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Reduced blood oxygenation level
dependent connectivity is related
to hypoperfusion in Alzheimer’s disease
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Abstract

Functional connectivity of blood oxygenation level dependent signal fluctuations (BOLD-FC) is decreased in Alzheimer’s
disease (AD), and suggested to reflect reduced coherence in neural population activity; however, as both neuronal and
vascular-hemodynamic processes underlie BOLD signals, impaired perfusion might also contribute to reduced BOLD-FC;
42 AD patients and 27 controls underwent simultaneous PET/MR imaging. Resting-state functional MRI assessed BOLD
co-activity to quantify BOLD-FC, pulsed arterial spin labeling (pASL) assessed cerebral blood flow (CBF) as proxy for
vascular hemodynamics, and '8F-fluorodeoxyglucose PET assessed glucose metabolism (GluMet) to index neuronal activity.
Patients’ BOLD-FC, CBF, and GluMet were reduced within the same precuneal parietal regions. BOLD-FC was positively
associated with mean CBF, specifically in patients and controlled for GluMet levels, suggesting that BOLD-FC reductions
correlate with pASL-derived hypoperfusion in AD, independently from I8F-ﬂuorodeoxyglucose PET-derived hypometabo-
lism. Data indicate that impaired vascular hemodynamic processes contribute to reduced BOLD connectivity in AD.
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Introduction

Reductions in the functional connectivity of blood
oxygenation level dependent signal fluctuations
(BOLD-FC) in resting-state fMRI are consistent find-
ings in Alzheimer’s disease (AD), ranging from preclin-
ical stages to mild cognitive impairment and
dementia.'® BOLD-FC is thought to reflect brain
activity-dependent connectivity, which is considered
relevant for both pathology spread along functional
networks*® and impact on brain organization®’ in
AD. BOLD-FC changes are most consistently located
in temporal and parietal regions of the posterior default
mode network (pDMN) and typically interpreted as a
loss of coherence in neuronal population activity.®’
Since the BOLD signal reflects the hemodynamic
response to neuronal activity, it also highly depends
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on cerebral blood flow (CBF) and oxygenation
changes.'” Therefore, reduced BOLD-FC in AD might
not only reflect changes in neuronal but also in vascular-
hemodynamic processes. Correspondingly, reduced
neuronal activity indexed by reductions in glucose
metabolism (GluMet) approximated by '®F-fluoro-
deoxyglucose (FDG)-PET as well as impaired vascu-
lar-hemodynamic processes indexed by hypoperfusion
estimated by arterial spin labeling (ASL) overlapped
remarkably in the pDMN of AD patients.'""!? Thus,
we hypothesized for the pDMN in AD that independ-
ently from aberrant neuronal activity, impairments in
vascular-hemodynamic processes underlic impairments
in BOLD-FC, i.e. that reductions of CBF are specific-
ally linked with decreased connectivity.

To address this hypothesis, we used a hybrid PET/
MR scanner to simultaneously acquire resting-state
fMRI assessing BOLD-FC, pulsed ASL (pASL), and
FDG-PET in patients with AD and healthy controls.
Mean BOLD-FC and mean CBF of the pDMN were
associated by the use of ANCOVA across all subjects,
controlled for mean GluMet.

Materials and methods
Participants

Forty-two patients (22 females, age range 52—89 years)
and 27 healthy controls (12 females, age range 44-80
years) participated in the study. The ethics committee
of the Technische Universitdt Miinchen approved the
study, which was conducted in accordance with the
principles expressed in the Declaration of Helsinki.
All participants provided informed consent. Patients
were recruited at the Centre for Cognitive Disorders
of the Department of Psychiatry and Psychotherapy
of the Technische Universitdit Miinchen, controls by
newspaper advertisement. Examination of every par-
ticipant included medical history, neurological and psy-
chiatric examination, neuropsychological assessment
(including mini-mental state examination (MMSE))"?
and an PET/MR scan. Inclusion criterion for patients
was the diagnosis of dementia due to probable AD
based on the criteria of the National Institutes on
Ageing and Alzheimer’s Association (NIA-AA).'*
Inclusion criterion for controls was the absence of sub-
jective cognitive impairment. Exclusion criteria for
entry into the study were other neurological, psychi-
atric, or systemic diseases (e.g., vascular dementia,
severe depression, schizophrenia and alcoholism) and
clinically remarkable structural MRI (e.g. stroke
lesions and bleedings) potentially related to cognitive
impairment. With special focus on vascular demen-
tia, patients did not have an abrupt onset of symptoms,
stepwise symptom deterioration, symptom fluctuations,

a substantial change in personality, a history of strokes,
focal neurological symptoms or signs. For 11 patients,
we had evidence for atherosclerosis.

