored
between 24-30 (inclusive) on the MMSE and 0.5 on the CDR (with CDR memory box score
0.5 or higher). CI participants did not meet the criteria for probable AD or MCI and had no
memory complaints. Participant characteristics are detailed in Table 1.

2.3 CSF Analytes

All CSF analyte measurements were previously analyzed by others and accessed through
ADNI’s publicly available data repository (htttp://adni.loni.usc.edu). In this analysis, CSF
analytes used were VEGF-A, amyloid-betas, (AB), total-tau (t-tau), and phosphorylated;g;-
tau (p-tau). CSF samples were acquired at the baseline visit and were batch processed

using Luminex Multi-Analyte Profiling (xMAP) immunoassay technology (Myriad Rules
Based Medicine; RBM, Austin, TX), with standard ADNI protocols (Spellman et al.,

2015). We used the ADNI CSF Ap and total t-tau quality-checked median scaled analyte
measurements. Clinical performance of these analytes was previously assessed in a precision
analysis conducted in an inter-laboratory standardization study across seven centers using
five CSF pools from 3 cognitively normal older adults and 2 AD patients (Shaw et al., 2011).
All samples were run in duplicate. Amyloid positivity was defined but cut-offs outlined in
prior work; Ap+ individuals had CSF Ap4,<192 pg/mL and Ap- participants had CSF AB4»
levels 2192 pg/mL (Shaw et al., 2009). Quality control (QC) procedures for CSF A4y CSF
p-tau, and t-tau are described elsewhere (Shaw et al. 2009; Shaw et al. 2011).

We downloaded CSF VEGF values from ADNI Biomarkers Consortium CSF QC Multiplex
data sheet. The CSF samples were acquired from participants after an overnight fast at
the ADNI 1 baseline visit. The samples were processed, aliquoted, and stored at —80°C
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in accordance with ADNI Biomarker Core Laboratory Standard Operating Procedures
(http://adni.loni.usc.edu/wp-content/uploads/2010/09/CSF_Biomarker_Test_Instr.pdf). The
QC procedures performed by ADNI on the CSF VEGF assay (and all ADNI CSF proteomic
assays) included test/retest on a subsample of 16 CSF samples to test for the precision,
cross-reactivity, spike-recovery (accuracy), and reliability. No missing data and no outliers
were reported for CSF VEGF values, according to ADNI Biomarkers Consortium CSF QC
multiplex data. VEGF measurements were natural log-transformed by ADNI (Box and Cox,
1964).

2.4 APOE Genotyping

We adjusted for Apolipoprotein E e4 (APOE4) genotype in all analyses. APOE4 genotype
count was coded as 0 for APOE4 non-carriers, 1 for carriers of one APOE4 allele, and 2

for carriers of two APOE4 alleles. We coded by dose because of possible dose-dependent
effects of APOE4 on cognitive ability, vascular function, and MRI biomarkers (Makkar et al.
2020; Hobel et al. 2018). APOE genotyping was performed by Cogenics from a 3mL aliquot
of blood. PCR amplification and Hhal restriction enzyme digestion was performed, which
was then resolved on 4% Metaphor Gel and viewed by ethidium bromide staining (Saykin

et al., 2010). More information on the ADNI APOE genotyping protocol can be found here:
http://adni.loni.usc.edu/methods.

2.5 MRI Processing

All participants underwent MRI scanning of a sagittal T1-weighted 3D Magnetization
Prepared Rapid Acquisition Gradient Echo (MPRAGE) at 1.5 T, acquired across 55

sites. Scans were conducted and coordinated across sites for optimal comparability
according to ADNI protocols (http://adni.loni.usc.edu/methods/documents/mri-protocols/)
and passed QC (Wyman et al. 2012). We processed MRIs with FreeSurfer 5.3 (http://
surfer.nmr.mgh.harvard.edu/) (Dale et al., 1999; Fischl and Dale, 2000) to calculate regional
cortical thickness in a-priori selected regions-of-interest (ROI) in an AD-cortical thinning
signature: the entorhinal cortex (ERC), posterior cingulate, superior (STG), middle (MTG),
and inferior temporal gyri (ITG), fusiform gyri, superior and inferior parietal cortex, and
precuneus (Wang et al., 2015). AD signature ROIs are visualized in Figure 1. These ROIls
were selected as they detect subtle and early neuronal loss, correlate spatially with tau
progression and cognitive decline (Burggren et al., 2008; Querbes et al., 2009; Wang et al.,
2015). All individual regions were visually quality checked and regional cortical thickness
measures that failed our QC protocol were excluded from the study. Raters (n=2) performed
a test for QC on a known training set and were required to obtain reliability indicating
substantial agreement (Cohen’s x > 0.60) to the answer key before performing quality
checks in the current study.

