
Contents lists available at ScienceDirect

NeuroImage: Clinical

journal homepage: www.elsevier.com/locate/ynicl

Misery perfusion and amyloid deposition in atherosclerotic major cerebral
artery disease

Hiroshi Yamauchia,⁎, Shinya Kagawaa, Masaaki Takahashia, Naoya Oishib, Masahiro Onoc,
Tatsuya Higashia,d

a Division of PET Imaging, Shiga Medical Centre Research Institute, Moriyama, Japan
bHuman Brain Research Center, Graduate School of Medicine, Kyoto University, Kyoto, Japan
c Department of Patho-Functional Bioanalysis, Graduate School of Pharmaceutical Sciences, Kyoto University, Kyoto, Japan
dNational Institute of Radiological Sciences, National Institutes of Quantum and Radiological Science and Technology, Chiba, Japan

A R T I C L E I N F O

Keywords:
Amyloid
Cerebrovascular disease
Positron emission tomography
Misery perfusion

A B S T R A C T

Although experimental studies have shown that global cerebral hypoperfusion leads to amyloid deposition in the
hemisphere with carotid artery occlusion in rodents, the results of such occurrence are controversial in humans.
Hence, we aim to determine whether global cerebral hypoperfusion leading to decreased blood flow relative to
metabolic demand [increased oxygen extraction fraction (OEF), misery perfusion] is associated with increases in
amyloid deposition in the hemisphere with atherosclerotic major cerebral artery disease in patients. We eval-
uated the distribution of β-amyloid plaques using positron emission tomography and a [18F]-pyridylbenzofuran
derivative (18F-FPYBF-2) in 13 patients with unilateral atherosclerotic disease of the internal carotid artery (ICA)
or middle cerebral artery (MCA) disease and no cortical infarction. The distribution volume ratio (DVR) of 18F-
FPYBF-2 was calculated using dynamic data and Logan graphical analysis with reference tissue and was cor-
related with the cerebral blood flow (CBF), cerebral metabolic rate of oxygen (CMRO2), and OEF, obtained from
15O-gas PET. The mean cortical value was calculated as the mean value within the frontal, posterior cingulate,
precuneus, parietal, and lateral temporal cortical regions. Significant reductions in CBF and CMRO2 and in-
creases in OEF were found in the hemisphere ipsilateral to the arterial lesion compared with the contralateral
hemisphere. There was no significant difference for 18F-FPYBF-2 DVR between hemispheres. The ipsilateral to
contralateral ratio of the 18F- FPYBF-2 DVR was increased in 3 patients, while the ipsilateral to contralateral OEF
ratio was increased in 4 patients. The incidence of an increased hemispheric DVR ratio was significantly higher
in patients with an increased hemispheric OEF ratio (3/4) than in patients without (0/9) (p < 0.02). Although
the 18F- FPYBF-2 DVR in the ipsilateral hemisphere was positively correlated with OEF after adjustment for the
18F- FPYBF-2 DVR in the contralateral hemisphere using multiple regression analysis (p < 0.05), the con-
tribution rate of OEF was small (R2=5.5%). Only one of the 4 patients with an increased hemispheric OEF ratio
showed amyloid positivity based on the DVR value. In atherosclerotic major cerebral artery disease, misery
perfusion accompanied only small increases of amyloid deposition at best. Misery perfusion was not associated
with amyloid positivity.

1. Introduction

Epidemiological studies have shown that risk factors for cere-
brovascular disease (CVD) increase the risk of developing Alzheimer's
disease (AD).(Breteler, 2000; Gupta and Iadecola, 2015) Several studies
have suggested a potential interaction between CVD and amyloid
plaque formation, a core pathological features of AD. (Gupta and
Iadecola, 2015; Liu et al., 2015) Postmortem studies in patients with AD
have reported pronounced atherosclerosis in the circle of Willis,

(Yarchoan et al., 2012) suggesting the presence of cerebral hypo-
perfusion. The cerebral hypoperfusion due to athero- or arteriosclerosis
of the cerebral arteries may be one of the factors contributing to the
accelerated deposition of beta amyloid (Aβ) in the brain parenchyma or
vasculature, through either increased production or decreased clear-
ance.(Gupta and Iadecola, 2015)