Concerning the final sample contributing to results,
10 patients and 5 healthy controls had to be excluded
due to motion artifacts (3/2; see Supplementary
Material), corrupted data in any imaging modality
(4/3), and microbleeds/hemosiderosis possibly asso-
ciated with cerebral amyloid angiopathy (3/0), resulting
in all analyses being conducted on 32 patients and 22
healthy participants (Table 1). Patients’ mean MMSE
score was 22.1 £4.2, controls showed no relevant cog-
nitive symptoms with MMSE score>27, mean
28.6 £ 1.2. All patients were treated with acetylcholin-
esterase inhibitors and/or NMDA receptor antagonists;
14 patients with AD/11 healthy controls were treated
for hypertension (beta-blockers, ACE-inhibitors, and
calcium channel blockers), 7/4 for hypercholesterolemia
(statins), 2/0 had diabetes mellitus, and 4/4 received anti-
depressant medication (mirtazapine, citalopram). To esti-
mate cerebral microvascular impairment, the Fazekas
score'” and amount of lacunes were assessed by an experi-
enced neuroradiologist (J.G.), which both did not signifi-
cantly differ between groups (Table 1). Furthermore, no
group difference has been observed for fasting blood glu-
cose levels (Table 1), which have been shown to be asso-
clated with cognitive malfunction.'®

Data acquisition

Scanning was performed on an integrated 3T Siemens
mMR  Biograph scanner (Siemens Healthcare,
Erlangen, Germany) using the vendor-supplied

Table I. Demographic, neuropsychological and clinical data.

Healthy
Patients controls b
N 32 22
N Female 18 I 0.617
Mean age in years (SD) 65.9 (7.4) 63.6 (7.3) 0.262
Mean education in 13.3 (3.8) 12.1 (2.6) 0.266
years (SD)
Mean MMSE (SD) 22.1 (4.2) 28.6 (1.2) <0.001
Mean Fazekas score 0.79 (0.83) 0.88 (0.50) 0.699
(SD)
Mean amount of 0.15 (0.46) 0.06 (0.25) 0.494
lacunes (SD)
Mean fasting blood 102.8 (19.9) 100.5 (/6.5) 0.724

glucose level in
mg/dl (SD)

Note: Group comparisons: two-sample t-test (age, education, MMSE,
Fazekas score, amount of lacunes, fasting glucose level), Chi-square test
(sex). MMSE: mini-mental state examination.
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12-channel phased-array head coil. Echo-planar-ima-
ging (EPI)-based fMRI, pASL, MP-RAGE, and an
FDG-PET volume were acquired within the same ses-
sion. Additionally, a FLAIR sequence was acquired to
screen for brain lesions and abnormalities.

The imaging parameters were as follows:

EPI. TR/TE/a=2000ms/30ms/90°; 35 slices (gap
0.6 mm) covering the whole brain; field of view (FOV)
192 mm; matrix size 64 x 64; voxel size 3.0 x 3.0 x
3.0mm?®. Each measurement comprised 240 volumes
with interleaved slice acquisitions and a total scan
time of 8 min.

PASL. For pulsed labeling, we used the proximal inver-
sion with a control for off-resonance effects (PICORE)
technique.'” A single shot EPI readout was used with
TR/TE=2500ms/13ms; 11/16 oblique slices (gap
0.6 mm) aligned to posterior structures of the DMN
comprising bilateral posterior cingulate cortex, precu-
neus, inferior parietal lobule, lateral temporal cortex
and hippocampus; matrix size 64 x 63, voxel size
4 x4 x6mm’. Thin slice periodic saturation pulses
were used to obtain a defined bolus (Q2TIPS)' using
TI1/TIIS/TI2 =700 ms/1200 ms/1500 ms. Each meas-
urement included 80 pairs of label-control acquisitions
and 1 fully relaxed acquisition scan for normalization
with a total scan time of 7min, 20s.