2.6 FDG-PET Processing

158 participants (39 CI, 80 MCI, 39 AD) underwent a fasting FDG-PET scan at their
baseline visit, using a standard protocol (six 5-minute frames collected 30 minutes after a
5 mCi [18F]-FDG injection) (Jagust et al., 2010). We downloaded pre-processed FDG-PET
scans (Co-registered, Averaged, Standardized Image and Voxel Size, Uniform Resolution),
from the LONI IDA website (https://ida.loni.usc.edu). FDG-PET pre-processing was
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performed according to standardized protocols to reduce inter-scanner effects (Joshi et al.,
2009) and enable data pooling. Pre-processing steps included averaging the frames and
spatially aligning (via interpolation) to a standard voxel size and resolution.

We constructed a study-specific minimum deformation template (MDT) to reduce the

total deformation effort needed to co-register images. The MDT was constructed from T1-
weighted 3D MPRAGE scans derived from 26 non-demented (11 CI, 15 MCI) participants
from our sample. MDT construction has been previously described (Braskie et al., 2014).
Briefly, we linearly transformed the skull-stripped T1-weighted MPRAGE scans into a
standard template space. Next, an affine template was created by taking the voxelwise
average of the aligned scans. The scans were then iteratively, nonlinearly transformed to the
affine template (Yanovsky et al., 2009; Yanovsky et al., 2008).

FDG-PET voxel-wise intensity values were divided by a pons-vermis mean reference
region value - defined as the top 50% of the pons and cerebellar vermis on corresponding
slices, as recommended for cross-sectional FDG-PET analyses (Landau et al., 2012). We
manually segmented the reference region in MNI standard template space, guided by an
atlas (Cerebellum MNIfnirt-maxprob-thr50-1mm) and subsequently performed linear and
non-linear transformations using FMRIB’s Linear Image Registration Tool (FLIRT) in
FSL (Jenkinson and Smith, 2001; Jenkinson et al., 2002) and ANTs symmetric image
normalization (SyN) method (Avants et al., 2008; Avants et al., 2011). ROIs were defined
by the same FreeSurfer AD-signature ROIs listed in Figure 2 and co-registered to the
participant’s FDG-PET scan through linear and nonlinear transformations. After all co-
registrations passed visual QC inspection, the mean FDG-PET standard uptake value ratio
(SUVR) of each AD-signature ROI was extracted.

2.7 Neuropsychological Assessment

Validated neuropsychological composite measures of executive function (ADNI-EF) and
memory (ADNI-MEM) were used to assess domain-specific cognitive function (Crane et al.,
2012; Gibbons et al., 2012). The composite measures were developed using item-response
theory (IRT) and were normalized to a mean of 0 and variance of 1. ADNI-EF was derived
from Trail Making Test parts A and B, Digit Span Backwards tests from the Wechsler
Adult Intelligence Scale-Revised (WAIS-R), Digit Symbol Substitution, Category Fluency
- Animals, Category Fluency — Vegetables, and the Clock Drawing test. ADNI-MEM

was derived from the Rey Auditory Verbal Learning Test (RAVLT), the AD Assessment
Schedule-Cognition (ADAS-COG), the MMSE, and Wechsler Logical Memory I and 11.
While composite measures have the benefit of limiting multiple comparisons, thus boosting
the power to detect effects, composite measures also have limitations. For instance, ADNI-
EF may mask effects of interest, such as processing speed, that occur when a cognitive
domain includes heterogeneous components (Jurado and Rosselli, 2007). Therefore, our
study sought to address the limitations of domain-specific assessment and expand on

the analysis between ADNI VEGF levels and neuropsychological composite measures
(Hohman et al., 2015) to identify test-specific associations in each subtest that comprises
the composite measure.
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2.8 Statistical Analyses

2.8.1 Relationship between VEGF and A levels—We conducted all statistical
analyses in RStudio version 1.0.136 (http://www.R-project.org/) (University of Auckland,
Auckland, New Zealand) (R Core Development Team, 2010).We stratified the cohort by
CSF amyloid level (Ap-, Ap+) and evaluated amyloid group differences in participant
characteristics using a X2 test for categorical variables and a Welch’s two-sample t-test

for continuous variables (Table 1). We also compared VEGF levels by amyloid and t-tau
positivity groups (Supplementary Figure S1). We also evaluated whether CSF A levels
were significantly associated with VEGF (log-transformed) values using linear regression
with spline modeling with a knot at 192 pg/ml (i.e., the threshold for amyloid positivity)
(Supplementary Figure S2). We included age, sex, diagnosis, years of education, CSF t-tau,
and APOE4 allele count in the model to identify associations between these variables and
VEGF (log transformed) values in the entire cohort (N=310), as well as in AR+ (n=215), and
AB- groups (n=95) separately (Supplementary Table S1).

2.8.2 VEGF associations to AD brain biomarkers: FDG-PET & MRI cortical
thickness ROIs—We performed all primary analyses separately in Ap- and Ap+
participants to separate individuals who are on the AD continuum and to identify
associations relevant to AD pathogenesis. Statistical rationale also supported analyzing
associations separately by Ap-stratum because 1) CSF Ap levels in this study have a
bi-model distribution, and 2) there are far fewer Ap- participants than there are Ap+
participants. Moreover, since interaction tests are notoriously of low statistical power, we
sought to detect more subtle differences in associations between groups by analyzing
ApB-groups separately. However, we also formally tested for statistical interactions using
continuous Ap.

