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Abstract

Background: Mitochondrial electron transport chain abnormalities have been reported in postmortem pathological
specimens of Alzheimer’s disease (AD). However, it remains unclear how amyloid and tau are associated with
mitochondrial dysfunction in vivo. The purpose of this study is to assess the local relationships between
mitochondrial dysfunction and AD pathophysiology in mild AD using the novel mitochondrial complex I PET
imaging agent [18F]BCPP-EF.

Methods: Thirty-two amyloid and tau positive mild stage AD dementia patients (mean age ± SD: 71.1 ± 8.3 years)
underwent a series of PET measurements with [18F]BCPP-EF mitochondrial function, [11C]PBB3 for tau deposition,
and [11C] PiB for amyloid deposition. Age-matched normal control subjects were also recruited. Inter and
intrasubject comparisons of levels of mitochondrial complex I activity, amyloid and tau deposition were performed.

Results: The [18F]BCPP-EF uptake was significantly lower in the medial temporal area, highlighting the importance
of the mitochondrial involvement in AD pathology. [11C]PBB3 uptake was greater in the temporo-parietal regions in
AD. Region of interest analysis in the Braak stage I-II region showed significant negative correlation between
[18F]BCPP-EF SUVR and [11C]PBB3 BPND (R = 0.2679, p = 0.04), but not [11C] PiB SUVR.

Conclusions: Our results indicated that mitochondrial complex I is closely associated with tau load evaluated by
[11C]PBB3, which might suffer in the presence of its off-target binding. The absence of association between
mitochondrial complex I dysfunction with amyloid load suggests that mitochondrial dysfunction in the trans-
entorhinal and entorhinal region is a reflection of neuronal injury occurring in the brain of mild AD.
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Background
Alzheimer’s disease (AD) is characterized neuropatholo-
gically by the presence of senile plaques with extracellu-
lar aggregation of amyloid-β (Aβ) and tau neurofibrillary
tangles [1]. In addition to Aβ and tau, neuroinflamma-
tion and oxidative stress reactions are observed in AD
pathogenesis [2]. Mitochondria are responsible for not
only energy supply of adenosine triphosphate (ATP) but
also main intracellular source of reactive oxygen species
(ROS) that cause cellular damage [2, 3]. Mitochondrial
dysfunction was reported to be play a pivotal role in the
pathogenesis in AD [4, 5]. Previous studies showed that
Aβ directly affected mitochondrial bioenergetics and
produced mitochondrial morphological change [6].
However, our recent study did not support the theory
that Aβ deposition itself accelerates mitochondrial dys-
function in AD [7]. According to the amyloid cascade
hypothesis of AD, Aβ is responsible for triggering down-
stream tau pathology which is closely related neurode-
generation [8]. Tau localizes predominantly in axons and
contributes to the axonal transport [9]; the accumulation
of pathological tau affects mitochondrial transport and
causes mitochondrial dysfunction [5, 9]. Therefore,
depicting mitochondrial dysfunction might be a useful
marker to elucidate the effects of tau pathology on neur-
onal function. In turn, mitochondrial dysfunction leads
to neuronal degeneration were reported to be associated
with ROS [3, 10]. Oxidative stress contributes to tau
phosphorylation and formation of neurofibrillary tangles
[11]. Our recent work in tau transgenic mice (rTg4510
TauTg) showed a significance of tau pathology for mito-
chondrial dysfunction [12]. Thus, an in vivo study in the
clinical setting is needed to verify the relationships be-
tween tau pathology and mitochondrial dysfunction in
the living brains of patients with AD.
[18F]BCPP-EF is a newly developed PET tracer which

binds to mitochondrial complex I (MC-I) [13]. In the
electron transport chain (ETC) in mitochondria, MC-I is
the first and rate-limiting enzyme required for ATP pro-
duction and is a site of ROS production [14, 15].
[18F]BCPP-EF also permits the investigation of the topo-
graphical distribution of mitochondrial dysfunction, as
well as relationships with tau-PET parametric changes.
The aim of this study is to examine the relationship be-
tween MC-I availability, Aβ and tau deposition, and their
influence on cognitive decline in mild AD patients using
PET. We predict a pathophysiological association be-
tween tau pathology and MC-I availability in the clinical
setting.

