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Abstract

The A/T/N research framework has been proposed for the diagnosis and prognosis
of Alzheimer's disease (AD). However, the spatial distribution of ATN biomarkers and
their relationship with cognitive impairment and neuropsychiatric symptoms (NPS)
need further clarification in patients with AD. We scanned 83 AD patients and
38 cognitively normal controls who independently completed the mini-mental state
examination and Neuropsychiatric Inventory scales. Tau, Ap, and hypometabolism
spatial patterns were characterized using Statistical Parametric Mapping together
with [18F]flortaucipir, [18F]florbetapir, and [18F]FDG positron emission tomography.
Piecewise linear regression, two-sample t-tests, and support vector machine algo-
rithms were used to explore the relationship between tau, Ap, and hypometabolism
and cognition, NPS, and AD diagnosis. The results showed that regions with tau
deposition are region-specific and mainly occurred in inferior temporal lobes in AD,
which extensively overlaps with the hypometabolic regions. While the deposition
regions of Ap were unique and the regions affected by hypometabolism were widely
distributed. Unlike AB, tau and hypometabolism build up monotonically with increas-
ing cognitive impairment in the late stages of AD. In addition, NPS in AD were associ-
ated with tau deposition closely, followed by hypometabolism, but not with Ap.
Finally, hypometabolism and tau had higher accuracy in differentiating the AD
patients from controls (accuracy = 0.88, accuracy = 0.85) than Ap (accuracy = 0.81),
and the combined three were the highest (accuracy = 0.95). These findings suggest
tau pathology is superior over Ap and glucose metabolism to identify cognitive
impairment and NPS. Its results support tau accumulation can be used as a biomarker

of clinical impairment in AD.
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1 | INTRODUCTION

Amyloid-B (AB), tau, and hypometabolism are typical biomarkers for
Alzheimer's disease (AD; Bensamoun et al., 2015), and are used as a
critical part for the diagnosis of AD (Dubois et al., 2014; Jack Jr.
et al, 2018; Sperling et al., 2011). Recent evidence suggests that
although AB plaques play a key role in AD pathogenesis, the spatial
appearance, progression, and absolute amount of tau tangles are more
correlated to dementia and cognition impairment than amyloid pla-
ques (Morris et al., 2018; Nelson et al., 2012). Several longitudinal
studies found tau to be a promising tool for predicting cognitive
change, superior to A, structural magnetic resonance imaging (MRI),
cerebrospinal fluid biomarkers, or hypometabolism (Aschenbrenner
et al,, 2018; Chiotis et al., 2021; Lagarde et al., 2022; Ossenkoppele
et al., 2021). Tau pathology has also been observed to be closely asso-
ciated with AD-related hypometabolism, and they are strongly co-
localized in the posterior cingulate and parietotemporal regions
(laccarino et al., 2021; Okamura et al, 2014; Ossenkoppele
et al., 2016; Ossenkoppele et al., 2018). Therefore, tau is suspected to
be essential for the clinical impairment in AD and it may be the key to
understanding the cognitive decline and neuropsychiatric symptoms
(NPS) of AD to explore the brain spatial lesion patterns of different
pathological biomarkers.

NPS are core features of AD, and almost all people diagnosed
with AD develop NPS at some stage during their disease progress.
These symptoms adversely reduce the quality of life of patients and
caregivers, as well as being associated with more rapid progression to
severe dementia and earlier death (Teng et al. 2007; Fischer
et al., 2012; Nunes et al., 2019; Shin et al., 2005). Although molecular
imaging studies of NPS are very limited, the available findings indi-
cated that NPS could increase the burden of tau (Marshall
et al., 2006; Tekin et al, 2001) and AB accumulation (Johansson
et al., 2020; Mori et al., 2014), as well as reduce the metabolic rate
(Ng et al., 2017). A recent study found that tau was primarily associ-
ated with NPS, rather than AB or neurodegeneration using voxel-
based morphometry images, in normal elderly, mild cognitive impair-
ment, and AD (Tissot et al., 2021). To elucidate the pathological mech-
anism of NPS in AD, it is necessary to investigate the relationship
between NPS and different molecular image markers in AD patients
with ATN image data.

In addition, effectively and accurately distinguishing patients with
AD from cognitively normal controls (NC) is a major challenge in clini-
cal diagnosis. Undoubtedly, positron emission tomography (PET) tech-
niques using multi-tracers have the potential to greatly improve the
clinical diagnostic accuracy of AD (Foster et al., 2007; Mattsson
et al., 2014; Ossenkoppele et al., 2018). However, it is not clear which
imaging biomarker or combination of these biomarkers is better at dif-
ferentiating AD patients from healthy elderly individuals. Therefore, it
is necessary to compare the discriminative accuracy of these different
molecular imaging markers and evaluate whether the classification
accuracy is improved when multimodal molecular imaging biomarkers

are used together.