MP-RAGE. TR/TI/TE/ac = 2300 ms/900 ms/2.98 ms/9°; 160
sagittal slices covering the whole brain; FOV 256 mm;
matrix size 256 x 256; voxel size 1.0 x 1.0 x 1.0 mm.

PET. List-mode acquisition was started 30min after
injection (15min acquisition time) and comprised 128
slices covering the whole brain; FOV 450 mm; matrix
size 192 x 192; voxel size 3.7 x 2.3 x 2.7mm. Dixon-
based attenuation correction was performed as supplied
by the scanner manufacturer.

Data preprocessing

Overview. Processing procedures for all modalities
followed standard protocols adapted from previous
studies for FDG-PET and resting-state fMRI' as
well as pASL?*?' using SPM (Wellcome Department
of Cognitive Neurology, London, UK) and custom
programs written in MATLAB (MathWorks, Natick,
MA, USA; see next sections). All parameter maps
were normalized to a standard template provided by
the Montreal Neurological Institute (MNI) using the
same warping parameters. Thereby, we obtained a sub-
ject-specific  co-registered multimodal dataset of
BOLD-FC, quantitative CBF and relative FDG
(rFDG)-uptake maps within MNI space and a final

resolution of 3 x 3 x 3mm®. To evaluate the influence
of regional atrophy on group differences and
ANCOVA results, voxel-based morphometry of MP-
RAGE was performed as described previously*” (see
Supplementary Material).

fMRI data andlysis. FMRI preprocessing steps are
described in detail in the Supplementary Material. In
brief, realignment, co-registeration, normalization to
the MNI standard template and smoothing (FWHM
Gaussian kernel of 8 x 8 x 8mm) were conducted
using SPM12. Three patients with AD and two healthy
controls had to be excluded due to excessive head
motion (maximal translation or rotation >3 mm or 3°
and mean translation or rotation > 0.15 mm or 0.1° rela-
tive to the previous volume). Movement parameters did
not differ between groups. Preprocessed data of all sub-
jects were entered into a group independent component
analysis (ICA)* using the GIFT toolbox (Medical
Imaging Analysis Lab, The Mind Research Network;
http://icatb.sourceforge.net). ICA decomposes each
subject’s resting-state fMRI data into statistically inde-
pendent components. Each component included a spa-
tial map, which reflected that component’s z-scored
BOLD-FC pattern across space and a time course,
which represents the network’s activity across time.
Only spatial maps of the pDMN and the primary
visual network (PVN) were analyzed further as a surro-
gate of each network’s BOLD-FC. While the pDMN
was our region-of-interest for the AD specific link
between CBF and BOLD-FC, the PVN was used as
control region for the specificity of such a link as func-
tion of AD pathology effects on the region. The PVNis a
representative primary sensory network being at least
less impacted by AD pathology than the DMN, particu-
larly in early stages of AD, and it was a component lying
within the limited FOV of the pASL sequence.

PASL data analysis. Spatial preprocessing and calculation
of CBF maps were performed as described previously.”
In brief, after motion correction, the registered pairs of
control and labeled images were subtracted and the 80
difference images were averaged to obtain the perfu-
sion-weighted difference signal AS(control-label) from
the pASL time series. Quantitative CBF maps were
then derived according to a general kinetic model,'®
originally introduced by Buxton et al.** The model
accounts for effects of water exchange between capil-
laries and tissue and has been adapted to the timing of
our sequence.”’ As in our previous work, we used fully
relaxed signal in white matter for normalization.?
ASL-based CBF is principally an absolute measure of
cerebral perfusion, and thus we did not apply any inten-
sity normalization when evaluating whether CBF deter-
mines BOLD-FC on an absolute scale. CBF maps were
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normalised to MNI space and smoothed (FWHM
Gaussian kernel of 8 x 8 x § mm).

FDG-PET data andlysis. FDG-uptake maps were co-
registered to the individual MP-RAGE images, normal-
ised to MNI space and scaled by the mean FDG-uptake
of the cerebellum.” Similar to fMRI and ASL data
preprocessing, resulting rFDG-uptake maps were
resampled to an isotropic voxel size of 3 x 3 x 3 mm’
and smoothed by an FWHM Gaussian kernel of
8x8x8mm. In order to sustain voxel-wise

comparability between all three modalities, we did not
apply individual correction for partial volume effects.
We rather preferred to evenly control for differences in
grey matter density by introducing it as a confounding
variable in all analyses.