Experimental studies in vitro have shown that hypoxia and/or
ischemia promote the cleavage of Aβ from the amyloid precursor pro-
tein by up-regulating β-secretase expression and activity.(Iadecola,
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2010; Zhang et al., 2007; Zlokovic, 2011) An increase in amyloid de-
position in the brain parenchyma or vasculature has been shown in
rodent models of global cerebral hypoperfusion following carotid artery
occlusion. (Kitaguchi et al., 2009; Okamoto et al., 2012; Zhiyou et al.,
2009) Furthermore, reduced flow in the area distal to the athero-
sclerotic narrowing of the cerebral arteries could impair the vigorous
blood flow needed to efficiently clear Aβ via the perivascular routes.
(Gupta and Iadecola, 2015) However, the association between cerebral
hypoperfusion and amyloid deposition in humans is controversial.
Better understanding of this issue is clinically important because the
optimal management of vascular risk factors can prevent chronic cer-
ebral hypoperfusion,(Yamauchi et al., 2018) which may delay pro-
gression of AD. (Gottesman et al., 2017; Larson et al., 2013)

Positron emission tomography (PET) can reveal amyloid plaque
distribution in patients with ischemic stroke.(Liu et al., 2015) Studies
on the effect of cerebral hypoperfusion and the presence of carotid
artery disease on amyloid deposition have yielded conflicting results.
(Hansson et al., 2018; Huang et al., 2012; Sahathevan et al., 2016) One
earlier study showed increased amyloid deposition in the hemisphere
distal to carotid stenosis (Huang et al., 2012), while another 2 studies
did not. (Hansson et al., 2018; Sahathevan et al., 2016) Furthermore,
one of the negative studies showed no association between local amy-
loid deposition and local hypoperfusion in comparisons using perfusion
imaging. (Hansson et al., 2018) The reason for the controversial find-
ings might be that the presence of carotid artery disease does not ne-
cessarily translate into global cerebral hypoperfusion leading to de-
creased blood flow relative to metabolic demand [increased oxygen
extraction fraction (OEF), misery perfusion], (Baron et al., 1981;
Powers, 1991) which may be essential for increased Aβ production. In
many patients, collateral perfusion or autoregulatory vasodilation can
compensate for the reduction in perfusion pressure due to artery dis-
ease. Furthermore, the development of cerebral infarction or selective
neuronal damage (Baron et al., 2014; Yamauchi et al., 2007) may de-
crease the metabolic demand in the brain. Thus, in most stroke patients
with carotid artery disease, reduction in CBF may be accompanied by a
decrease in the cerebral metabolic rate of oxygen (CMRO2) without
increasing OEF (matched low perfusion).(Powers, 1991; Yamauchi
et al., 2012) Global increases in OEF (misery perfusion) may be es-
sential in the accelerated deposition of Aβ in the brain through either
increased production or decreased clearance.(Gupta and Iadecola,
2015) Lastly, cerebral hypoperfusion may affect the distribution of the
PET amyloid ligand by changing delivery and clearance to and from
brain tissue. (van Berckel et al., 2013) However, quantitative evalua-
tion of amyloid deposition was not performed in previous studies. To
address this issue, hemodynamic and metabolic parameters as well as
amyloid deposition should be directly measured, and to the best of our
knowledge, no studies have investigated the association between global
misery perfusion and amyloid deposition in patients with major cere-
bral artery disease, using quantitative measurements of these para-
meters with PET. Hence, in this study we aim to determine whether
global cerebral hypoperfusion leading to decreased blood flow relative
to metabolic demand (increased OEF, misery perfusion) is associated
with increases in amyloid deposition in the hemisphere with athero-
sclerotic internal carotid artery (ICA) or middle cerebral artery (MCA)
disease.

2. Materials and methods

2.1. Patients

We recruited 13 consecutive patients with unilateral atherosclerotic
occlusion or stenosis of the ICA or MCA (Table 1). They were referred to
our PET unit over a period of 12months to undergo hemodynamic
evaluation as part of a clinical assessment to determine the need for
vascular reconstructive surgery. Inclusion criteria were: (1) occlusion or
stenosis of the extracranial ICA (> 60% diameter reduction according