Methods
Participant
Thirty-two patients with relatively mild stage AD at the
clinical dementia rating (CDR) of 0.5 or 1 (11 men and

21 women; mean age ± SD, 71.1 ± 8.3 years, all right-
handed) were enrolled in this study [16]. Neuropsycho-
logical assessment for all patients comprised the Mental
State Examination (MMSE) for global cognitive function.
Twenty-five out of thirty-two patients completed
Wechsler Memory Scale-Revised logical memory II (de-
layed recall) (story A and B) score (WMSR-LM) for epi-
sodic memory [17], and Frontal Assessment Battery
(FAB) for executive function. The diagnosis of AD was
based on the criteria of National Institute on Aging-
Alzheimer’s Association workgroups on diagnostic
guidelines for Alzheimer’s Disease (NIA/AA AD) [18].
To confirm the diagnosis of AD biologically, all patients
underwent [11C] PiB PET scan to show the Aβ pathology
as described below in detail. In addition, all patients
underwent [11C]PBB3 scan or cerebrospinal fluid (CSF)
test including total tau and phosphor-tau to confirm the
tau pathology (described below). We confirmed that all
patients showed positive [11C] PiB uptake in the cerebral
cortex, and increased [11C]PBB3 uptake in the cerebral
cortex or increased CSF phospho-tau. Furthermore, pa-
tients with cerebrovascular disease, white matter lesion
(Fazekas score were 2 or 3) [19], hydrocephalus, brain
tumor, epileptic foci, or traumatic brain injury were ex-
cluded based on brain MRI findings. Based on the elec-
troencephalography, patients with epilepsy were
excluded. In addition, participants whose Self-rating De-
pression Scale (SDS) scores were more than 60, indicat-
ing obvious depression, were excluded [20]. Patients
with anxiety were excluded by using anxiety subscale of
neuropsychiatric inventory (NPI) [21]. All patients with
AD were taking a donepezil (5 mg) at entry.
Two groups of age-matched normal control subjects

were also recruited. Control group for [18F]BCPP-EF
evaluations consisted of 17 healthy subjects (10 men and
7 women: mean age ± SD, 66.6 ± 9.4 years) and control
group for [11C]PBB3 evaluations consisted of 18 healthy
subjects (8 men and 10 women: mean age ± SD, 69.5 ±
8.8 years). To reduce the radiation exposure in controls
subjects, two control groups were investigated, and each
control group underwent [18F]BCPP-EF or [11C] PBB3
respectively. All controls were right-handed and had no
neurological problems, no history of head injury, psychi-
atric disease, serious medical illness, major surgery, or
no family history of dementia. Their CDR score was
zero, indicating no dementia [16]. Participants whose
MMSE scores were less than 24, indicating global cogni-
tive decline, were excluded [22]. Participants were ex-
cluded if they had MRI findings such as cerebrovascular
disease, traumatic brain injury, brain tumor, hydroceph-
alus and epileptic foci. No significant differences in age
and gender were found between the two control groups.
This study was reviewed and approved by the ethics

committee of Shizuoka Institute of Epilepsy and
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Neurological Disorders (SIEND), Hamamatsu University
School of Medicine, and Hamamatsu Medical Center.
Written informed consent was obtained from all subjects
to participate in the study.

MRI scanning
Before the PET scan, 1.5 Tesla MRI (General Electric
Healthcare, Japan) of the brain was performed with
three-dimensional mode sampling to determine the
brain areas in which to establish regions of interest
(ROI). The scanning parameters were as follows: TR =
8.6 ms; TE = 3.6 ms; flip angle 25°; acquisition
matrix = 256 × 224; FOV = 240 mm; 124 contiguous sa-
gittal sections, each with a thickness of 1.4 mm; and a
resolution of 0.9375 mm × 1.0714 mm × 1.4 mm. T2-
weighted FLAIR images were also obtained to exclude
the potential abnormalities described above. The MRI
measurements and mobile PET gantry allows us to
reconstruct PET images parallel to the intercommis-
sural (anterior commissure-posterior commissure
[AC-PC]) line without reslicing. Thus, we were able
to locate the ROI in the target regions of the original
PET images.