Overall, more research data are needed to clarify the relationship
between different pathological biomarkers and clinical impairment of
AD. We, therefore, used the tau PET tracer [18F]flortaucipir together
with Ap PET and glucose metabolism PET in healthy elderly controls
and AD patients, to (1) characterize the changes of tau accumulation,
Ap deposition, and glucose hypometabolism with cognitive decline;
(2) assess the relationship between NPS and different imaging bio-
markers; and (3) investigate the potential powers of tau, Ap, hypome-
tabolism, and their combinations for the clinical diagnosis of AD. We
hypothesized that tau pathology would be superior over Ap and glu-
cose metabolism to identify AD, cognitive impairment, and NPS. In
addition, Ap and glucose metabolism would provide some comple-
mentary information about the clinical diagnosis of AD.

2 | MATERIALS AND METHODS

2.1 | Participants

The participants in the present study were recruited from the Beijing
Aging Brain Rejuvenation Initiative (BABRI) project. BABRI is an ongo-
ing community-based cohort study in China, which focuses on the
asymptomatic stages of dementia, aims to find markers for early
detection of cognitive impairment, and serves for both scientific types
of research and preventive clinical trials in the field of normal aging
and dementia (Chen et al., 2018; Yang et al., 2021). All enrolled partic-
ipants were Han Chinese, 83 patients with AD and 38 NC were
included in the current study. All participants received a standard
dementia screening that included medical history, physical and neuro-
logical examinations, computed tomography (CT) or MRI of the brain,
and neuropsychological testing. All enrolled participants (1) had no
history of coronary disease, nephritis, tumors, neurological or psychi-
atric disorders, or addiction; (2) had no conditions known to affect
cerebral function, including alcoholism, current depression, Parkin-
son's disease, or epilepsy; and (3) had no large vessel diseases, such as
cortical infarcts or watershed infarcts, and subcortical infarcts.
Dementia was diagnosed based on criteria modified from the DSM-5
(Regier et al., 2013) and further evaluated by brain CT or MRI. The
diagnosis of AD was performed according to the criteria of the
National Institute of Neurological and Communicative Disorders and
Stroke and the Alzheimer's Disease and Related Disorders Association
(McKhann et al., 1984). The NC denied any significant neuropsychiat-
ric disease or memory trouble and had a mini-mental state examina-
tion (MMSE) score of 24 or higher.

Considering that the clinical manifestations of AD are related to
the age of onset (Tellechea et al., 2018), we further divided the AD
patients into early-onset AD (n = 42, age-onset <65 years) and late-
onset AD (n = 41, age-onset 265 years) according to the age at onset.
The differences in PET uptake patterns of tau, AB, and hypometabo-
lism and their relationship with cognitive and behavioral symptoms
between patients with early- and late-onset AD were explored in the

supplementary analysis.



DANG ET AL.

WILEY_|

This study was approved by the Ethics Committee and Institu-
tional Review Committee of Beijing Normal University and Beijing
Tiantan Hospital, and all participants or their legal representatives

gave their written informed consent.

2.2 | Neuropsychiatric assessment

In addition to the MMSE, all participants independently completed
neuropsychiatric symptom assessment through the Neuropsychiatric
Inventory (NPI) scale (Medeiros et al., 2010), which requires an inter-
view between the informant and a clinician. The NPI scale has been
accepted as a brief, reliable, informant-based assessment of NPS and
has been widely used in NPS research (Trzepacz et al., 2013). It
assesses 12 NPS from the informant's perspective: delusions, halluci-
nations, dysphoria, anxiety, agitation, euphoria, disinhibition, irritabil-
ity, apathy, abnormal motor behavior, sleep disorders, and appetite
disorders. In this study, these 12 NPS were used to classify each study
participant as NPS positive or negative. Respondents identified
changes in symptoms in the past 4 weeks by answering “yes” or “no”.
According to the respondent's judgment, the NPS of each participant

was determined to be positive or negative.

2.3 | PET data acquisition

The participants underwent tau PET imaging with [*®F]flortaucipir
(66 AD patients, 27 controls), Ap PET imaging with [*®F]florbetapir
(75 AD patients, 37 controls), and glucose metabolism PET imaging
with [*8F] fluorodeoxyglucose (FDG) (54 AD patients, 27 controls) on
a Discovery TM PET/CT Elite scanner (General Electric) at the Beijing
Tiantan Hospital, Capital Medical University (Beijing, China). For tau
PET, a 15-min emission PET scan was performed 80 min after injec-
tion of approximately 280 mCi of [*®Flflortaucipir. The 15-minute
[18F]florbetapir PET scan started 50 min after the intravenous injec-
tion of 10 mCi of the tracer. 10-min FDG-PET scans were acquired
with study participants who fasted for at least 6 h before and 60 min
after the injection of 185 + 8 MBq of [*8F]FDG. Tau, Ap, and hypome-
tabolism PET scans were acquired on different days but within 1 week

of each other.