In each AB-stratum analysis, we used a linear mixed effects model to evaluate regional
associations between VEGF (log transformed) values and each FDG-PET SUVR ROI (Table
2) and each cortical thickness ROI (Table 4). We specified a random effect for acquisition
site. We covaried for age, sex, diagnosis, years of education, CSF t-tau, and APOFE4 allele
count. We also tested whether adding the sampling date difference between the date of CSF
collection and the date of the MRI scan as a covariate in the statistical model modified

the results. After adding sampling date difference as a covariate in the interaction analyses
between CSF VEGF and CSF Apand t-tau on FDG-PET and cortical thickness, we did

not find any difference in significant effects or interpretation. Therefore, we did not add
sampling date difference in the statistical models. We used the false discovery rate (FDR) to
correct for multiple comparisons (multiple ROIs).

Using the same mixed effects modeling strategy, we also evaluated whether continuous CSF
t-tau and p-tau modified the association between VEGF and regional FDG-PET (Table 3)and
cortical thickness(Supplementary Table S2). We added a product interaction term between
VEGF and continuous CSF t-tau and p-tau (separately) on each FDG-PET and cortical
thickness ROl and additionally covaried for continuous Ap.
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2.8.3 VEGF associations to cognitive measures: a secondary reproducibility
analysis—We reproduced a cross-sectional analysis by Hohman et al. 2015 in a similar
ADNI dataset and expanded on the analysis. We reproduced the interaction analysis between
VEGF and continuous AB on ADNI-EF and ADNI-MEM, but also evaluated whether an
association would be detected when stratified by Ap-positivity. We used a linear mixed
effects model (covarying for age, sex, diagnosis, years of education, CSF t-tau, and APOE4
allele count) and included random effects for acquisition site. This statistical approach varied
slightly from that used in Hohman et al.; Hohman et al. 2015 used a general linear model to
test associations, whereas we additionally covaried for site, APOFE4 allele count, as well as
CSF t-tau and continuous A in the interaction analyses.

We expanded upon the analysis and addressed limitations of the cognitive composite
measures tested by evaluating associations between VEGF and each subtest incorporated

in the composite measure. Since associations were only significant at the composite level
(ADNI-EF) in the Ap+, but not the AB- stratum, we used a linear mixed effects model

to correlate VEGF to each ADNI-EF composite measure subtest in the A+ stratum.

Each neuropsychological subtest that comprised the cognitive composite measure was
Z-score transformed using the entire cohort (N=310) to obtain the mean and SD for the
transformation. In neuropsychological subtests that are binary (e.g., clock drawing items),
we performed logistic regression using a generalized linear mixed effects model with a logit
link function.

2.8.4 Mediation Analysis—We performed mediation analyses to evaluate the direct
and indirect associations between VEGF and cognition in Ap+ participants. We evaluated
the extent to which the previously reported association between VEGF and ADNI-EF was
direct or mediated by regional FDG-PET SUVR. We performed three causal mediation
analyses (Table 5) across the three regions (inferior parietal cortex, MTG and ITG) in which
we found a significant relationship between VEGF levels and FDG-PET signal in Ap+
participants. The R package mediation 4.4.6 (simulations = 1000) was used to perform all
analyses.

3. Results

3.1 Relationship between VEGF and A levels

A summary of participant characteristics in the entire cohort (N=310) and separately in

AR+ (n=215) and AB- (n=95) stratum can be found in Table 1, where we also compared
amyloid group (AB+ vs. Ap-) differences in these variables. Differences between groups
were found in diagnosis and APOE4 allele count and A+ individuals had significantly
lower VEGF levels, lower MMSE scores, and higher t-tau levels than Ap- individuals (Table
1). Individuals who were A+ and t-tau- (n=91) had significantly lower VEGF levels than
those who were both AB- and t-tau- (n=86; p< 0.001) and those who were both Ap+ and
t-tau+ (n=124, p< 0.001) (Supplementary Figure S1). VEGF levels did not differ between
the AB- t-tau- and Ap+ t-tau+ groups. We also evaluated the association between continuous
CSF Ap levels (using a piecewise linear mixed effects spline model with a knot at 192
pg/mL; cutoff for AB-positivity) and VEGF. The full table of statistical associations can be
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found in the Supplementary Table S1. Briefly, older age, MCI diagnosis, male sex, higher
CSF t-tau, and greater CSFAR levels in both individuals with Ap< 192 pg/mL (AB+) and in
those with Ap> 192 pg/mL (Ap-) were associated with higher VEGF levels.