to the North American Symptomatic Carotid Endarterectomy Trial cri-
teria (North American Symptomatic Carotid Endarterectomy Trial
Collaborators., 1991)) or intracranial ICA or MCA (>50% diameter
reduction according to the WASID criteria (Samuels et al., 2000)) as
documented by conventional or magnetic resonance angiography; (2)
functional independence in daily life (a modified Rankin Scale
score < 3); and (3) for symptomatic patients, history of transient is-
chemic attack (TIA) or minor completed stroke in the ICA or MCA
distributions. The exclusion criteria were: (1) infarction in the cerebral
cortex ipsilateral or contralateral to the arterial lesion or infarction in
the cerebellum detectable on routine MRI images (T1-weighted, T2-
weighted, or fluid-attenuated inversion recovery images); (2) history of
TIA or stroke in regions other than the relevant ICA or MCA territory;
(3) history of vascular reconstructive surgery; (4) contralateral ICA or
MCA stenosis (> 50%), (5) presence of potential sources of cardiogenic
embolism; or (6) major psychiatric or neurological disease other than
TIA or stroke.

The patients included 9 men and 4 women aged 47–83 years
(mean ± standard deviation: 69 ± 8 years) (Table 1). Of the 13 pa-
tients enrolled, 2 were asymptomatic, 3 experienced TIA, and 8 had
completed stroke. The interval between the diagnosis of artery diseases
and PET evaluation was 3.2 ± 3.9months (range, 0.4–13.4months).
The interval between the stroke event and PET evaluation in sympto-
matic patients was 3.2 ± 2.9months (range, 0.4–10months). The
qualifying artery occlusion type was extracranial ICA occlusion in 3
cases, extracranial ICA stenosis in 4, intracranial ICA occlusion in 2,
MCA occlusion in 3, and MCA stenosis in 1. MRI revealed internal
border zone infarction in 3 cases, superficial perforator infarction in 6,
and deep perforator infarction in 2. No patients complained of episodic
memory impairment.

All protocols in this study were approved by the Shiga General
Hospital Institutional Review Board, the Human Study Committee
(number 99). All participants provided written informed consent. All
experiments were performed in accordance with the Declaration of
Helsinki and Good Clinical Practice.

2.2. PET measurements

We performed PET scans using a whole-body scanner (GE Advance;
General Electric Medical System, Wauwatosa, WI), which permits si-
multaneous acquisition of 35 image slices with inter-slice spacing of
4.25mm.(Okazawa et al., 2001) Performance tests showed the intrinsic
resolution of the scanner to be 4.6 to 5.7mm in the transaxial direction
and 4.0 to 5.3mm in the axial direction. A transmission scan was

Table 1
Patient characteristics.

Characteristic

No. of patients 13
Age, years (mean ± SD) 69 ± 8

Sex
Male, n 9
Female, n 4
Symptomatic, n 11
Cerebral infarction, n 11

Qualifying artery, n
ICA (occlusion/stenosis) 9 (5/4)
MCA (occlusion/stenosis) 4 (3/1)

Comorbidities, n
Hypertension 8
Diabetes mellitus 3
Ischemic heart disease 0
Hypercholesterolemia 4
Smoking habit (current and former), n 5

ICA, internal carotid artery; SD, standard deviation.
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performed using 68Ge/68Ga for attenuation correction in each patient
before administration of the tracer. During reconstruction of the PET
data using filtered back projection, images were blurred to 8.5mm of
the full width at the half maximum in the transaxial direction using a
Hanning filter. Functional images were reconstructed as 128×128
pixels, with each pixel representing an area of 2.0× 2.0mm.

First, a series of 15O-gas experiments was performed.(Okazawa
et al., 2001) A small cannula was placed in the left brachial artery for
blood sampling. The participants continuously inhaled C15O2 and 15O2

through a mask. The scan time was 5min. Bolus inhalation of C15O with
scanning for 3min was used to measure the CBV. Arterial samples were
manually obtained during the scanning. The radioactivity of the
radiotracer, oxygen content, and hematocrit were also measured.