PET measurement
All participants underwent a series of PET measure-
ments using a high-resolution brain PET scanner
(SHR12000; Hamamatsu Photonics K.K., Hamamatsu,
Japan) [23], yielding 47 slices simultaneously. All thirty
two AD patients completed [18F]BCPP-EF and [11C] PiB
PET scan. Among the AD patients, sixteen out of thirty-
two patients completed both [18F]BCPP-EF and
[11C]PBB3 scan. A thermoplastic face mask was used to
fix the head to the same place during the scans. Orbito-
meatal line was defined by direct visual inspection of the
subject and was aligned with a laser. On the other hand,
the landmarks on the MR image were AC-PC line and
orbitomeatal line. We analyzed the angles between the
AC-PC line and orbitomeatal line on the MRI image.
The PET gantry was set parallel to the AC-PC line de-
termined by MRI by tilting and moving the gantry for
each study. After backprojection and filtering (Hanning
filter, cutoff frequency 0.2 cycles per pixel), the image
resolution was 2.9 × 2.9 × 3.4 mm full-width half-
maximum (FWHM). The voxel of each reconstructed
image measured 1.3 × 1.3 × 3.4 mm. A 10-min transmis-
sion scan for attenuation correction with a 68Ge/68Ga
source was conducted under resting conditions. After
fasting overnight for at least 12 h, dynamic PET scans
with 33 frames (serial emission scan: 6 frames× 10 s, 3 ×
20, 6 × 60, 4 × 180, and 14 × 300) were obtained for 90
min, after a slow bolus venous injection (taking 1 min)
of a 2MBq/kg dose of [18F]BCPP-EF (106.8 ± 20.6MBq).
Within a few weeks allowance interval, dynamic PET

scans with 29 frames (serial emission scan: 6 frames× 10
s, 3 × 20, 6 × 60, 4 × 180, and 10 × 300) were also ob-
tained for 70 min after injection of 6MBq/kg dose of
[11C] PBB3 (295.9 ± 55.7MBq). A few months prior to
the current study, all patients were scanned with [11C]
PiB PET to confirm the AD diagnosis biologically. After
fasting overnight for at least 12 h, dynamic PET scans
with 25 frames (serial emission scan: 6 frames × 10 s,
3 × 20, 2 × 60, 2 × 180, 8 × 300) were obtained for 70 min
after injection of a 6MBq/kg dose of [11C] PiB (255.1 ±
49.6MBq). No arterial sampling was performed along
with the series of PET measurements.

PET imaging data processing
All PET data processing procedures were performed
using PMOD 3.4 software (PMOD Technologies Ltd.,
Zurich, Switzerland). Co-registering the MRI and PET
images was also determined by PMOD. To evaluate
mitochondrial availability, semiquantitative evaluation
based on the standardized uptake value ratio (SUVR)
was calculated as reported recently [7]. The parametric
[18F]BCPP-EF late-phase images were extracted from the
interval between 70 and 90min after injection. The stan-
dardized uptake value (SUV) of each region were divided
by the SUV of whole brain as a reference region, and
expressed as the SUVR image. Although a recent re-
search demonstrated that centrum semiovale could be
used as a reference region for estimating SUVR [17], our
previous report showed that the semiquantitative value
of [18F]BCPP-EF SUVR relative to the whole brain was
positively correlated with the quantitatively estimated
value of [18F]BCPP-EF volume of the distribution (VT)
[7]. In addition, ROIs were manually drawn over the
centrum semiovale on the MR image of each subject,
these ROIs were placed onto corresponding original
[18F]BCPP-EF SUVR parametric images. [18F]BCPP-EF
SUVR image relative to the centrum semiovale was also
created. We confirmed a better correlation between
semiquantitative value of [18F]BCPP-EF SUVR relative to
the whole brain and [18F]BCPP-EF SUVR relative to the
centrum semiovale (Sup. Figure 1). Therefore, the use of
[18F]BCPP-EF SUVR relative to the whole brain was ad-
equate for semiquantitative evaluation.
To evaluate tau accumulation, the binding potential

(BPND) of [11C]PBB3 was estimated with the simplified
reference tissue model (SRTM) as described elsewhere
[23]. Irregular manual ROI were located on the pons on
the MR image in reference to MRI atlas. These ROIs
were then automatically transferred onto corresponding
[11C]PBB3 parametric images. The pons ROI was se-
lected as the reference region. A global [11C]PBB3 BPND

outside the mean + 2SD was considered be abnormal.
To evaluate Aβ accumulation, we used SUVR, normal-

ized by the cerebellar grey matter. MRI was also used to

Terada et al. Molecular Neurodegeneration           (2021) 16:28 Page 3 of 12



set the ROI of the cerebellum. A global [11C] PiB SUVR
larger than 1.4 was considered to be abnormal [24].
After creating SUVR or BPND images, all PET images

were normalized to the Montreal Neurological Institute
(MNI) space and smoothed with an isotropic Gaussian
kernel of 8 mm at FWHM. Then, all the image matrix
and pixel resolution were interpolated to match those of
the International Consortium for Brain Mapping
(ICBM)-152 (193 × 229 × 193 with 1 mm pixel
resolution).
Even though we used a high-resolution scanner and

dedicated means for accurate positioning of PET and
MRI images, PET data were corrected for partial volume
using the Muller-Gartne method [19].