3.2 VEGF associations to regional FDG-PET SUVR

All associations between VEGF levels and FDG-PET ROIs by A stratum are in Table

2. In Ap+ participants (n=116), higher VEGF levels were associated with a higher mean
bilateral FDG-PET signal in the inferior parietal cortex (VEGF partial p (SE) = 0.32
(0.12); FDR-adjusted p=0.027), MTG (VEGF partial § (SE) = 0.25 (0.09); FDR-adjusted
p=0.027), and ITG (VEGF partial § (SE) = 0.26 (0.09); FDR-adjusted p = 0.027).

No significant association between VEGF levels and FDG-PET SUVR ROIs were found
in AB- participants (n=42). The beta-estimates between Ap+ and Ap- participants were
significantly different in the posterior cingulate (FDR interaction p= 0.0496), but no other
region had a significant interactive effect that passed FDR correction (FDR interaction
p-values > 0.21).

We evaluated interaction effects between VEGF and CSF t-tau and p-tau on regional
FDG-PET SUVR (Table 3). After FDR correction, interactions between VEGF and t-tau
and VEGF and p-tau were both significant in the MTG and inferior parietal cortex (FDR-
adjusted p-values < 0.037). The ITG, superior parietal cortex, and precuneus also were
regions to have significant interactions between VEGF and p-tau (all FDR-adjusted p-values
=0.029) and trend level interactions between VEGF and t-tau (all FDR-adjusted p-values

= 0.051), where those with higher levels of tau had a stronger positive association between
VEGF and regional FDG-PET SUVR than those with lower tau. Figure 2 illustrates plots of
interactions between VEGF levels and CSF A, t-tau, and p-tau on FDG-PET SUVR in the
inferior parietal, MTG, and ITG.

3.3 VEGF associations to regional cortical thickness

In A+ participants, higher VEGF levels were nominally associated with greater MTG
cortical thickness (VEGF partial p (SE) = 0.24 (0.12); p= 0.049), but after FDR correction
VEGF was not associated with any cortical thickness ROl in Ap+ participants. In AB-
participants, higher VEGF was associated with a thinner superior parietal cortex (VEGF
partial g (SE) = -0.41 (0.14); FDR-adjusted p = 0.032) and trend level associated with

a thinner cortex in the STG, fusiform, and inferior parietal cortex (all regions VEGF FDR-
adjusted partial p=0.062). The beta-estimates nominally differed between Ap+ and Ap-
participants in the MTG (interaction p= 0.031) and superior parietal cortex (interaction p
= 0.015), but did not pass FDR correction (FDR-adjusted interaction p-values = 0.14). No
significant interactions between VEGF and t-tau or p-tau were found on cortical thickness
ROIs (Supplementary Table S2).

3.4 VEGF associations to cognitive measures: a secondary reproducibility analysis

Hohman et al. found that higher VEGF levels (in an interaction analysis with continuous
CSF AP and t-tau) were not associated with baseline ADNI-EF or ADNI-MEM, but were
associated with less ADNI-EF and ADNI-MEM longitudinal decline.In our reproduction
of the Hohman et al. 2015 baseline cross-sectional analysis between VEGF and ADNI-EF
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and ADNI-MEM, we found similar negative results that neuropathological hallmarks do
not interact with VEGF on ADNI-EF (Ap interaction p = 0.65; t-tau interaction p=0.45)
and ADNI-MEM (AR interaction p = 0.43; t-tau interaction p = 0.09). When we ran the
analysis without an interaction term, we found that higher VEGF levels were associated
with greater ADNI-EF (VEGF partial p (SE) = 1.14 (0.38); FDR-adjusted p = 0.006) and
ADNI-MEM scores (VEGF partial p (SE) = 0.67 (0.30); FDR-adjusted p = 0.026), whereas
Hohman et al. did not find a main effect of VEGF on composite measures cross-sectionally.
In our stratum-specific analysis, we found in Ap+ participants only (n=215), higher VEGF
levels were significantly associated with better ADNI-EF scores (CSF VEGF partial § (SE)
=1.19 (0.49); FDR-adjusted p=0.031). The association between VEGF levels and ADNI-
MEM in Ap+ participants had trend-level significance (VEGF partial  (SE) = 0.67 (0.37);
FDR-adjusted p=0.070). In AB- participants, VEGF was not related to ADNI-EF (VEGF
partial p (SE) = 0.29 (0.61); FDR-adjusted p = 0.635) or ADNI-MEM (VEGF partial
(SE) = 0.59 (0.56); FDR-adjusted p=0.593). Although the effect size for the association of
VEGF to ADNI-EF was larger in the AR+ stratum than in the AB- stratum, this difference
was not significant (interaction p-value = 0.22). The sample size of the AB- stratum was
significantly smaller than the AP+ stratum and therefore, we may be underpowered to detect
a true interaction if one exists.

To further address limitations of domain specific cognitive measures and evaluate
cognitive components driving the association between VEGF and executive function

in Ap+ participants, we evaluated the relationship between VEGF and each of the
neuropsychological tests that comprise the ADNI-EF composite score in Ap participants.
Higher VEGF levels were associated with better Category Fluency — vegetables (VEGF
partial p (SE) = 1.90 (0.52); p< 0.001) and Category Fluency — animals scores (VEGF
partial g (SE) = 1.28 (0.53); p=0.018). No other ADNI-EF subtests were associated with
VEGF levels (Supplementary Table S3).