We developed a benzofuran derivative for the imaging of Aβ pla-
ques, 5-(5-(2-(2-(2-[18F]fluoroethoxy)ethoxy)ethoxy)benzofuran-2-yl)-
N-methylpyridin-2-amine ([18F]FPYBF-2).(Ono et al., 2011) Following
the 15O-gas experiment, an 18F- FPYBF-2 evaluation was performed.
(Higashi et al., 2018; Nishii et al., 2018) 18F-FPYBF-2 was prepared in-
house. The 18F-fluoride was produced with a cyclotron (CYPRIS HM18;
Sumitomo Heavy Industries Ltd., Tokyo, Japan) by the 18O(p,n)18F
reaction on 98% enriched 18O water. The radiosynthesis of 18F-FPYBF-2
was performed using a modification of the methods described by Ono
et al. (Ono et al., 2011) on a hybrid, cassette-type multipurpose auto-
matic synthesizer module (JFE Engineering Corporation, Tokyo,
Japan). The fluorination of the mesylate precursor occurred in dimethyl
sulfoxide in the presence of Kryptofix 2.2.2 and potassium carbonate.
The mixture was then treated with aqueous hydrochloric acid. After
purification of the crude product by high-performance liquid chroma-
tography, 18F- FPYBF-2 was eluted with 2.5% ethanol in saline. Specific
activities at the time of injection were 338.7 ± 50.9 GBq/μmol. Pa-
tients received approximately 200MBq of 18F- FPYBF-2 by slow in-
travenous injection into the right antecubital vein. A 70-min dynamic
PET scan was started at the time of tracer administration with frame
durations of 10 s× 6, 15 s× 8, 30 s× 4, 60 s× 5, 5min× 4, and
10min× 4.

We calculated the CBF, CMRO2, and OEF using the steady-state
method.(Frackowiak et al., 1980; Okazawa et al., 2001) The CMRO2

and OEF were corrected according to the CBV.(Lammertsma and Jones,
1983)

The standardized uptake value (SUV) for 18F- FPYBF-2 was calcu-
lated as follows: SUV=C (kBq/ml)/ID (kBq)/body weight (g); where C
represents the tissue activity concentration measured by PET, and ID
represents the injected dose.

The distribution volume ratio (DVR) of 18F- FPYBF-2 was calculated
using dynamic data and Logan graphical analysis with reference tissue,
with the cerebellar cortex as the reference region. (Logan et al., 1996;
Lopresti et al., 2005) In patients with ICA or MCA disease, the cere-
bellar cortex ipsilateral to the arterial disease was used as the reference
region because the effect of cerebellar deafferentation was unclear. We
selected one tomographic plane corresponding to the level of the cer-
ebellar cortex and pons obtained from the early phase of dynamic PET
data. We manually placed an irregular region of interest (ROI) in the
cerebellar cortex. The ROI was transferred to the dynamic PET data for
the calculation of DVR.

2.3. Data analysis

For 18F- FPYBF-2 PET scanning analysis, in-house PET template
construction was performed for 18F-FPYBF-2 PET.(Ashburner and
Friston, 1999; Higashi et al., 2018; Kudo et al., 2007) In addition to the
DVR value, the standardized uptake value ratio (SUVR) of each region,
indicating amyloid deposition, was calculated as follows: SUVR= SUV
brain / SUV cerebellar cortex, where SUV brain and SUV cerebellar
cortex indicate the SUV in each brain region and the cerebellar cortex,
respectively, since the cerebellar cortex can be used as a reference brain
region that lacks amyloid plaque.(Kudo et al., 2007; Price et al., 2005)

To obtain quantitative regional DVR or SUVR values of 18F-FPYBF-2
PET, we performed automated ROI analyses. The automated anatomical
labeling atlas (AAL),(Tzourio-Mazoyer et al., 2002) which is publicly
and widely available from the Internet (MRIcro/MRIcron, http://www.
mricro.com/), was used for template-based predefined ROIs. The AAL
atlas consists of 45 anatomical ROIs in each hemisphere and a cere-
bellar parcellation with 26 ROIs.(Schmahmann et al., 1999) The AAL
ROIs were finally masked with the gray matter defined by the MNI152
standard-space T1-weighted average structural template image avail-
able from the FSL software (http://www.fmrib.ox.ac.uk/fsl) and used
as the predefined ROIs.

The reconstructed 18F-FPYBF-2 PET images were spatially normal-
ized to a standard Montreal Neurologic Institute (MNI) space using the
discrete cosine transform-based approach(Ashburner and Friston, 1999)
implemented in SPM8 (Wellcome Trust Centre for Neuroimaging,
University College London, UK) with the in-house 18F-FPYBF-2 PET
template. All AAL ROIs in the standard MNI space were inversely
transformed to individual spaces by SPM8 using the inverse deforma-
tion field. Since these individual ROIs are automatically defined, op-
erator-introduced bias when defining ROIs manually can be avoided.
(Oishi et al., 2007) The cerebellar parcellations were combined and
used as reference regions to create SUVR images. In patients with ICA or
MCA disease, the value of SUV in the cerebellar cortex ipsilateral to the
arterial disease was used because the effect of cerebellar deaf-
ferentation on 18F-FPYBF-2 SUV was unclear. Mean DVR or SUVR va-
lues within 90 anatomical ROIs in both hemispheres were calculated by
an in-house Matlab script.