Voxel-based analysis
To identify the brain region that exhibits decreased
levels of [18F]BCPP-EF SUVR and higher levels of
[11C]PBB3 BPND in the patients with AD than in age-
matched control subjects, we performed a voxel-based t-
test using the VoxelStats toolbox (https://github.com/
sulantha2006/VoxelStats) running on MATLAB 8.5.0
(The MathWorks, Natick, MA, USA) [25, 26]. All voxel-
based regression analyses were corrected for multiple
comparisons using random field theory threshold with a
cluster threshold at p < 0.001. This VoxelStats allows a
comparison between age-matched groups, or conversely
it cannot be applied when comparing groups with a sig-
nificant age difference (https://github.com/sulantha2006/
VoxelStats). In this study, albeit there was a wide age-
range with a high SD between them, no significant dif-
ference of age between groups allowed to dismiss the
procedure in treating age as a covariate.

ROI analysis
We focused on medial temporal areas, a site of early tau
accumulation [27–29]. We created FreeSurfer-derived
ROI corresponding anatomically to the Braak staging re-
gions of tau pathology as described elsewhere: Braak
stage I-II (i.e., trans-entorhinal cortex, entorhinal cortex
and hippocampus) [30–32]. White matter voxels were
removed from the Braak stage ROI by using ICBM-152
Gy matter at las (http ://www.bic .mni .mcgi l l .ca/
ServicesAtlases/ICBM152NLin2009) (Fig. 2a). We
blurred Braak stage ROI to a FWHM of 8 mm (the same
resolution as the PET images). This ROI was then auto-
matically transferred onto corresponding [18F]BCPP-EF
SUVR, [11C]PBB3 BPND, [

11C] PiB SUVR images. Then,
regional [18F]BCPP-EF SUVR, [11C]PBB3 BPND, and
[11C] PiB SUVR derived from this regional Braak ROI
were determined. Using segmented MRI information
allowed us to exclude data of the cerebrospinal fluid
space. Pearson’s correlation analysis and linear regres-
sion analysis with the GraphPad Prism 5.0 package

(GraphPad, San Diego, CA, USA) were calculated to ex-
plore the relationships among mitochondrial activity
([18F]BCPP-EF), tau deposition ([11C]PBB3), Aβ depos-
ition ([11C]PiB), and neuropsychological tests (MMSE,
WMSR-LM, and FAB). In addition, t-test was conducted
to compare the mitochondrial activity or tau deposition
between AD and control subjects. Statistical significance
in the Braak I-II ROI was set to p < 0.05 without mul-
tiple comparison. Because this test was exploratory with
a priori knowledge of tau induced mitochondrial dys-
function in AD [12], the region including the trans-
entorhinal, entorhinal and hippocampal cortices was a
central target of interest in this study.
Similarly, to reject the possibility for significant contri-

bution of tau aggregated at the Braak III-VI stage, Pear-
son’s correlation analysis and t-test were conducted in
the Braak stage III-IV region that covers the amygdala,
parahippocampus, fusiform, lingual gyrus, insula, inferior
temporal, lateral temporal, posterior cingulate, and infer-
ior parietal cortex (Fig. 3a) and Braak stage V-VI region
that covers the orbitofrontal, superior temporal, inferior
frontal, cuneus, anterior cingulate, supramarginal gyrus,
lateral occipital, precuneus, superior parietal, superior
frontal, rostro medial frontal, paracentral, postcentral,
precentral, and pericalcarine (Fig. 4a).

Results
Demographic and clinical characteristics
Demographic and AD-related clinical factors are pre-
sented in Table 1.

Comparison of the [18F]BCPP-EF SUVR, and [11C]PBB3
BPND, between AD and control groups
A voxel-based t-test showed that a significant reduction
in [18F]BCPP-EF SUVR was observed in the medial and
lateral temporal, parietal, frontal cortex, precuneus, cin-
gulate gyrus, thalamus, and basal ganglia in the total AD
group compared with the control group (Fig. 1a). A
voxel-based regression model showed that a significant
increase in [11C]PBB3 BPND was observed in the medial
and lateral sides of the temporal and parietal lobes in-
cluding the parahippocampus and hippocampus in the
AD group compared with the control group (Fig. 1b).