3.5 Mediation Analysis

We next evaluated whether the association between VEGF and ADNI-EF was direct or
mediated by regional FDG-PET signal. We focused only on those regions in which we found
a significant relationship between VEGF and FDG-PET signal: mean bilateral ITG, MTG,
and inferior parietal cortex (Table 5). We found that FDG-PET signal in all three regions
mediated the relationship between VEGF and ADNI-EF.

4. Discussion

Our study evaluated the relationship between CSF VEGF levels and regional glucose
metabolism and cortical thickness by evaluating whether relationships were modified by
CSF ApB, t-tau, and p-tau levels. We also evaluated whether regional FDG-PET signal
mediates an association between VEGF and cognition. Our results revealed that 1) VEGF
has regionally-specific structural and metabolic associations in AD-signature regions,
particularly in lateral temporal-parietal cortices, 2) the association between VEGF and
FDG-PET ROIs was stronger in those with abnormal levels of AD neuropathology (CSF
AB, t-tau and p-tau), 3) in Ap+ individuals, higher VEGF levels were associated with better
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scores on temporal-mediated language measures (i.e., category fluency) and 4) VEGF had
both a direct relationship with cognitive function in individuals along the AD continuum and
an indirect relationship, mediated by regional FDG-PET signal.

In AR+ participants, higher VEGF levels were associated with greater mean bilateral glucose
metabolism in the inferior parietal cortex, and in the middle and inferior temporal gyri,
which were also regions that exhibited an interactive effect between VEGF and t-tau

and p-tau. Previous work in the same cohort that only evaluated the association between
VEGF and global FDG-PET SUVR (but not regional indices) found a similar direction of
association (Wang et al., 2018). This work also aligns with other studies demonstrating

that AD-related pathology is preferentially associated with regional decreases in FDG-PET
SUVR and cortical thickness in the lateral temporal regions (Dowling et al., 2015; Malpas
et al., 2018). The temporal lobe may be more vulnerable to hypometabolism because it is
preferentially impacted by early Ap accumulation (Braak and Braak, 1991) and reduced
VEGF expression, as seen in post-mortem AD brains with high amyloid plaque load
(Provias and Jeynes, 2014). However, the regions in which we found significant associations
do not align exclusively with the spatial trajectory of AD-associated neuropathology.
Therefore, other vascular factors may contribute to the spatial specificity of VEGF,
warranting further investigation. For example, lower cerebral blood flow (CBF) and higher
CSF soluble platelet-derived growth factor (i.e., measures of vascular function) have been
recently associated with greater tau PET burden in similar temporo-parietal regions to those
found in our study, suggesting that these regions are particularly vulnerable to vascular
interactions with AD neuropathology (Albrecht et al., 2020). Also, the inferior parietal,
middle and inferior temporal gyri comprise vascular territory watershed regions, which are
susceptible to hypoperfusion in AD (Huang et al., 2018). Future work should evaluate these
potential mechanisms driving the topographical correspondence of VEGF levels.

Our identified positive associations between VEGF levels and FDG-PET signal could also
represent a response to early blood brain barrier (BBB) damage, where VEGF levels
increase to help restore BBB’s glucose transporter-1 (GLUTL) levels (which are responsible
for carrying FDG across the BBB in FDG-PET scanning of the brain). Evidence of this
compensatory relationship has been seen in animal models, where GLUTL1 levels decrease in
response to a high fat diet, which results in a compensatory increase in VEGF expression to
help restore BBB vascular endothelial cell GLUT1 levels, glucose uptake and cognitive
function (Jais et al., 2016). Further, FDG-PET signal reductions could also be more
representative of impaired GLUT1-faciliated BBB transport (i.e., vascular dysfunction)

than glucose metabolism, since FDG does not get metabolized by downstream metabolic
pathways and only tracks glucose transport shortly after brain uptake (Sweeney et al., 2019).

The direction and strength of the relationship between VEGF and AD brain biomarkers
varied by AD-neuropathological marker abnormality. Higher VEGF levels were associated
with greater regional FDG-PET SUVR and nominally related to a thicker cortex in