Multimodal analysis. We used pDMN and PVN masks,
from a previous study®> based on an independent
sample of healthy elderly, assessed by resting-state
fMRI and ICA-based analysis as described above
(Figure 1(a)). These masks were used for all further

)

controls > patients

A BOLD-FC O( ‘
0 2 Y

t-value

A CBF

ArFDG

overlap
group differences
controls > patients

Figure 1. Spatial overlap of reduced BOLD-FC, CBF and rFDG-uptake in AD patients compared to healthy controls. (a) ICA-based
pDMN mask of an independent sample of healthy elderly. This mask was restricted to grey matter and used for all further group

comparisons. (b) Group differences and spatial overlap of areas with reduced BOLD-FC (A BOLD-FC (red)), CBF (A CBF (cyan)) and
relative FDG-uptake (A rFDG (blue)) in patients compared to healthy controls are demonstrated by statistical parametric maps (SPM)
(two-sample t-test, p < 0.05 FWE corrected). All SPMs are projected onto a normalized single-subject anatomical T|-weighted data
set. pDMN: posterior default mode network; BOLD-FC: blood oxygenation level dependent—functional connectivity; CBF: cerebral

blood flow; FDG: '8F-fluorodeoxyglucose.
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statistical analyses. To restrict results to grey matter,
group comparisons in all modalities were masked
with a user defined grey matter template (probability
threshold at 0.5) for all subjects. Mean BOLD-FC,
rFDG-uptake and CBF values were extracted from
the same grey matter template using MATLAB scripts.

Maps of BOLD-FC, CBF and rFDG-uptake were
subjected to a two-sample f-test between groups, con-
trolled for age, sex and mean grey matter volume using
SPM12.

To test whether absolute baseline blood flow is asso-
ciated with BOLD-FC in the pDMN/PVN independ-
ently of hypometabolism, we conducted an ANCOVA
within a univariate general linear model approach as
implemented in SPSS23 (IBM, Armonk, NY, USA)
with pDMN’s/PVN’s mean BOLD-FC as the depend-
ent variable. Independent variables were the factors
group (patients vs. healthy controls), the pDMN’s/
PVN’s mean CBF, and the interaction of group with
mean CBF. To investigate the effects of CBF on
BOLD-FC independently from effects of neuronal
activity, we adjusted for the effects of pDMN’s/PVN’s
mean rFDG-uptake. In a second step, we added the
covariates age, sex and mean grey matter volume
within the pDMN/PVN to the ANCOVA model. To
analyse the direction of significant interaction effects,
Pearson correlation analysis was performed and result-
ing correlation coefficients were compared between
groups using Fisher r-to-z transformation. To compare
group specific effects on mean BOLD-FC of mean CBF
and rFDG-uptake, respectively, we replaced the

interaction term of group x mean CBF by group-
x mean rFDG-uptake in the ANCOVA model.
Finally, to exclude the possibility that differences in
the variances of the three measures may have been
accountable for the ANCOVA results, we conducted
a Levene’s test for equal variances.

Furthermore, we performed a voxel-wise multiple
linear regression to spatially localize the observed associ-
ations of mean BOLD-FC and CBF in patients’ pDMN
using SPM12. Here, voxel-wise BOLD-FC maps were
the dependent variable and mean CBF was the predicting
variable, controlling for mean rFDG-uptake.

Significance levels of all clusters of voxel-wise
two-sample #-tests and voxel-wise multiple regression
analysis were set to p <0.05 FWE corrected, k > 50.
For voxel-wise two-sample f-tests, a cluster defining
primary threshold of p <0.001 was used according to
Woo et al.*®

Results

Patients had lower BOLD-FC in the precuneus/poster-
ior cingulate cortex and the inferior parietal lobule of
the pPDMN compared to healthy controls (Figure 1(b);
Table 2, two-sample r-test, k > 50, p <0.05, FWE cor-
rected). In addition, patients also showed reduced CBF
and rFDG-uptake, focusing on the medial and lateral
parietal areas of the pDMN, which were overlapping
with BOLD-FC reductions in the pDMN (two-sample
t-test, k> 50, p<0.05 FWE corrected; Figure 1(b);
Table 2). No significant CBF and rFDG-uptake

Table 2. Group differences in BOLD-FC, CBF and rFDG-uptake within pDMN, controlled for age, sex and atrophy.