24 | Data processing

Data processing was performed using Statistical Parametric Mapping
12 (SPM12, www . fil.ion.ucl.ac.uk/spm). First, flortaucipir and florbeta-
pir images were realigned to their corresponding FDG images
(Figure S1). Then, FDG, the realigned florbetapir, and the realigned
flortaucipir images were spatially normalized into the MNI standard
space using the normalization parameters obtained from the FDG nor-
malization. All images were spatially smoothed with a 10-mm Gauss-

ian kernel. Standardized uptake value ratios (SUVR) were calculated

using cerebellar gray matter as a reference region for all three PET
modalities.

In addition, we calculated the mean image of the spatially normal-
ized and reference-count-scaled flortaucipir and florbetapir images to
generate the flortaucipir and florbetapir templates, respectively, used
for 40 patients without FDG images. For the 40 participants without
FDG images, their flortaucipir and florbetapir image normalizations
into MNI standard space were performed using the corresponding
customized template for tau or A separately. The other processing

steps were the same.

2.5 | Statistical analyses

To examine group differences in age, education, and cognitive perfor-
mance, two-sample t-tests were performed while the y? test was
applied for sex.

(1) To explore the similarities and differences among tau, Ap, and
hypometabolism spatial distributions in the patients with AD, we per-
formed voxel-based two-sample t-tests in each of the three PET tech-
niques comparing AD and controls after controlling for age, sex, and
education. We used the false discovery rate (FDR, g < 0.05) to correct
for multiple comparisons. We further identified brain regions where
tau overlaps with Ap and FDG respectively that showed specific dam-
age of tau, common damage of tau and Ap, or common damage of tau
and hypometabolism in AD patients. In the supplementary analysis,
we also investigated the overlap regions of Ap and FDG and quantita-
tively calculated the corresponding voxel percentage. Specifically, we
used g < 0.05 to define the spatial pattern for each PET technique
and then conducted a set intersection operation to identify the
tracer-specific damage for a given tracer (Tau-only damage, Ap-only
damage, or FDG-only damage), the overlap between any two of them
(Tau & AB, Tau & FDG, Ap & FDG) or overlap for all three tracers
(Tau & AB & FDG). Then, we calculated the percentage of each
region's volume to the total damaged region's volume for tau, A, and
FDG in the AD patients. Finally, we calculated the mean SUVR of
these regions for subsequent analyses, including their use for differen-
tial or combined power for clinical diagnosis.

Piecewise linear regression analysis against MMSE scores
(i.e., MMSE as the independent variable) was used to delineate the
trajectory of tau, AB, and hypometabolism along with cognitive impair-
ment severity and to identify key inflection points. For tau, we per-
formed the regression of the tau mean SUVR of four regions (tau-only
region, tau and AP overlapping region, tau and FDG overlapping
region, tau, Ap, and FDG overlapping region) against the MMSE
scores. Similarly, the same analytic procedure was separately applied
to AB-PET and FDG-PET data. For the piecewise regression, we first
used locally weighted (LOESS) regression to determine the number of
inflection points and range, which provided the initial value of the
nonlinear regression model, and then, based on the piecewise linear
model of the Gauss-Newton iteration, obtained the final piecewise lin-
ear curve fit (Li et al., 2014).
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Then, we used pairwise correlation analyses to explore tau-Ap,
tau-hypometabolism, and AB-hypometabolism inter-relationships in
AD patients based on the four specific-damaged and co-damaged
regions indicated by tau, AB, and hypometabolism biomarkers.

(2) To identify whether the NPS in AD patients was associated
with cognitive decline, we performed a logistic regression analysis
with each item of the NPI scale as the dependent variable and MMSE
scores as a predictor controlling for age, sex, and education. Further-
more, for each of the 12 NPI items, the AD patients were divided into
two groups, with or without NPS. To evaluate the differences in tau,
AB, and hypometabolism between the two groups, we performed
two-sample t-tests.

(3) To compare the performance of tau, Ap, and hypometabolism
for the diagnosis of AD, we used support vector machine to classify
AD and NC groups based on the above mentioned identified four
regions of tracer-specific and co-damage for each molecular imaging
marker together. To evaluate the performance of our classification
methods, we used a leave-one-out strategy and receiver operating
characteristic curves to compute the classification accuracy, as well as
the sensitivity and specificity.

(4) To investigate the effect of age at onset of AD on the associa-
tion between molecular imaging biomarkers with cognitive and behav-
ioral symptoms, we used the voxel-based two-sample t-tests to
identify lesion regions of tau, Ap, and hypometabolism in early- and
late-onset AD compared with controls after controlling for age, sex,
and education, and calculated the mean SUVR of these regions. As
described above, piecewise linear regressions were performed against
MMSE scores to delineate the trajectory of the mean SUVR of tau,
AB, and hypometabolism along with cognitive impairment, and two-
sample t-tests were performed to evaluate the differences in tau, A,
and hypometabolism between groups with or without NPS in early-
and late-onset AD patients.