AR+ participants, possibly representing a neuroprotective effect of VEGF. Although the
relationship between VEGF and cortical thickness has not been evaluated previously, other
measures of vascular dysfunction (e.g., capillary mean transit time, CSF vascular adhesion
molecule-1, CSF intercellular adhesion molecule-1) have been associated with temporo-
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parietal cortical thinning and worse cognition (Janelidze et al., 2018; Nielsen et al., 2017),
consistent with Ap+ group findings. We also found a significant interaction between VEGF
and CSF t-tau and p-tau on regional FDG-PET, where higher levels of tau strengthened the
positive association between VEGF and FDG-PET, even after adjusting for amyloid. While
both t-tau and p-tau had interactive effects with VEGF on FDG-PET SUVR in the MTG and
inferior parietal cortex, p-tau also modified the association between VEGF and FDG-PET
in the ITG, superior parietal cortex and precuneus. This may reflect more of an interaction
between vascular dysfunction and tau phosphorylation (i.e., p-tau) early in the AD cascade
(particularly in watershed regions that are vulnerable to vascular deficits), rather than later
after neurodegeneration (reflected by t-tau levels) has begun (Blennow et al., 2010). These
results also suggest that Ap and tau have independent effects on the relationship between
VEGF and FDG-PET. However, as a cross-sectional study, we cannot determine whether
VEGF, amyloid, or tau is modifying the relationship to FDG-PET.

In AB- participants, VEGF levels were not related to regional FDG-PET SUVR and higher
VEGF was associated with a thinner superior parietal cortex. This unexpected finding
may suggest that higher VEGF levels (when amyloid levels are minimal) signal an injury
response driven by something other than AD-neuropathology. For instance, injury could
result from dysfunctional vascular and metabolic processes that promote inflammation,
vessel permeability, leakage and neuronal loss (VVan Dyken and Lacoste, 2018). Variability
in the directionality of the findings may also be related to possible interactive effects
between AB and tau on VEGF levels. In our group analysis of VEGF levels, individuals
with the lowest (Ap- and t-tau-) and highest (AB+ and t-tau+) neuropathological burden
had significantly higher VEGF levels than those who were only Ap+ (and t-tau-), which
may reflect a U-shaped trajectory of VEGF levels in AD pathogenesis. However, as a
cross-sectional study we cannot evaluate these mechanisms formally.

In our reproducibility analysis of the interaction between VEGF and CSF AP on cognitive
domain measures, we did not find a significant interaction between VEGF and AP on
ADNI-EF and ADNI-MEM composite measures - similar to Hohman et al. 2015. However,
in our Ap stratified analysis, we found that higher VEGF levels were associated with

better ADNI-EF scores. We may have found this cross-sectional association between VEGF
and ADNI-EF because 1) differences in the sample size of the A stratums may mask a
formal interaction if a true one exists, and 2) we also adjusted for CSF t-tau levels, APOE4
genotype, and acquisition site in our statistical model. The executive function measure we
used (ADNI-EF) is a heterogeneous construct that actually includes both tests of executive
function and language. Our subtest analysis revealed that the association between higher
VEGEF levels and higher ADNI-EF was driven by category fluency (vegetables and animals)
scores. Although category fluency tasks have a generation component, they are typically
considered measures of language and semantic knowledge, not executive function measures
per se. This finding may reflect changes in temporal lobe-mediated language function (rather
than frontal-mediated EF), and suggests that VEGF may have an effect on temporal lobe
function independent of tau (which we controlled for in our analysis). While few studies
have correlated VEGF with different cognitive measures, a multi-cohort study in AD and
cognitively intact participants found that individuals with better cognitive (MMSE) scores
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had higher VEGF levels (Leung et al., 2015), a similar direction of effect we found in our
study.

VEGF had both direct effects on ADNI-EF scores, and also indirect effects, mediated by
regional FDG-PET signal. Past studies have reported comparable findings; regional temporal
lobe FDG-PET hypometabolism was associated with EF in AD (Habeck et al., 2012)

and also mediated the association between baseline AD CSF biomarkers and subsequent
cognitive decline (Dowling et al., 2015). The regional specificity of FDG-PET on ADNI-EF
may be driven by verbal fluency, as the measure recruits both frontal and temporal lobe brain
regions (Melrose et al., 2009). Particularly, worse performance on category naming tests

and retrieval of semantic knowledge is associated with region-specific metabolic decreases
in the inferior temporal lobes (Melrose et al., 2009), a region we also identified to be
associated with VEGF. Our findings could also be attributed to disruption of more global
structural cortical connections, such as between the frontal and temporal lobes (Wiseman et
al., 2015). The presence of both direct and indirect associations suggests that multiple AD
brain biomarkers and pathways contribute to cognitive impairment.

Future work should evaluate the temporal and spatial correspondence between VEGF levels
and AD brain biomarkers, and further integrate complex models and interactions in larger
samples that can address the multitude of factors (e.g., inflammation, atherosclerosis) that
modify VEGF signaling. Our study has some limitations. First, we included VEGF levels
acquired at only one time point. VEGF levels may fluctuate from the time of CSF collection
to the time of the brain scans and neuropsychological testing. We also cannot directly
evaluate whether VEGF is upregulated and therefore cannot infer directionality or causality
of the relationships. Although we had a priori hypotheses regarding the temporal ordering
of variables used in the mediation analysis, future work would benefit from longitudinal
analysis to assess mediation effects. Additionally, the spatial specificity of amyloid and
VEGEF in the brain is also unknown since both variables were assessed by a global CSF
measure. Sample sizes after stratifying FDG-PET participants were also small, particularly
in the AB- stratum, limiting our statistical power to formally detect interaction effects.
Since samples were also uneven in sex (females < males) and diagnostic groups (AD <

Cl < MCI), future large-scale initiatives should aim to balance sex and diagnostic group
sample sizes. Despite these limitations, this study is the largest study-to-date evaluating
regional relationships between CSF VEGF and AD brain biomarkers. Further, this study

is an important step in evaluating mechanisms and populations most at-risk for suboptimal
brain aging.