Anatomical region L/R Cluster Z-score T-value p(FWE corr.) MNI (x y z)
Two-sample t-test, controls > patients, controlled for age, sex, and atrophy
BOLD-FC pDMN
Inferior parietal lobule R 79 443 4.94 0.006 42 -60 42
Posterior cingulate cortex R 169 4.19 4.63 <0.001 0-42 34
Posterior cingulate cortex R 3.96 4.32 <0.001 2 -44 26
Precuneus R 3.82 3.56 <0.001 6 -58 42
Inferior parietal lobule L 6l 3.90 4.25 0.014 -44 -68 26
CBF
Precuneus R 2358 5.71 6.84 <0.001 4 -66 46
Precuneus L 5.51 6.53 <0.001 -4 -68 46
Inferior parietal lobule 1109 5.72q 6.86 0.002 -40 -72 44
rFDG-uptake
Posterior cingulate cortex R/L 2215 6.18 7.6l <0.001 0 -58 34
Inferior parietal lobule L 1178 6.18 7.66 0.001 -50 -66 32
Inferior parietal lobule R 1548 7.08 941 <0.001 44 -68 40
Inferior temporal gyrus R 177 5.30 6.20 0.045 64 -42 -6

CBF: cerebral blood flow; BOLD-FC: blood oxygenation level dependent functional connectivity; rFDG: relative FDG; pDMN: posterior default mode

network; MNI: Montreal Neurological Institute.
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group differences have been observed in the temporal
lobe in accordance with Chen et al.'!

The overlap of reductions in all three modalities
suggests contributions of hypoperfusion and hypome-
tabolism to BOLD-FC decreases in patients. To test for
independency of perfusion effects from hypometabo-
lism, we conducted an ANCOVA of mean BOLD-
FC. We found a significant main effect of group
(»=0.011), confirming the aforementioned group dif-
ferences in BOLD-FC. Critically, we also found an
interaction effect of group x mean CBF, indicating
that group differences in BOLD-FC are further modu-
lated by baseline pDMN perfusion (p =0.024). Pearson
correlations supported distinct relations between mean
CBF and BOLD-FC for both groups: patients/
healthy controls had averaged correlation coefficients
of r=0.341/—0.328, p=0.028/0.068, and correlation
coefficients were significantly different between groups
as tested by the Fisher r-to-z transformation (z=2.36,
p=0.018, Figure 2). As controls showed no significant
positive relation between BOLD-FC and perfusion,
the interaction effect on BOLD-FC suggests that the
positive correlation of BOLD-FC and perfusion is spe-
cific for the patient group. Then, to control for poten-
tial confounding effects of age, sex, and grey matter

volume in the pDMN, we added corresponding co-
variates in the ANCOVA model. Again we found a
main effect of group (p=0.029) and an interaction
effect of group x mean CBF (p=0.045), indicating
that our result is not influenced by age, sex, or grey
matter volume. Results were not driven by potentially
more affected patients with early onset AD (<65years,
N = 14; Supplementary Material).

Furthermore, no significant interaction effect of
group x mean rFDG-uptake was observed (p =0.608)
when replacing the interaction term group x mean
CBF, suggesting a specific group effect of mean per-
fusion on mean BOLD-FC. Levene’s test found no
significant group differences of variances (mean BOLD-
FC: F=0.058, p=0.811; mean CBF: F=0.015,
p=0.902; rFDG-uptake: F=2.960, p=0.091), sup-
porting reliability of our approach. Furthermore,
to estimate the dependence of mean CBF and
rFDG-uptake in the ANCOVA model, we performed
a correlation analysis for both variables. In line with
the literature,”” mean pDMN’s CBF and rFDG-uptake
were not significantly correlated (patients: r=0.132,
p=0.236; controls: r=-0.121, p=0.296), indicating
them as independent variables. One should note that
intra-individually, voxel-wise CBF and rFDG-uptake

3 i
* Patients
* Controls
* *
25+ by
©
=
2
b )
Q
k-
8 1ar
O
o
1 =
05 | | | | 1 | |
~0 10 20 30 40 50 60 70
GBF (ml/100g/min)