ROI analysis
Direct comparisons between [18F]BCPP-EF SUVR and
[11C]PBB3 BPND identified a significant negative correl-
ation in the Braak stage I-II ROI (Fig. 2a, d). However,
there was no correlation between [18F] BCPP-EF SUVR
and [11C] PiB SUVR (Fig. 2e). In addition, there were no
significant correlations between [18F]BCPP-EF SUVR
and [11C]PBB3 BPND or [11C] PiB SUVR in the Braak
stage III-IV ROI and V-VI ROI (Figs. 3d, e, 4d, e).
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There were positive correlations between the
[18F]BCPP-EF SUVR and WMSR-LM score in the Braak
stage I-II ROI (Fig. 2g), but not MMSE or FAB score (Fig.
2f, h). However, there were positive correlations between
the [18F]BCPP-EF SUVR and MMSE score or FAB score
in the Braak stage III-IV ROI (Fig. 3f, h), but not WMSR-
LM score (Fig. 3g). There was no positive correlation be-
tween [18F]BCPP-EF SUVR and neuropsychological bat-
tery score in the Braak stage V-VI ROI (Fig. 4f, g, h).
There was no positive correlation between [11C]PBB3
BPND and neuropsychological battery score in the Braak
stage I-II, III-IV, V-VI ROI (Figs. 2i, j, k, 3i, j, k, 4i, j, k).
The regional [18F]BCPP-EF SUVR in the Braak stage I-

II, III-IV, and V-VI ROI was significant lower in AD
than in the controls (Figs. 2b, 3b, 4b). Between the con-
trols and AD group without two patients who presented
lower [18F]BCPP-EF SUVR in the Braak stage I-II ROI,
the statistical significance was still observed (p = 0.0235)
(data not shown). The regional [11C]PBB3 BPND in the
Braak stage I-II, III-IV, and V-VI ROI was significant
higher in AD than in the controls (Figs. 2c, 3c, 4c).

Discussion
The aim of this study is to investigate the relationship of
mitochondrial activity with tau pathology and its influ-
ence on clinical symptoms in mild AD dementia. The
present study demonstrated decreased levels of MC-I
availability in the temporal, parietal and frontal cortices,
and significant increased level of tau load in the
temporo-parietal and frontal cortices. Within the trans-
entorhinal, entorhinal and hippocampal cortices (Braak
stage I-II), levels of mitochondrial availability displayed a
negative association with levels of tau aggregation, sug-
gesting that intracellular and partly extracellular aggre-
gation of tau is an important detrimental event for
neuronal failure caused by MC-I availability in AD. No
correlation was observed between levels of MC-I avail-
ability and Aβ accumulation. Altered MC-I availability
in the trans-entorhinal and entorhinal region reflects a
loss of normal homeostasis in neurons as an early bio-
marker of pathophysiology in AD.
It is increasingly recognized that mitochondrial dys-

function occurs in earlier disease stages [7, 10, 23] in

Table 1 Demographic and clinical characteristics of the Alzheimer’s disease patient group and control groups

Alzheimer’s disease Normal Control Normal
rangeTotal

(n = 32)
Subgroup for analysis between [18F]
BCPP and [11C]PBB3 PET
(n = 16)

[18F] BCPP PET
(n = 17)

[11C]PBB3
PET
(n = 18)

Age (years) 71.1 ± 8.3 71.3 ± 5.4 66.6 ± 9.4 69.5 ± 8.8

Men/women (number) 11/21 4/12 10/7 8/10

Disease duration (years) 2.8 ± 1.1 2.4 ± 0.8

Clinical Dementia Rating (0/0.5/1) 0/20/12 0/12/4 17/0/0 18/0/0

Mini-Mental State Examination (/30) 22.2 ± 4.1 22.8 ± 3.7 27.5 ± 1.9 27.4 ± 1.9 > 23

Wechsler Memory Scale-Revise logical
memory II (delayed recall) (story A and B) (/50)

5.4 ± 5.3 6.8 ± 5.8 > 11

Frontal Assessment Battery (/18) 10.1 ± 2.6 10.7 ± 2.0

Self-rating Depression Scale (/100) 36.9 ± 8.6 37.6 ± 8.3 < 60

Regional [18F] BCPP-EF standardized uptake
value ratio (Braak I-II / III-IV/ V-VI ROI)