Our study helps clarify the relationship between endogenous CSF VEGF and A in humans
and expands on previously detected associations between VEGF and cognition (Hohman et
al., 2015) and global FDG-PET (Wang et al., 2018) by 1) identifying regional relationships
between VEGF and FDG-PET and cortical thickness — indices that are altered early in

AD pathogenesis and provide spatial specificity to heterogeneity in AD, and 2) assessing
whether the association between VEGF and cognition was mediated by FDG-PET signal.
Our results suggest that at different amyloid and tau loads, there is variability in the
relationship between VEGF and regionally specific brain measures. Higher endogenous
VEGF levels may signal a vascular injury response when AD-neuropathological load is low,
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but serve a compensatory neuroprotective role when AD-neuropathological burden is high.
VEGF may also serve as a valuable biomarker in understanding vascular and metabolic
contributions to variability in AD neuroimaging phenotypes. Lastly, VEGF is modifiable,
such as through exercise (Viboolvorakul and Patumraj, 2014), making it a potentially
therapeutic target in AD and warranting future investigation on its contribution to AD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. VEGF had structural and metabolic associations in AD brain signature
regions.
. In AR+ adults, CSF VEGF was associated with greater temporal lobe FDG-
PET SUVR.
. Abnormal CSF amyloid and tau modified the relationship of VEGF to FDG-
PET.
. In AR+ adults, higher VEGF was associated with higher Category Fluency
scores.

. Regional FDG-PET SUVR mediated the relationship between VEGF and
executive function
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AD Signature ROls:
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B Inferior Temporal Gyrus (ITG) Posterior Cingulate Cortex (PCC) Precuneus

Figure 1.
AD-signature ROIs extracted from FreeSurfer mapped on a skull-stripped brain.
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Correlations plots between VEGF and FDG-PET SUVR in the inferior parietal cortex,
MTG, and ITG, stratified by amyloid (< 192 pg/mL), t-tau (> 93 pg/mL), and p-tau
positivity (> 23 pg/mL).
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Table 1.
Participant Characteristics
Total Cohort Ap+ AB- p-value

N 310 215 95
Age (years) 748+6.8 746 +6.9 75.5+6.6 0.60
Sex 0.65

Males 187 (60.3%) 132 (61.4%) 55 (57.9%)

Females 123(39.7%)  83(38.6%) 40 (42.1%)
Diagnosis <0001 *A

Cognitively intact (CI) 92 (29.7%) 33(15.3%) 59 (62.1%)

Mild cognitive impairment (MCI) 149 (48.1%) 117 (54.4%) 32 (33.7%)

Alzheimer’s disease (AD) 69 (22.2%) 65 (30.2%) 4 (4.2%)
Apolipoprotein e4 (APOE3) allele count <0001 A

0 APOEA alleles 159 (51.3%) 74 (34.4%) 85 (89.5%)

1 APOEA4 alleles 115 (37.1%) 105 (48.8%) 10 (10.5%)

2 APOEA4 alleles 36 (11.6%) 36 (16.7%) 0 (0.0%)
Education (years completed) 15.7+3.0 156 +3.0 158+2.38 0.88
MMSE score 26.8+2.6 26.1+26 28417 <0.001 A
CSF VEGF (natural log of pg/mL) 2.70+0.13 269+0.13 2.74+0.13 <0001 A
CSF t-tau (pg/mL) 98.4+521 11384544 634%205 _ 0 %A
CSF p-tau (pg/mL) 339174 39.7+173  209%76 0.001 A

Page 22

Continuous variables shown as mean + standard deviation. Categorical variables shown as frequency (%). Amyloid group level differences (AB- vs.

ApB+) were evaluated on continuous variables using a Welch’s two-sample t-test and categorical variables using a X2 test.

indicates p< 0.05 group difference between AB- (n=95) vs. AR+ (n=215) participants.