Figure 2. AD specific association of mean BOLD-FC with CBF in the pDMN, independently from glucose metabolism. ANCOVA of
mean BOLD-FC with the independent variables group and mean CBF (controlled for mean relative FDG-uptake, age, sex, and mean
grey matter volume of the pDMN) revealed a significant main effect of group and interaction effect of group x mean CBF on
BOLD-FC. Scatterplot and correlation between pDMN’s mean CBF and mean BOLD-FC to depict interaction effect (patients (blue):
r=0.341, p=10.028 and healthy controls (red): r=—0.328, p =0.068).
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t-value

Figure 3. Voxel-wise multiple regression of BOLD-FC and pDMN’s mean CBF (controlled for mean rFDG-uptake) in patients. Mean
CBF in the pDMN was positively associated with BOLD-FC in a cluster in precuneus, independently from mean rFDG-uptake (MNI
coordinates 2 -60 28; k=175, T=4.39, p =0.050 FWE corrected).

were highly correlated across voxels of the pPDMN (for
detailed description see Supplementary Material and
Supplement Figure 1).

To control further for the effect of AD pathology on
the AD specific link between CBF and BOLD-FC inde-
pendent from neuronal activity, we repeated our
ANCOVA model analysis for the PVN. The PVN
was chosen for two reasons: it was within the FOV of
ASL imaging, and it is known to be less affected by AD
pathology in early stages of the disease. Accordingly, as
tested by two-sample ¢-tests, mean CBF, rFDG-uptake,
and BOLD-FC were not different across groups.
Furthermore, based on the same ANCOVA approach
as applied for the pDMN, we did not find significant
main effects of group (p =0.922), mean CBF (p =0.868)
and interaction effects of group xmean CBF
(»=0.622) on mean BOLD-FC. This result suggests
that GluMet independent perfusion effects on BOLD-
FC are specific for the pDMN, and therefore due to the
specific impact of AD on pDMN metabolism and per-
fusion, a function of regional AD effects.

To localize GluMet independent effects of baseline
perfusion on BOLD-FC of the pDMN in patients, we
conducted a voxel-wise multiple linear regression with
BOLD-FC maps as the dependent variable and mean
CBF as predicting variables, adjusted for the effects
of mean rFDG-uptake. Mean CBF was positively asso-
ciated with BOLD-FC independently from GluMet in a
cluster within the precuneus (MNI coordinates 2 -60 28;
k=175, T=4.39, p=0.050 FWE corrected, Figure 3).
This cluster was overlapping with group difference

clusters for CBF, suggesting that group differences in
BOLD-FC were further modified by hypoperfusion,
particularly in the medial pDMN. Mean rFDG-
uptake was not significantly associated with voxel-
wise BOLD-FC in the pDMN, indicating that the
level of pDMN hypometabolism was not linked with
BOLD-FC. To control whether the specific link
between BOLD-FC and mean CBF was due to different
variance of both regressors mean rFDG-uptake and
mean CBF, we analyzed relative standard deviations,
indicating how tightly data cluster around the mean.
We found small relative standard deviations for both
mean rFDG-uptake (0.10) and mean CBF (0.28), sup-
porting the specificity of the association between
BOLD-FC and mean CBF.

Discussion

To test the hypothesis that BOLD-FC reductions in
AD reflect changes in vascular-hemodynamic processes
independently from decreases in neuronal activity, we
assessed patients with AD and healthy controls by sim-
ultancous resting-state fMRI, pASL, and FDG-PET.
We found overlapping reductions in BOLD-FC, CBF,
and rFDG-uptake in the pDMN of patients, namely
the precuneus. Critically, BOLD-FC reductions were
correlated with pASL-derived hypoperfusion — inde-
pendently from FDG-PET-derived glucose hypometa-
bolism, specifically in patients and specifically in the
pDMN. These results provide first evidence that
impairments of vascular hemodynamic processes



Gottler et al.

1321

contribute to impaired BOLD-FC in patients with AD,
independently from reductions in neuronal activity.

We found reductions in BOLD-FC, CBF and
rFDG-uptake within the pDMN, controlling for age,
sex and atrophy (Figure 1, Table 2), being in line with a
multitude of previous reports.'>2%?® Remarkably, we
found that reductions of blood flow and GluMet in
patients largely overlapped with BOLD-FC reductions
(Figure 1), suggesting a tight coupling between distinct
measures, particularly for their decreases in AD.
Concerning GluMet, it has been shown previously
that metabolism decreases relate with both decreases
in blood flow'""'* and BOLD-FC% in AD.