3 | RESULTS

3.1 | Clinical characteristics of participants

The participant characteristics are shown in Table 1. Age (p = .74) and
years of education (p = .124) did not differ between the 83 patients
and 38 controls, and there were more females in the AD patient
than in the control group (p = .051). Compared with the controls, the
AD patients
(MMSE; p < .001).

had a more impaired overall cognitive ability

AD (n = 83) NC (n = 38)
Age (years) 64.93 +9.181 64.32 + 9.870
Sex (M/F) 41/42 26/12
Education (years) 9.57 + 4563 10.99 + 4.839
MMSE 12.46 + 6.550 26.95 + 1.659

3.2 | The regions with tau accumulation
overlapped extensively with the hypometabolism
regions, and the deposition regions of A were unique

First, we performed voxel-wise ANCOVA separately for [*8F]flortauci-
pir, [*8F]florbetapir, and [*8F]FDG PET between patients and controls.
Furthermore, we separately identified the brain regions where the AD
patients had higher flortaucipir and florbetapir and lower FDG SUVR
than the NC (Figure 1a; Table S1). In contrast, tau accumulation is
region-specific and mainly occurred in inferior temporal lobes in AD
patients. For AB in patients, greater deposition of A was mainly
observed in the superior and middle frontal, inferior and middle tem-
poral, and putamen regions. Significant hypometabolism in the
patients was found in the medial and posterior cingulate gyrus, pre-
central gyrus, superior and middle frontal gyrus, and occipital lobe. For
AD patients with all three PET imaging, their uptake patterns of Flor-
taucipir, Florbetapir, and FDG were consistent with the above results
(Figure S2).

It is not surprising that the spatial distribution patterns of tau, Ap,
and hypometabolism were not completely overlapped. By using the
intersection operation in set theory, we defined the tracer-specific
and common-damage for each molecular imaging marker pair, and
both were expressed as the percentage of the total damaged region
volume of the given tracer-specific pattern (Figure S3). For tau, most
of the tau-damaged areas overlapped with the hypometabolism-
damaged areas, accounting for 52.94% of the total tau-damaged
areas; and 20.33% of the total tau-damaged areas overlapped with
the Ap-damaged areas (Figure 1b,c). While for A, most of the dam-
aged brain areas were unique to AB, accounting for 60.98% of the
total area of Ap damage in the patients. For hypometabolism, the
areas of the brain affected by hypometabolism were widely distrib-
uted. The common-damaged areas of tau, AB, and hypometabolism

were mainly in the left inferior temporal lobe (Figure S3).

3.3 | Tauaccumulation is closely related to
hypometabolim, not to Ap

Next, we used pairwise correlation analyses to explore the within-
modality region pairwise associations and between-modality tracer
pairwise associations in the AD patients. The results showed that the
accumulation of tau in different regions was also closely correlated.
Simultaneously, the accumulation of tau in both Tau & A common-

damaged areas and Tau & Ap & FDG common-damaged areas was

TABLE 1 Demographics and

or X? p -
neuropsychological test scores of

0.332 740 patients with Alzheimer's disease and
3.817 .051 normal controls
—-1.551 124
—18.674 <.001

Abbreviations: AD, Alzheimer's disease; F, female; M, male; MMSE, mini-mental state examination; NC,

normal controls.
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FIGURE 1

AB-only

Tau-only

Tau-only FDG-only M Tau & FDG

Tau accumulation overlapped extensively with the hypometabolism regions, and the deposition regions of Af were unique. (a) The

top row shows the regions of significant deposition of tau in the AD patients compared to the normal controls. The middle row represents the

regions of significant accumulation of Ap. The bottom row shows the regions of significant hypometabolism. The color bar represents the t value
of voxel-wise two-sample t-tests, and the brighter color represents the higher t value. All these results were corrected by FDR (g = 0.05). (b) The
tau-damaged areas overlapped with the AB-damaged areas. (c) The tau-damaged areas overlapped with the hypometabolism-damaged areas. AD,

Alzheimer's disease; Ap, amyloid-p

closely related to multiple areas of hypometabolism (Table 2, p < .05).
Similarly, hypometabolism across different regions was closely related
(Table 2, p <.01). For AB, the deposition of A in different brain
regions was strongly correlated with each other (Table 2, p <.01),
while there were no correlations of A with tau or hypometabolism in
the same or different damaged areas.