Finally, as a representative value for cortical amyloid plaque de-
position of each subject, the mean cortical index (MCI) was defined as
the mean DVR or SUVR value within the frontal, posterior cingulate,
precuneus, parietal, and lateral temporal cortical regions (Higashi et al.,
2018; Mormino et al., 2008) The MCI values were calculated as the
average of the values of all those ROIs, weighted by region size. Ac-
cording to our previous study in normal subjects and patients with
Alzheimer's disease, a mean SUVR value above 1.20 was considered
amyloid positive. (Higashi et al., 2018)

The mean ± SD value of the left to right or the right to left ratio of
18F- FPYBF-2 MCI (DVR) in the 10 normal controls (4 men and 6
women), aged 57 ± 11 (mean ± SD) years was 1.007 ± 0.016 and
0.993 ± 0.016, respectively. No subjects showed a mean SUVR value
above 1.20 (amyloid positive). In patients, increase of the relative 18F-
FPYBF-2 DVR beyond the upper 95% limit (the mean plus 9t0.05SD)
defined in normal subjects (above 1.042 for patients with left arterial
disease and above 1.028 for patients with right arterial disease) was
considered to be an increased hemispheric DVR ratio, while decrease of
the relative 18F- FPYBF-2 DVR beyond the lower 95% limit (the mean
minus 9t0.05SD) defined in normal subjects (below 0.971 for left disease
and 0.958 for right) was considered to be a decreased hemispheric DVR
ratio. The distributions are not left-right symmetrical, which may be
related to widespread asymmetries at both hemispheric and regional
levels, with a generally thicker cortex but smaller surface area in the left
hemisphere relative to the right. (Kong et al., 2018)

For the 15O gas PET scanning analysis, we employed the same au-
tomated ROI analysis using AAL ROIs. The mean hemispheric values
within the frontal, posterior cingulate, precuneus, parietal, and lateral
temporal cortical regions were calculated in the hemisphere ipsilateral
or contralateral to the ICA or MCA disease. The mean ± SD value of
the left to right or the right to left ratio of OEF in the 7 normal controls
(4 men and 3 women), aged 47 ± 7 (mean ± SD) years was
1.010 ± 0.018 and 0.991 ± 0.018, respectively. In patients, increase
of the relative OEF beyond the upper 95% limit (the mean plus 6t0.05SD)
defined in normal subjects (above 1.054 for patients with left arterial
disease and above 1.034 for patients with right arterial disease) was
considered to be an increased hemispheric OEF ratio, while decrease of
the relative OEF beyond the lower 95% limit (the mean minus 6t0.05SD)
defined in normal subjects (below 0.965 for left disease and 0.946 for
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right) was considered to be a decreased hemispheric OEF ratio.

2.4. Statistical analysis

The statistical analysis was performed using StatView™ (SAS
Institute Inc., Cary, NC, USA). PET variable values between 2 groups
were compared using Mann-Whitney U tests or Wilcoxon signed-rank-
tests, as appropriate. The relationships between 2 variables were ana-
lyzed using Spearman correlation analyses or Fisher's exact tests, as
appropriate. A multiple regression model was used to analyze the re-
lationship between the OEF and the 18F- FPYBF-2 DVR in the ipsilateral
hemisphere after adjustment for the 18F- FPYBF-2 DVR in the con-
tralateral hemisphere. For all analyses, statistical significance was set at
p < 0.05.