Using ANCOVA of mean BOLD-FC, controlled for
rFDG-uptake, we found a significant main effect of
group and an interaction effect of group and mean
CBF on mean BOLD-FC of the pDMN (Figure 2).
Effects were independent from age, sex and atrophy.
No corresponding significant interaction effect of
group and mean rFDG-uptake on mean BOLD-FC
was observed. This means that parts of the variance
of the BOLD-FC group differences are explained spe-
cifically by baseline CBF reductions independently
from GluMet. This finding is specific for AD patients,
since only patients showed a significant positive associ-
ation of mean BOLD-FC with CBF, indicating that
baseline pASL-derived CBF reductions are linked
with decreased mean BOLD-FC only under conditions
of AD, independent of mean FDG-PET-derived hypo-
metabolism. Concerning regional specificity, our find-
ing of a hypometabolism independent positive
association of mean CBF and voxel-wise BOLD-FC
focuses on the precuneal pPDMN (Figures 1 and 3), sug-
gesting complex interaction trajectories among distinct
pathophysiological processes in the precuneus.
Moreover, perfusion effects on BOLD-FC were specific
for the pDMN as confirmed by a control analysis using
the PVN in the adjacent occipital cortex. Therefore, our
study supports the notion that in AD, vascular-hemo-
dynamic factors disrupt BOLD-FC specifically in parts
of the pDMN beyond the effects of reduced neuronal
activity.

In fact, vascular lesions are very common in AD;
30-60% of all cases exhibit signs of impaired vascular
function such as artherosclerosis, leukoaraiosis, lacunar
infarcts, microinfarcts, cerebral amyloid-B angiopathy
and microbleeds.’® Most cardiovascular risk factors,
such as hypercholesterinaemia, hypertension, and dia-
betes also increase the risk of developing AD.*'**> Most
interestingly, alterations of vascular hemodynamics
were found to precede amyloid-B plaque deposition™®
and residuals of such alterations are even regarded as
the earliest appearing neuropathological hallmark of
AD by some authors.***> Soluble oligomeric amyloid-B
peptides, main ingredients of amyloid-B plaques,

are known to exert synaptotoxic effects and therefore
have been proposed to initiate neuronal impairment.*®
There is a mounting body of evidence that vascular
changes are one of the factors that seem to induce
amyloid-B peptide production. Tissue hypoxia and
hypoperfusion, for instance, can lead to amyloid-B
peptide production by activating the enzyme B-secre-
tase.’’*® Some studies also suggested that amyloid-B
plaque deposition is promoted in stroke infarction.?**
In addition, clearance of amyloid-B plaques from the
interstitial space has been found to be reduced in AD,*'
which might also be caused by vascular dysfunction.*
Moreover, amyloid-B plaques themselves are known to
impair vascular function.*® In a transgenic mouse
model, for instance, reductions of CBF have been
demonstrated in regions with overexpression of
amyloid-B precursor protein by boosting the effects of
vasoconstricting factors.*** This condition in turn
might induce an accelerated amyloid-B accumulation
resulting in a vicious cycle of amyloid-B accumulation
and vascular damage.

In general, BOLD-FC seems to be intimately linked
with AD pathology, e.g. BOLD-FC of the pDMN
was found to be a predictor for the spatial pattern of
amyloid-B plaque deposition in individual patients
across the spectrum of AD.” Although it is well
known that the BOLD signal depends on both neuronal
and hemodynamic processes,***’ changes in BOLD-FC
in AD are typically interpreted with regard to changes
in neuronal activity only — ignoring potentially relevant
hemodynamic contributions. This might partially
be due to paradigmatic neuronal-based interpretations
of BOLD-FC reductions in AD, such as proposed
synaptotoxic effects of amyloid-B initiating neuronal
impairment.’® At the same time, amyloid-B plaques
also impair vascular function as described above.
Therefore, our result suggests an additional pathway
for changing BOLD-FC, in which amyloid-B directly
impairs vascular dynamics resulting in aberrant
BOLD-FC. Due to the potential relevance of neuronal
connectivity for cognitive performance,” this pathway
might turn out to be interesting for both further patho-
physiological and specific intervention-related research.
Due to the link between BOLD-FC and amyloid-B
spread and its potential neuronal impact, a number of
further questions are triggered, for example how direct
and indirect pathways of amyloid-B effects on BOLD-
FC interact or depend on vascular integrity.