3.4 | Unlike A, tau and hypometabolism build up
monotonically with increasing cognitive impairment in
the late stages of AD

The results of the piecewise linear regression showed that the
accumulation of tau in the AD patients started relatively slowly, at
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TABLE 2 Tau accumulation is closely related to hypometabolism, not to Ap

Region mean SUVR of tau

Region mean SUVR of Ap

Region mean SUVR of hypometabolism

Tau Tau & AB Ap & tau FDG FDG FDG & tau
Tau-only Tau & Ap & FDG & FDG Ap-only Ap &tau Ap & FDG & FDG FDG-only &Ap &tau &Ap

Region mean SUVR of Tau

Tau-only 1.00 0.83° 0.92° o0.88° 026 021 0.30 0.26 —0.04 -021 -028 -0.33

Tau & Ap 1.00 0.80° 092° 024 013 0.26 0.22 -0.32 —047° —047° —0.46°

Tau & FDG 100  0.89%° 028 019 0.31 0.29 -003 -014 -026 -0.30

Tau & AB & FDG 1.00 027 020 0.31 0.31 -028  —0.36* —042* —0.37°
Region mean SUVR of Ap

Ap-only 100 082> 09¢° 0.85° -0.06 -006 -0.15 0.06

AB & Tau 1.00 0.82° 0.92° —0.07 -007 -0.14 004

AB & FDG 1.00 0.88° -008 -008 -021 003

AB & Tau & FDG 1.00 -016  -015 -024 -001
Region mean SUVR of FDG

FDG-only 1.00 0.89° 077° 052°

FDG & Ap 1.00 0.80° 0.63°

FDG & Tau 1.00 0.84°

FDG & Tau & AB 1.00

Note: The values in the table are the r values of Pearson's correlation. 3p < .05; °p < .01.
Abbreviations: AB, amyloid-p; FDG, fluorodeoxyglucose; SUVR, standardized uptake value ratios.

an MMSE score of ~22 points, and the accumulation speed of most
tau begins to increase with the decline in cognitive function after
the inflection point (Figure 2a; Table S2; the approximate 95% con-
fidence interval of the estimated rate of slope change respectively
after the inflection point was —0.025 to —0.003 for the tau mean
SUVR in the tau-only damaged region, —0.027 to —0.0001 for the
tau mean SUVR in the Tau & AP co-damaged region, —0.031 to
—0.003 for the tau mean SUVR in the Tau & FDG co-damaged
region and — 0.031 to —0.003 for the tau mean SUVR in the Tau &
AB & FDG co-damaged region). Nevertheless, there was no signifi-
cant correlation between increased deposition of A and cognitive
in the patients with AD
(Figure 2b; Table S2), which may be due to AB deposition starting

decline as measured with MMSE

earlier, almost reaching a plateau once AD dementia had
developed.

Compared with tau, the critical period of hypometabolism was at
the late stage, appearing at an MMSE score between 10 and
19 points, and the decreases in metabolism after the inflection point
were significantly correlated with MMSE scores (Figure 2c; Table S2;
the approximate 95% confidence interval of the estimated rate of
slope change respectively after the inflection point was 0.002 to
0.014 for the metabolism mean SUVR in the FDG-only damaged
region, 0.004 to 0.051 for the metabolism mean SUVR in the FDG &
AB co-damaged region, 0.003 to 0.024 for the metabolism mean
SUVR in the FDG & Tau co-damaged region, and 0.001 to 0.02 for
the hypometabolism mean SUVR in the FDG & Tau & A co-damaged

region).

3.5 | Hypometabolism and tau had higher accuracy
in differentiating the AD patients from controls
than Ap

AD-related brain regions had an excellent discrimination accuracy for
AD patients and normal controls (Figure 3a; Table S3). For the three
molecular imaging biomarkers, tau yielded the highest specificity of
0.96 (accuracy = 0.85, AUC = 0.86, sensitivity = 0.64). Ap yielded the
highest sensitivity of 0.87 (accuracy = 0.81, AUC = 0.84, and specific-
ity = 0.73). Hypometabolism yielded the highest classification accu-
racy of 0.88 (AUC = 0.88, sensitivity = 0.78, and specificity = 0.89).
Therefore, hypometabolism and tau had higher accuracy in differenti-
ating the AD patients from controls than A.

Next, we used multimodal PET data to discriminate AD patients
from controls and found that the accuracy increased (Figure 3b;
Table S3). When the three molecular imaging markers were used
together, the classification achieved the highest accuracy of 0.95, the
highest AUC of 0.95, and the highest sensitivity of 0.97.

3.6 | NPSin AD were associated with tau
deposition closely, followed by hypometabolism, but
not with Ag

The logistic regression model with NPS as the dependent variable and
MMSE score as the independent variable showed that there was a sig-

nificant relationship between NPS and cognitive impairment (Table 3).
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FIGURE 2 Trajectories of cognitive-related molecular imaging biomarkers in AD patients fitted using piecewise linear regression analysis. The
black dots represent the averages of mean PET SUVR at each MMSE score. Solid lines represent local linear variations with MMSE in tau, A, or
FDG. Shaded areas represent 95% confidence intervals. Pentagonal stars (*) represent the piecewise linear regression with a significant value.