3. Results

Significant decreases in CBF and CMRO2 along with increases in
OEF were found in the hemisphere ipsilateral to the arterial lesion
compared with the contralateral hemisphere (Table 2). There was no
significant difference for 18F-FPYBF-2 DVR between hemispheres.
However, the ipsilateral to contralateral ratio of 18F- FPYBF-2 DVR
varied among patients and was beyond the upper 95% limit defined in
normal subjects in 3 patients. In a Spearman correlation analysis, the
ipsilateral to contralateral 18F- FPYBF-2 DVR ratio was tended to be
positively correlated with the ipsilateral to contralateral OEF ratio,
without statistical significance. (ρ]0.527; p=0.067) (Figs. 1 and 2).
The ipsilateral to contralateral OEF ratio was beyond the upper 95%
limit defined in normal subjects in 4 patients. The incidence of an in-
creased hemispheric 18F- FPYBF-2 DVR ratio was significantly higher in
patients with an increased hemispheric OEF ratio (3/4) than in patients
without (0/9) (p < 0.02, Fisher's exact test). The hemispheric 18F-
FPYBF-2 DVR ratio was higher in patients with an increased hemi-
spheric OEF ratio than in patients without (1.037 ± 0.019 vs.
0.957 ± 0.037; p < 0.01, Mann-Whitney U test).

The 18F- FPYBF-2 DVR in the ipsilateral hemisphere was not sig-
nificantly correlated with CBF, CMRO2, OEF, or CBV values in the ip-
silateral hemisphere (Fig. 3), while it was significantly and positively
correlated with the 18F- FPYBF-2 DVR in the contralateral hemisphere.
After adjustment for the 18F- FPYBF-2 DVR in the contralateral hemi-
sphere using multiple linear regression analysis, the 18F- FPYBF-2 DVR
in the ipsilateral hemisphere was significantly and positively correlated
with OEF in the ipsilateral hemisphere (Table 3): the18F- FPYBF-2 DVR
in the ipsilateral hemisphere= 0.914 FPYBF-2 DVR in the contralateral
hemisphere +0.002 OEF (%) - 0.075 (a correlation coefficient of 0.95;
R2= 89.7%, p < 0.001). In this model, the 18F- FPYBF-2 DVR in the
contralateral hemisphere and OEF accounted for 84.2% and 5.5%,

respectively, of the variance in 18F- FPYBF-2 DVR in the ipsilateral
hemisphere.

There was no correlation between 18F- FPYBF-2 DVR value and the
time elapsed from symptoms in 11 symptomatic patients or from di-
agnosis of artery diseases in 13 patients.

According to the mean cortical SUVR value, 2 patients were amyloid
positive (SUVR>1.20 in the contralateral hemisphere) (Fig. 3). These
patients showed the first and second highest mean cortical DVR values
in the hemisphere contralateral to the arterial disease. In the hemi-
sphere contralateral to disease, the mean cortical DVR value was sig-
nificantly correlated with the mean cortical SUVR value; DVR =0.672
SUVR +0.153, r=0.87, p < 0.001. SUVR>1.20 corresponded to
DVR > 0.96. Three patients showed DVR > 0.96 (amyloid positivity)
in the ipsilateral hemisphere, and one of these 3 patients had an in-
creased hemispheric OEF ratio without an increased hemispheric DVR
ratio. No patients with an increased hemispheric DVR ratio considered
amyloid positive (Fig. 3).

Upper row: an increase of relative FPYBF-2 distribution volume
ratio (DVR) (ipsilateral-to-contralateral FPYBF-2 DVR ratio) 1.04, (ip-
silateral/contralateral DVR 0.81/0.77), with decreased CBF and in-
creased oxygen extraction fraction (OEF) (ipsilateral/contralateral ratio
1.29; 63/48%), despite reduction in cerebral metabolic rate of oxygen
(CMRO2), in a patient with right (R) internal carotid artery occlusion.

Lower row: a reduction in relative FPYBF-2 DVR (0.91, 0.91/1.0) in
a patient with left (L) middle cerebral artery occlusion with decreases of
both CBF and CMRO2, and normal OEF (1.01; 49/48%).