0.59 ± 0.06/
0.85 ± 0.05/
0.89 ± 0.04

0.61 ± 0.04/
0.84 ± 0.03/
0.88 ± 0.03

0.63 ± 0.03/0.89 ± 0.02/
0.93 ± 0.03

Regional [11C]PBB3 PET binding potential
(Braak I-II / III-IV/ V-VI ROI)

0.25 ± 0.08/
0.38 ± 0.13/
0.31 ± 0.11

0.25 ± 0.08/
0.38 ± 0.13/
0.31 ± 0.11

0.16 ± 0.07/
0.22 ± 0.09/
0.17 ± 0.08

Regional [11C] PiB PET standardized uptake
value ratio (Braak I-II / III-IV/ V-VI ROI)

1.31 ± 0.17/
1.69 ± 0.24/
1.78 ± 0.25

1.39 ± 0.17/
1.67 ± 0.25/
1.78 ± 0.24

[11C] PiB PET global cortical standardized
uptake value ratio

1.88 ± 0.24 1.89 ± 0.21 < 1.4

[11C]PBB3 PET global cortical binding potential 0.38 ± 0.11 0.38 ± 0.11 0.17 ± 0.05

Cerebrospinal fluid

Total tau (pg/ml) 712.1 ±
207.2

< 1200

Phospho-tau (pg/ml) 86.7 ± 26.1 < 50

Data are presented as mean ± SD (range)
To confirm tau pathology, sixteen out of thirty-two patients completed [11C]PBB3 PET scan. The rest of sixteen patients underwent cerebrospinal fluid tests
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AD. The present finding of mutual relation between
mitochondrial dysfunction and tau pathology in AD is
consistent with previous reports [7, 23], suggesting the
coexistence of mitochondrial dysfunction and tau path-
ology. Because of this study’s cross-sectional design, it
was not possible to infer whether mitochondrial dys-
function or these abnormal protein depositions occurs
first. Since these analyses were exploratory, further study
with multiple comparison will be needed. However,
when the MC-I availability as measured with [18F]BCPP-
EF SUVR is plotted against tau load measured with
[11C]PBB3 BPND, the results provided the significant
negative correlation in the ROI of Braak stage I-II. In
addition, we confirmed altered MC-I availability and tau
pathology in the Braak stage I-II ROI in AD, although
the standard deviation was relatively large. According to
the amyloid-β cascade hypothesis [33, 34], Aβ triggers
tau pathology which is accompanied by subsequent neu-
rodegeneration [8]. According to the Braak’s stage of tau
distribution, pathological tau deposition initially occurs
in the medial temporal area, followed by the frontal and
lateral temporal area, and later spread to the primary
motor and sensory areas [28, 33]. Tau pathology sequen-
tially induces neurodegeneration, and greater tau load is
related to longer disease duration [33].
Medial temporal area covering trans-entorhinal and

entorhinal cortex are particularly vulnerable to AD-
related pathological changes such as tau accumulation

[28, 35]. Thus, it is likely that tau aggregation in AD
constitutes an important detrimental event, imposing
energy failure in neurons and neurodegeneration. Negli-
gible associations between [18F]BCPP-EF with [11C] PiB
suggested that mitochondrial damage in the trans-
entorhinal and entorhinal regions is not directly linked
directly to Aβ deposition in mild AD. In addition, the
absence of association between reduced [18F]BCPP-EF
with increased [11C] PiB may indicate that MC-I dys-
function is late and not early in the AD disease process.
However, it is important to note that [11C] PiB SUVR is
not a strong correlate of Aβ oligomers, toxic Aβ species
and it is plausible that no correlation between MC-I up-
take and the reactive or “benign” accumulation of Aβ
plaques that happen with aging and are accelerated in
AD.
[18F]BCPP-EF SUVR in Braak stage I-II area covering

trans-entorhinal cortex and entorhinal cortex was posi-
tively correlated with the WMSR-LM score that reflects
logical memory function [36]. Memory impairments are
referred to as the early clinical manifestation of AD [37].
Correspondingly, in vivo imaging showed that tau path-
ology appears early in the medial temporal lobe, with
medial temporal lobe atrophy and memory impairments
continuing in AD [28]. Our result of reduced mitochon-
drial activity correlating with memory decline gives an
additional important message such as a considerable
contribution of an early mitochondrial dysfunction