(a) The vertical coordinates of the four figures are the mean tau SUVR value of the tau-only damaged region, common damaged region of tau and
Ap, common damaged region of tau and FDG, common damaged region of tau, Ap, and FDG, and the horizontal coordinate is the MMSE score.
(b) The vertical coordinates of the four figures are the mean Ap SUVR value of Ag-only damaged region, common damaged region of AB and tau,
common damaged region of Af and FDG, common damaged region of AB, tau, and FDG, and the horizontal coordinate is the MMSE score. (c) The
vertical coordinates of the four figures are the glucose metabolism mean SUVR value of FDG-only damaged region, common damaged region of
FDG and AB, common damaged region of FDG and tau, common damaged region of FDG, tau, and AB, and the horizontal coordinate is the MMSE
score. AD, Alzheimer's disease; MMSE, mini-mental state examination; Ap, amyloid-B; FDG, fluorodeoxyglucose; MMSE, mini-mental state
examination; PET, positron emission tomography; SUVR, standardized uptake value ratios

Cognitive performance was a significant predictor in the AD patients
for delusion (p = .018), hallucination (p < .001), agitation (p = .005),
apathy (p = .014), disinhibition (p = .014), and aberrant motor behav-
ior (p < .001).

Compared with AB and hypometabolism, NPS was more related
to tau (Table 4; Figure 4). Higher tau deposition was observed in the
AD patients who had depression (Tau-only areas: p < .001; Tau & AB
areas: p = .003; Tau & FDG areas: p = .001; Tau & Ap & FDG areas:
p <.001), apathy (Tau-only areas: p = .046; Tau & FDG areas:
p = .011), aberrant motor behavior (Tau-only areas: p = .032), or eat-
ing disorder (Tau-only areas: p = .032; Tau & AB areas: p = .046;
Tau & FDG areas: p = .043; Tau & AB & FDG areas: p = .026). Anxiety
in the AD patients was associated with hypometabolism (FDG-only
areas: p = .039). However, we did not find strong evidence of a neu-
ropsychiatric relationship with Ap.

Our data suggest that the most prominent NPS in the AD were
apathy, irritation, and agitation, which accounted for more than 50%

of the clinical AD patients (Figure S4). The second most prominent
NPS were eating disorder, aberrant motor behavior, anxiety, and sleep
disorder, all in the proportion of 30%-50% of the patients. Other NPS
all were more than 10% as well.

3.7 | Effects of age at onset of AD on the
relationship between tau, Ap, and hypometabolism
with cognitive and behavioral symptoms

Finally, we wondered whether the pathological spatial patterns of tau,
AB, and hypometabolism and their relationship with cognitive and
behavioral symptoms were the same in the early- and late-onset
AD. The demographics of 42 early-onset AD and 41 late-onset AD
are shown in Table S4.

Voxel-based morphometry analysis showed that although tau
accumulation was more extensive in early-onset AD than in late-onset
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FIGURE 3 Hypometabolism and tau had higher accuracy in differentiating the AD patients from controls than Ap, but the combined three
had the highest accuracy. (a) ROC curve for the classification sensitivity and specificity obtained by using single molecular imaging markers.

(b) ROC curve for the classification sensitivity and specificity obtained by using the multimodal combination of molecular imaging biomarkers. AD,
Alzheimer's disease; Af, amyloid-p; ROC, receiver operating characteristic curves

TABLE 3 The relationship between cognitive performance as
measured with MMSE and neuropsychiatric symptoms in patients

with Alzheimer's disease

MMSE

Odds ratio (95% Cl) p-Value
Delusion 0.891 (0.809-0.980) .018
Hallucination 0.751 (0.640-0.882) <.001
Agitation 0.883 (0.809-0.963) .005
Depression 0.945 (0.878-1.017) 132
Anxiety 0.989 (0.920-1.064) 772
Euphoria 0.917 (0.811-1.036) 165
Apathy 0.889 (0.809-0.976) .014
Disinhibition 0.877 (0.790-0.973) .014
Irritation 0.932 (0.864-1.006) .070
Aberrant motor behavior 0.843 (0.767-0.928) <.001
Sleep disorder 0.999 (0.927-1.077) .988
Eating disorder 0.963 (0.895-1.037) 320

Note: The odds ratio of the logistic regression for the cognitive score is
described, along with their statistical significance (p-value). Statistically
significant effects (p < .05) are in bold.

Abbreviation: MMSE, mini-mental state examination.

AD, tau pathology was region-specific in both cases, mainly occurring
in the inferior temporal lobe (Figure S5, Tables S5 and Sé, p < .0005).
For Ap in early-onset AD, greater deposition of A was mainly
observed in the inferior and middle temporal, middle and inferior fron-
tal, and anterior cingulate regions, while the deposition of Ap was
observed only in the medial frontal, precuneus, and putamen regions
in late-onset AD (p < .0005). Both early- and late-onset AD patients
had significant hypometabolism in the neocortex, but the former had

more extensive damage, including the middle, inferior, and superior
temporal, inferior parietal, and middle occipital regions (p < .0005).