4. Discussion

Our study revealed that global cerebral hypoperfusion leading to
decreased blood flow relative to metabolic demand (increases in OEF;
misery perfusion) was associated with only a slight increase in amyloid
deposition in the hemisphere with atherosclerotic ICA or MCA disease.
In the hemisphere ipsilateral to the arterial lesion with reduction in CBF
and CMRO2, and elevation of OEF, 18F- FPYBF-2 DVR was unchanged
compared with the contralateral hemisphere. The ipsilateral-to-con-
tralateral ratio of the 18F- FPYBF-2 DVR, which may reflect the in-
dependent effect of ICA or MCA disease on the change, varied among
patients and was positively correlated with the ipsilateral-to-con-
tralateral ratio of the OEF, which suggested that misery perfusion de-
fined as an increased hemispheric OEF ratio was associated with in-
creased amyloid deposition defined as an increased hemispheric 18F-
FPYBF-2 DVR ratio. Furthermore, after adjustment for the 18F- FPYBF-2
DVR in the contralateral hemisphere, which may reflect the effect of the
other factors contributing to amyloid deposition, OEF was positively
correlated with the 18F- FPYBF-2 DVR in the ipsilateral hemisphere.
Therefore, misery perfusion could potentially be associated with an
increase in amyloid deposition. Some clinical studies in patients with
cardiac arrest or after cardiac surgery have shown that hypoxia acutely
increases Aβ levels in the blood or cerebrospinal fluid.(Reinsfelt et al.,
2013; Mortberg et al., 2011)

However, we also observed that an increased hemispheric 18F-
FPYBF-2 DVR ratio (ipsilateral to contralateral ratio) was found in only
3/13 patients, and the magnitude of these changes was very small. No
patients with an increased hemispheric DVR ratio considered amyloid
positive based on the DVR values in the ipsilateral hemisphere. In the
multiple regression model produced, 20% increases of OEF values re-
sulted in increases of DVR values by 0.04 only, and the value of R2 for
OEF was very small (5.5%). Therefore, misery perfusion had only a
slight effect on amyloid deposition at best and was not associated with
amyloid positivity.

There are three published studies on amyloid deposition in humans
in relation to hypoperfusion. (Hansson et al., 2018; Huang et al., 2012;
Sahathevan et al., 2016) All of these studies did not perform quanti-
tative evaluation of amyloid deposition using dynamic scanning.
Therefore, the results might be contaminated by flow artifacts

Table 2
Positron emission tomography values in the hemisphere ipsilateral and con-
tralateral to the diseased artery.

Hemisphere

Variable Ipsilateral Contralateral

CBF (ml/100 g/min) 30.7 ± 5.2** 33.9 ± 4.6
CMRO2 (ml/100 g/min) 2.91 ± 0.67* 3.06 ± 0.63
OEF (%) 54.2 ± 10.1** 51.7 ± 9.8
CBV (ml/100 g) 4.23 ± 0.70 3.98 ± 0.62
18F-FPYBF-2 (DVR) 0.88 ± 0.10 0.89 ± 0.11

Values are reported as mean ± standard deviation.
CMRO2, cerebral metabolic rate of oxygen; OEF, oxygen extraction fraction;
DVR, distribution volume ratio.
*P < 0.05, and **P < 0.01 vs. corresponding value in the contralateral
hemisphere (Wilcoxon signed-rank-tests).
Normal values for CBF, CMRO2, OEF, and CBV in the 7 controls were
44.6 ± 4.5, 3.43 ± 0.33, 44.5 ± 3.8, and 3.98 ± 0.48, respectively.
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(decreased tracer uptake due to reduced delivery). (van Berckel et al.,
2013) The small change in the present study was consistent with a
previous study that reported increased amyloid deposition in demented
patients with ICA stenosis, as compared with elderly controls.(Huang
et al., 2012) However, the effect of the stenosis on cerebral perfusion
was unclear. In such patients, the duration of misery perfusion, as in-
dicated by increased OEF, is unclear. Misery perfusion might contribute
to amyloid positivity, but the effect might be very small in the short-
term and might only become more apparent during long-term follow-
up. In our patients, the interval between the diagnosis of artery diseases
and PET evaluation was 3.2 ± 3.9months (range, 0.4–13.4months).
The slight effect during one year around might accumulate over> 10
years, leading to amyloid positivity. The two previous studies with

negative results also had a mean occlusion time of 22months and a
follow-up time of 18months. (Hansson et al., 2018; Huang et al., 2012;
Sahathevan et al., 2016) Late-life brain amyloid deposition is reported

Fig. 1. Representative positron emission tomography images.