Fig. 1 Voxelwise results for [18F]BCPP-EF and [11C]PBB3 in the whole brain in AD patients. T statistical parametric map corrected for multiple
comparisons using random field theory at p < 0.001, overlaid on the Montreal Neurological Institute 152 reference template. Color bar represents
the T-value. a The regions in which the [18F]BCPP-EF SUVR in the AD group were significant reduced compared to control group (b) The regions
in which the [11C]PBB3 BPND in the AD group were significant increased compared to control group
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Fig. 2 Correlation analyses between [18F]BCPP-EF SUVR and [11C]PBB3 BPND, [
11C] PiB SUVR, or neuropsychological battery scores in the Braak

stage I-II region of interest (ROI) in patients with AD. a Brain area of Braak stage I-II ROI overlaid on the Montreal Neurological Institute 152
reference template. b The regional [18F]BCPP-EF SUVR in AD (n = 32) was significant lower than that in the controls (n = 17). c The regional
[11C]PBB3 BPND in AD (n = 32) was significant higher than that in the controls (n = 18). d There was significant negative correlation of [18F] BCPP-
EF SUVR with [11C]PBB3 BPND (n = 16). e Correlation of [18F]BCPP-EF SUVR with [11C] PiB SUVR failed to reach significance (n = 32). f, g, h There
was significant positive correlation of [18F] BCPP-EF SUVR with Wechsler Memory Scale-Revised logical memory score (n = 25), but not Mini-Mental
Examination score (n = 32) or Frontal Assessment Battery score (n = 25). i, j, k There was no significant positive correlation of [11C]PBB3 BPND with
Mini-Mental Examination score, Wechsler Memory Scale-Revised logical memory score, or Frontal Assessment Battery score (n = 16)
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Fig. 3 Correlation analyses between [18F]BCPP-EF SUVR and [11C]PBB3 BPND, [
11C] PiB SUVR, or neuropsychological battery scores in the Braak

stage III-IV region of interest (ROI) in patients with AD. a Brain area of Braak stage III-IV ROI overlaid on the Montreal Neurological Institute 152
reference template. b The regional [18F]BCPP-EF SUVR in AD (n = 32) was significant lower than that in the controls (n = 17). c The regional
[11C]PBB3 BPND in AD (n = 32) was significant higher than that in the controls (n = 18). d, e There was no significant negative correlation of [18F]
BCPP-EF SUVR with [11C]PBB3 BPND (n = 16) or [11C] PiB SUVR (n = 32). f, g, h There was significant positive correlation of [18F] BCPP-EF SUVR with
Mini-Mental Examination score (n = 32) or Frontal Assessment Battery score (n = 25), but not Wechsler Memory Scale-Revised logical memory
score (n = 25). i, j, k There was no significant positive correlation of [11C]PBB3 BPND with Mini-Mental Examination score, Wechsler Memory Scale-
Revised logical memory score, or Frontal Assessment Battery score (n = 16)
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Fig. 4 (See legend on next page.)
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(supporting a mitochondrial cascade hypothesis [4]) to
this tau-based memory impairment. In contrast, we
failed to show any relationship between [18F]BCPP-EF
SUVR in Braak stage I-II area and MMSE or FAB score.
On the other hand, [18F]BCPP-EF SUVR in Braak stage
III-IV area covering limbic area including temporal cor-
tex and insula was positively correlated with the MMSE
or FAB score. The MMSE and FAB scores reflect the
levels of general cognition [22] and frontal lobe-based
executive function [38]. These findings are consistent
with the present clinical evaluation that the AD patients
examined in this study were rated as those with mild se-
verity of dementia. The lack of correlation between MC-
I availability and MMSE in Braak stage I-II area might
be due to the fact that this correlation builds up with
the spreading of the pathological process to the later
stages of tau accumulation in Braak stages III-IV area. In
addition, the correlation between MC-I availability and
FAB in not Braak stage I-II area but Braak stages III-IV
area support the notion that executive dysfunction in
AD appears after memory problems [37]. Thus, the level
of [18F]BCPP-EF binding in the trans-entorhinal cortex
and entorhinal cortex can be a biomarker that predicts
the memory-dominant cognitive decline in mild AD. Al-
though our previous study indicated the association be-
tween tau deposition detected by [11C]PBB3 BPND and
MMSE score in the whole brain analysis [23], our ROI
analysis failed to show any relationship between
[11C]PBB3 BPND and neuropsychological battery scores
in Braak stages area. This discrepancy might be a due to
methodological differences. The relatively large size of
the ROI (especially at the high Braak stages) used in this
study might be an explanation for the lack of
correlation.
The correlation between mitochondrial dysfunction and