The results of piecewise linear regression showed that the accu-
mulation of tau was linearly correlated with MMSE scores in both
early-onset AD (Figure S6, 95% Cl of the slope: —0.025 to —0.003)
and late-onset AD (95% Cl of the slope: —0.035 to —0.001) in the
whole process of cognitive decline. In other words, the accumulation
of tau associated with cognitive level has increased in the early stages
of cognitive impairment (MMSE > 26). In contrast, the critical period
of hypometabolism was in the later stage of cognitive impairment,
and hypometabolism was significantly positively associated with
decreased MMSE scores after the 19-point in early-onset AD (95% ClI
of the slope: 0.005-0.024) and 10-point late-onset AD (95% ClI of the
slope: 0.006-0.040). Nevertheless, there was no significant correla-
tion between increased deposition of Ap and cognitive decline as
measured with MMSE in early- and late-onset AD.

Similarly, tau and glucose metabolism levels, but not AB, were
associated with NPS in early- or late-onset AD (Table S7, Figure S7).
Specifically, tau deposition was increased in early-onset AD patients
with depression (p <.001), and late-onset AD patients with depres-
sion (p = .032) or apathy (p = .014). Glucose metabolism was
decreased in late-onset AD patients with delusion (p = .042) or hallu-
cination (p = .005). There was no correlation between AB deposition
and NPS (p > .05).

4 | DISCUSSION

In the current study, the spatial patterns of tau, Ap, and hypometabo-
lism in AD patients were first investigated and determined. We found
that the accumulation of tau was closely related to the hypometabo-

lism, and the deposition of AP was not correlated with tau and
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TABLE 4 Neuropsychiatric symptoms in Alzheimer's disease were associated with tau deposition closely, followed by hypometabolism, but

not with A

Region mean SUVR of tau Region mean SUVR of Ap Region mean SUVR of FDG
Tau- Tau Tau Tau & AB Ap- Ap Ap Ap & tau FDG- FDG FDG FDG & tau
only & Ap & FDG & FDG only &tau &FDG &FDG only & AB & tau & Ap

Delusion

Hallucination

Agitation

Depression N v v v

Anxiety v

Euphoria

Apathy N N

Disinhibition

Irritation

AMB v

Sleep

Eating \ \ v \

Note: Statistically significant effects are indicated by tick marks (p < .05).

Abbreviations: AB, amyloid-p; AMB, aberrant motor behavior; FDG, fluorodeoxyglucose; SUVR, standardized uptake value ratios.

hypometabolism in AD patients. Second, we demonstrated that when
patients had developed AD, Ap did not continue to build-up monoton-
ically with cognitive decline measured with MMSE. In contrast, tau
and hypometabolism were closely related to cognitive changes, and
the key inflection points were MMSE scores of 22 points and 10-19
points, respectively. Next, the results showed that hypometabolism
and tau have higher accuracy in differentiating AD patients from con-
trols than AB. When the three molecular imaging biomarkers were
used together, the discriminating accuracy was improved accordingly.
Finally, we determined that the NPS in the AD patients was associ-
ated with cognitive decline measured with MMSE and tau deposition
closely, followed by hypometabolism, but not with Ap. In addition, the
association between cognitive and behavioral symptoms and molecu-
lar imaging markers in AD was independent of age at onset.

Several previous studies have found that biomarkers of tau, Ap,
and hypometabolism are associated with clinical features of AD
(Gordon et al., 2019; Jagust, 2018; Mattsson et al., 2019; Takahata
et al, 2019). However, studies directly comparing these processes
and their effects on diagnosis, cognition, and NPS in AD are rare. Our
findings suggest that although Ap plagues may play a key role in the
early stage of AD, tau pathology and glucose metabolism are superior
over Ap to identify AD and cognitive impairment, and tau accumula-

tion is associated with NPS closely.

4.1 | Tauaccumulation is the key influencing
factor of NPS in patients with AD

The present study supported that NPS is one of the main clinical
symptoms and could influence the factors of AD. Our results showed
that the majority of NPS were associated with cognitive impairment
measured with MMSE in AD patients, which is consistent with

previous research findings (Craig et al., 2005; Zhao et al., 2016). For
example, the prevalence of hallucination, aberrant motor behavior,
delusion, and sleep disturbance were significantly higher in moderate
or severe AD than in mild AD (Chen et al., 2021; Cheng et al., 2012).
In addition, our results showed that AD-related tau accumulation was
correlated  with NPS,

apathy, aberrant motor behavior, and eating disorders. This fits into

significantly including  depression,
the evolving framework that tau appears to be closely associated with
cognitive symptoms of AD (Ossenkoppele et al., 2016), rather
than Ap.