The current study has several strengths and limita-
tions. First, one strength is the methodologically rigor-
ous approach of simultanecous PET/MR measurement,
ensuring that distinct measures derive from the same
state of the subject avoiding confounds of serial assess-
ments. Second, limiting is a potential confound induced
by hypoperfusion on BOLD-FC detection. It has been
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discussed that BOLD-signal amplitude is reduced in
hypoperfused brain regions being associated with a
lower signal-to-noise ratio, consequently leading to
reduced BOLD-FC.*® We controlled for this potential
confound by comparing both temporal signal-to-noise
ratio (mean BOLD-signal divided by the temporal
standard deviation of BOLD-fluctuations) and variance
of precuneus BOLD activity across groups. For both
measures, we did not observe significant group differ-
ences. Third, BOLD-FC can also be influenced by local
reductions in cerebrovascular reactivity, i.e. adaptabil-
ity, following vasodilatory stimuli, also being asso-
ciated with hypoperfusion** and impaired in AD.*°
Therefore, one should note that our phrasing of ‘vascu-
lar hemodynamic’ effects on BOLD-FC should indicate
that several hemodynamic factors might be relevant for
BOLD-FC reductions in AD. Thus, future studies
should explicitly test for these factors such as vascular
reactivity or oxygenation. Fourth, the limited FOV of
the pASL sequence did not include most of the frontal
cortex. Consequently, we could not evaluate perfusion
effects on networks that are located in this brain region,
e.g. the sensorimotor network, salience network and
the left and right frontoparietal attention network.
However, no significant BOLD-FC and rFDG-uptake
decreases were found in these networks, suggesting that
the frontal lobe was not severely affected in our study
cohort. Fifth, FDG-uptake and ASL are not 100%
related to either neuronal or vascular origins, as both
physiological measures are strongly related. Both mod-
alities have their shortcomings, such as FDG-uptake
being partially perfusion dependent itself’' and ASL
being prone to delayed arterial transit.> Especially at
the rather short inversion time of 1500 ms, which we
employed as a good trade-off between perfusion
weighting and a sufficiently high SNR according to lit-
erature’®>!*>* we cannot exclude that prolonged arterial
transit times (ATT) in elderly individuals might impact
CBF measurements as the labeled blood might not have
reached the capillaries at the time point of signal read-
out yet. This can result in significant signal increases in
the pre-capillary arterioles and signal drop-outs espe-
cially in typical watershed areas. Increased ATT has
been shown to increase variance of CBF-maps and
therefore may introduce increased inter-subject vari-
ability,”® which might provide one explanation for
the lack of correlation between mean CBF and glucose
uptake across subjects, contradicting some PET-based
studies.>>>® Moreover, other inherent technical limita-
tions of either modality (e.g. signal losses due to mag-
netic field inhomogeneities in fronto-temporal regions
in gradient-echo EPI acquisitions in ASL or inaccura-
cies introduced by MR-based attenuation correction in
PET’’) might further impact correlation between both
methods. Indeed, reduced inter-subject correlation of

ASL-CBF and PET-GluMet was found, e.g. in parieto-
temporal regions of young subjects, where ATT artifacts
are supposed to be less severe.”” These technical limita-
tions definitely have to be kept in mind when considering
our finding that pASL-based perfusion effects on BOLD-
FCin AD are independent of FDG-PET-derived glucose
metabolism. Additionally, controlling the mean ASL
signal by mean rFDG-uptake might regress out some
perfusion information. However, as still more variance
of BOLD-FC was explained by this rFDG-corrected
ASL signal, our procedures reflect rather conservative
analyses to assess perfusion effects on BOLD-FC.
Lastly, we had a heterogeneous patient group of early
and late onset AD patients. However, control analyses
provided no evidence that results were strongly driven by
either early or late AD onset. Furthermore, as all patients
and none of the controls received multiple acetylcholin-
esterase inhibitors or memantine, medication effects
could constitute a confounding factor, which needs to
be addressed in future studies.

Conclusion

We demonstrated that pASL-derived hypoperfusion in
the pDMN correlates with impaired BOLD-FC — both
independently from FDG-PET-derived glucose hypo-
metabolism and specifically in patients with AD.
Results suggest that impairments in vascular-hemody-
namic processes distinctively underlie impairments in
coherence of BOLD-FC in AD.
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