tau deposition was restricted to the early sites of tau accu-
mulation, i.e. medial temporal region. In this study, patients
with mild AD (CDR0.5 or 1) were recruited. Therefore,
there might be a chance of positive correlation between
mitochondrial dysfunction and tau deposition more widely
if preclinical or more severe stage of AD were recruited.
Other than the genetical reason, mitochondrial dysfunction
can be caused by various factors such as neuroinflamma-
tion and misfolded proteins like Aβ and tau [4, 34]. Once

mitochondria are impaired, mitochondria-generated ROS
causes neuroinflammation [2, 34, 39], and mitochondria are
in turn targeted at by generated ROS [2, 40, 41]. Our results
indicated the presence of MC-I dysfunction in the subcor-
tical areas outside the cortical region. Subcortical area such
as thalamus and basal ganglia were reported to be one of
the brain areas showing mitochondrial dysfunction, which
were associated with wide neuronal loss and synaptic alter-
nations [42]. Future studies are needed to know how neu-
roinflammation contributes to the exacerbation of the brain
milieu in a vicious cycle by tau aggregation and mitochon-
drial dysfunction [34].
There are several limitations that must be considered

when interpreting this study. The sample size was small.
Although there was no significant difference of age be-
tween AD patients and controls subjects, the relatively
wide age range and high standard deviation of both
groups might be a confounding factor. Hence, it might
be more appropriate to consider many factors affecting
the brain functions and morphology such as age, educa-
tion, diet etc. as confounding covariates. Although the
setting of ROIs was completely automatic, any automatic
manipulation would suffer more or less misplacement of
ROIs even in spatially-normalized images (which some-
times accompanies distortion), which might cause an in-
terpretation bias in this study. However, this possible
bias is a universal problem to be overcome in in vivo im-
aging studies even using spatially normalized images. To
reduce the criticism, we are referring to the widely-
accepted atlas. Previous studies indicated that the first-
generation of tau tracers such as [11C]PBB3 showed off-
target binding in the basal ganglia, thalamus, choroid
plexus, and venous sinus [43]. Therefore, we need to be
cautious about describing any increase in [11C]PBB3
BPND in these areas. The spill-over radioactivity might
affect the signal. The localization of the choroid plexus
in the lateral ventricles, in close proximity to the hippo-
campus could lead to problematic quantification of the
tracer retention and asymmetric fixation of [11C]PBB3
[44]. Additional studies with other tau PET tracer are
needed to confirm our result [45]. In addition, an associ-
ation between mitochondrial dysfunction and tau depos-
ition could only be examined in AD patients at relatively
mild clinical stage, and the utility of MC-I PET in

(See figure on previous page.)
Fig. 4 Correlation analyses between [18F]BCPP-EF SUVR and [11C]PBB3 BPND, [

11C] PiB SUVR, or neuropsychological battery scores in the Braak
stage V-VI region of interest (ROI) in patients with AD. a Brain area of Braak stage V-VI ROI overlaid on the Montreal Neurological Institute 152
reference template. b The regional [18F]BCPP-EF SUVR in AD (n = 32) was significant lower than that in the controls (n = 17). c The regional
[11C]PBB3 BPND in AD (n = 32) was significant higher than that in the controls (n = 18). d, e There was no significant negative correlation of [18F]
BCPP-EF SUVR with [11C]PBB3 BPND (n = 16) or [11C] PiB SUVR (n = 32). f, g, h There was no significant positive correlation of [18F] BCPP-EF SUVR
with Mini-Mental Examination score (n = 32), Wechsler Memory Scale-Revised logical memory score (n = 25), or Frontal Assessment Battery score
(n = 25). i, j, k There was no significant positive correlation of [11C]PBB3 BPND with Mini-Mental Examination score, Wechsler Memory Scale-
Revised logical memory score, or Frontal Assessment Battery score (n = 16)
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predementia AD is not known. Despite this preliminary
condition, the present information about within subject
changes in these pathophysiological biomarkers would
help understand the prognostic use of mitochondrial
dysfunction as a biomarker in mild AD. To confirm this,
further studies with large sample size and several disease
stages of AD patients are needed by focusing changes in
the associations between mitochondrial dysfunction and
misfolded proteins aggregation or neuronal damage.

Conclusions
This study provides in vivo evidence that MC-I impair-
ment coincides with tau deposition in the trans-
entorhinal and entorhinal region, which contributes to
the memory decline in mild AD. Assessing MC-I avail-
ability by [18F]BCPP-EF PET may constitute a valuable
tool for evaluating the pathophysiology of AD from the
perspective of mitochondrial hypothesis, which can open
numerous therapeutic avenues.
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