Aindicates p< 0.05 between AB- (n=42) vs. A+ (n=116) participants in subset with available FDG-PET data.
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Table 2.
Associations between VEGF levels and FDG-PET SUVR ROI analyzed in each Ap stratum

Page 23

AB+ (n=116) AB- (n=42)
ROI B SE  p-value FDR-p-value B SE  p-value FDR-p-value
Superior Temporal Gyrus ~ 0.15  0.08  0.065 0.15 -0.07 0.16 0.65 0.73
Middle Temporal Gyrus 025 0.09 0.006 0.027% -0.15 0.19 0.44 0.73
Inferior Temporal Gyrus 026 0.09 0.003 0.027% 0.04 017 0.81 0.81
Fusiform Gyrus 0.11  0.09 0.19 0.22 0.09 0.16 0.57 0.73
Entorhinal Cortex -0.05 0.08 048 0.48 010 016 052 0.73
Superior Parietal Cortex 0.17 0.12 0.15 0.22 -0.17 0.20 0.41 0.73
Inferior Parietal Cortex 032 012 0.009 0.027% -0.18 022 043 0.73
Posterior Cingulate 0.16 0.11 0.17 0.22 -0.30 0.28 0.30 0.73
Precuneus 0.19 0.14 0.20 0.22 -0.17 0.26 0.52 0.73

Each association was evaluated using a linear mixed effects model. Fixed effects included CSF VEGF, age, sex, years of education, and CSF t-tau,
APOEA4, and diagnosis. Site was modeled using random effects. SE = Standard Error; FDR = False Discovery Rate.

*
indicates p< 0.05 significance
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Table 3.

Interactions between CSF VEGF levels and CSF t-tau and p-tau on FDG-PET ROls (n=158)

VEGF x t-tau VEGF x p-tau

ROI B SE p-value FDR-p-value B SE p-value FDR-p-value
Superior Temporal Gyrus 0.001 0.001  0.225 0.29 0.005 0.004 0.202 0.227
Middle Temporal Gyrus 0003  0.001 0.008 0037 0010 0002 0015 0.029%
Inferior Temporal Gyrus 0.003 0.001  0.028 0.051 0.011 0.004 0.010 0.029%
Fusiform Gyrus 0.0009 0.001 0.44 0.495 0.007 0.004  0.085 0.127
Entorhinal Cortex -0.00003 0.001  0.97 0.97 0.004 0.004 0.270 0.270
Superior Parietal Cortex 0.003 0.001  0.026 0.051 0.01 0.005 0.009 0.029
Inferior Parietal Cortex 0.004 0.002  0.008 0.0377 0.013 0.005 0.013 0.029 %
Posterior Cingulate 0.003 0.002  0.067 0.10 0.008 0.006  0.153 0.197
Precuneus 0004 0002 0.028 0.051 0016 0006 0.016 0.029%

Page 24

Each association was evaluated using a linear mixed effects model. Fixed effects included CSF VEGF, age, sex, years of education, and CSF AB,
APOE4, and diagnosis. Site was modeled using random effects.

SE = Standard Error; FDR = False Discovery Rate.

*
indicates p< 0.05 significance
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Table 4.

Associations between VEGF and cortical thickness ROI analyzed in each AP stratum

AB+ (n=215) AB- (n=95)
ROI B SE  p-value FDR-p-value B SE  p-value FDR-p-value
Superior Temporal Gyrus  0.23  0.12  0.051 0.15 -0.35 0.15 0.028 0.062
Middle Temporal Gyrus 0.24 0.12 0.049 0.15 -0.23 0.15 0.13 0.17
Inferior Temporal Gyrus 020 0.12 0.098 0.22 -0.22 0.14 0.12 0.17
Fusiform Gyrus 023 012 0.051 0.15 -0.35 0.15 0.028 0.062
Entorhinal Cortex 046 0.34 0.18 0.29 -0.42 0.49 0.39 0.43
Superior Parietal Cortex ~ -0.09 0.10  0.39 0.44 -041 014 0.004 0.032%
Inferior Parietal Cortex 012 011 0.28 0.35 -0.34 014 0.021 0.062
Posterior Cingulate 0.13 0.10 0.19 0.29 -0.11 0.14 0.43 0.43
Precuneus 0.13 0.10 0.99 0.99 -0.20 0.12 0.10 0.17

Page 25

Each relationship was evaluated using a linear mixed effects model. Fixed effects included VEGF, age, sex, years of education, and CSF t-tau,
APOEA4, and diagnosis. Site was modeled using random effects. FDR=False Discovery Rate. SE = Standard Error.

*
indicates p< 0.05 significance.
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Table 5.

Regional mediation effects in Ap+ participants (n=116)

Inferior Temporal Gyrus

Middle Temporal Gyrus

Inferior Parietal Cortex

Mediational Process

B 95% ClI p-value B 95% ClI p-value B 95% ClI p-value
CSF VEGF — FDG-PET SUVR ROl — ADNI-EF
Indirect effect 054 (0.14,1.08) goog* 035 (005078 go1e* 059 (0.14,1.22) (o10%
Direct effect 111 (-0.03,2.16) 0.060 1.25 (0.16,241) (qgge* 107 (0.07,212) go36*
Total effect 1.65 (0.51, 2.73) 0'002* 1.60 (0.48, 280) 0.006 * 1.66 (0.59, 2.84) 0.002*
Proportion Mediated ~ 0.33  (0.09,1.05)  ggog* 021 (0.03,0.70) ggp2* 036 (0.10,0.90) gg12*

ROI = Region of Interest.

*
p< 0.05 significance
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