Fig. 2. Scatter diagram plotting the ipsilateral-to-contralateral ratio of 18F-
FPYBF-2 distribution volume ratio (DVR) against the ipsilateral-to-contralateral
ratio of oxygen extraction fraction (OEF). Triangles indicate patients with left
artery diseases and circles indicate patients with right artery diseases. Red
symbols indicate patients with an increased OEF ratio and an increased DVR
ratio, a green symbol indicates a patient with an increased OEF ratio and a
normal DVR ratio, blue symbols indicates patients with a normal OEF ratio and
a decreased DVR ratio, white symbols indicate patients with a normal OEF ratio
and a normal DVR ratio. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 3. Scatter diagram plotting the ipsilateral 18F- FPYBF-2 distribution vo-
lume ratio (DVR) against the values for oxygen extraction fraction (OEF) in the
ipsilateral hemisphere (upper), and against the ipsilateral-to-contralateral ratio
of 18F- FPYBF-2 DVR (lower). Closed circles indicate amyloid-positive patients
with SUVR>1.20 in the contralateral hemisphere. Lines indicate a cut off
value of DVR for amyloid positivity (> 0.96).
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to be associated with midlife vascular risk factors, not with late-life
vascular risk factors.(Gottesman et al., 2017) Alternatively, misery
perfusion may have pathogenic significance when combined with other
factors leading to increased Aβ production or decreased Aβ clearance,
as shown in APP-overexpressing mouse models.(Kitaguchi et al., 2009)
Further studies in more patients with misery perfusion are needed to
test these hypotheses.

Overall, the value of 18F- FPYBF-2 DVR was unchanged, which may
reflect that only a few patients had misery perfusion (an increased
hemispheric OEF ratio). The mechanism underlying the decreased 18F-
FPYBF-2 DVR in patients without misery perfusion is unclear. We used
dynamic scanning protocols and quantitative data analysis methods.
Therefore, it seems unlikely that a decreased delivery of the radiotracer
due to a decreased blood flow caused the decreased 18F- FPYBF-2 DVR.
(van Berckel et al., 2013) Significant decreases in CMRO2 was found in
the hemisphere ipsilateral to the arterial lesion compared with the
contralateral hemisphere. In patients with ICA or MCA disease, misery
perfusion may cause selective cortical neuronal damage, which may be
accompanied by decreases in CMRO2. (Baron et al., 2014; Yamauchi
et al., 2007) The low 18F- FPYBF-2 DVR in the normal-appearing cor-
tical regions with decreased CMRO2 suggests that irreversible tissue
damage, including selective neuronal damage, might decrease amyloid
deposition in the cerebral cortex. Insoluble Aβ deposition may be dis-
assembled by the inflammation caused by cerebral ischemia, because
incomplete infarction may lead to microglial activation (Thiel et al.,
2014) and subsequent amyloid clearance, resulting in a reduction in
amyloid deposition and decreased metabolism.(Akiyama and McGeer,
2004; Yamada et al., 2011) Microglia reportedly accumulates in amy-
loid plaques in AD patients and effectively clears Aβ through phago-
cytosis and proteolysis.(Heneka et al., 2015) A study of the postmortem
AD brain showed that in area with incomplete infarction, amyloid de-
posits were absent in the presence of a high concentration of activated
microglia, while adjacent areas had abundant amyloid deposits.
(Akiyama and McGeer, 2004) Furthermore, decreased 18F- FPYBF-2
DVR in the region with decreased CMRO2 might reflect reduced neu-
ronal Aβ secretion due to decreased brain activity in the presence of
neuronal damage. (Cirrito et al., 2005) Misery perfusion might cause
cognitive impairment through ischemic tissue damage with decreases in
amyloid deposition in the short term as well as through increases in
amyloid deposition in the long term.

We acknowledge that there are some limitations to our study. First,
the sample size may have been small and studies with a larger number
of patients and longer follow-up periods are needed to confirm our
results. However, our cohort included patients with variable degrees of
hemodynamic impairment, enabling us to analyze the relationship be-
tween misery perfusion and amyloid deposition. Second, we could not
correct for partial volume effects. The decrease in cortical FPYBF-2 DVR
could at least partly reflect the effect of cortical atrophy and a partial
volume effect. This effect might lead to underestimation of FPYBF-2
DVR in the hemisphere with arterial disease and might affect the as-
sociation between 18F- FPYBF-2 DVR and OEF.

5. Conclusions

In atherosclerotic ICA or MCA disease, global cerebral hypoperfu-
sion leading to increases in OEF (misery perfusion) accompanied only
small increases of amyloid deposition. Then, misery perfusion was not

associated with amyloid positivity. It appears that if there are increases
in amyloid deposition along with misery perfusion, they are very small
at best. The findings in the present study did not strongly support our
hypothesis, and in turn more affected patients should be studied in the
future.
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