As one of the most widely used tau PET tracers, [*®F]flortaucipir
PET has been proved to be a reliable biomarker of advanced Braak
tau pathology in AD by PET-to-autopsy studies (Fleisher et al., 2020;
Soleimani-Meigooni et al., 2020). This tracer was appropriate for our
study sample, where most AD patients were at an advanced stage of
the disease (the mean MMSE score was 12.5). But this tracer may not
detect early Braak stages of neurofibrillary tangle pathology
(Soleimani-Meigooni et al., 2020). Further research is needed to deter-
mine whether earlier stages of tau pathology can be detected with
PET and the relationship between tau PET and NPS in the early stages
of AD.

Meanwhile, a correlation between AD-related hypometabolism
and anxiety was found in the current study, while we did not find a
correlation between AD-related Ap deposition and NPS. However,
previous studies showed anxiety was related to the high burden of Ap
in the frontal lobe in the mild cognitive impairment (Bensamoun
et al,, 2015), and the combination of anxiety and high A burden led
to a more rapid cognitive decline in preclinical AD (Pietrzak
et al., 2015). Therefore, in combination with previous research find-
ings and current research results, AR may be associated with NPS in
the early stage of the disease, while tau accumulation is the key
influencing factor of NPS in patients with AD.
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4.2 | Tau deposition regions overlapped more
extensively with the hypometabolism regions

The aggregation of AB and tau is thought to play a crucial role in a
neurodegenerative cascade that results in the loss of neurons and
synapses (Duyckaerts et al., 2009). Consistent with previous studies
(Ossenkoppele et al., 2016), we found that tau pathology was strongly
co-located with hypometabolism regions, and the level of tau

p < .001. AD, Alzheimer's disease; AB, amyloid-p; FDG, fluorodeoxyglucose; PET, positron emission tomography; SUVR, standardized uptake

deposition was closely related to hypometabolism (Table 2). In con-
trast, most AD-related A distribution regions were independent and
different from tau and hypometabolism. These findings support the
disease model that neurodegeneration of AD is mainly caused by tau
neurofibrillary tangles and both share vulnerabilities or synergistic
toxic mechanisms (La Joie et al.,, 2020). Interestingly, AB, tau, and
hypometabolism only overlapped in the left inferior temporal lobe

region, so this area may be the most specific region for the AD
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biomarkers of disease progression. A better understanding of these
relationships could provide greater insight into disease pathogenesis
and inform the integration of multimodal neuroimaging into therapeu-

tic trials and drug development.

4.3 | Tau and hypometabolism may be more
correlated with cognitive decline than Ap

Previous reviews revealed that there is insufficient evidence to sug-
gest that Ap is related to cognition in AD patients; on the contrary,
tau and hypometabolism may be more correlated with cognitive
decline (Hammond & Lin, 2022; Lagarde et al., 2022; Morris
et al., 2018; Ossenkoppele et al., 2021), which is consistent with the
results of the current study. The reason may be that these lesions
occur in different anatomical locations and spatially spread across
regions. The diffusion location for tau starts in the lower cortex and
moves from the transentorhinal region to the neocortex (Adams
et al., 2018; Kim et al., 2018) which may have a stronger spatial corre-
lation with the degeneration region (Ossenkoppele et al., 2016). How-
ever, AB spreads in the opposite direction (Goedert, 2015; Thal
et al, 2002). Another reason may be that A in the brain occurs
approximately 15-30 years before the onset of AD clinical symptoms
(Sperling et al., 2011), and the accumulation of AB has almost reached
a plateau when patients had progressed into AD, so it is necessary to
explore the relationship between Ap and cognition at an earlier stage
of AD in subsequent studies.

More importantly, we found that the critical period of hypometa-
bolism was in the later stage of cognitive impairment compared with
tau. A recent study came to similar conclusions, finding that tau drives
early AD decline while glucose hypometabolism drives late decline
(Hammond et al., 2020). Another study further showed that local glu-
cose metabolism had a mediating effect on the relationship between
tau retention in temporal regions and global cognition (Saint-Aubert
et al., 2016). These findings confirmed the theoretical model of AD
pathophysiology that tau pathology precedes neuronal dysfunction
(as identified by [18F]FDG PET) and that further affects the down-
stream cognitive process (Jack Jr et al., 2010). In the treatment of AD,
glucose metabolism may be more appropriate as a target for advanced

AD, rather than early or overall AD pathology.

44 | Hypometabolism and tau had higher accuracy
in differentiating the AD patients from controls
than A

Due to the widespread accumulation of A in normal elderly people
(Ossenkoppele et al., 2018), Ap lacks specificity as a biomarker for the
clinical diagnosis of AD (Jansen et al., 2015). In the current study, the
specificity was only reached to 0.73 when Ap was used to classify AD
patients and NC, while the specificity of tau and hypometabolism was
reached to 0.96 and 0.89, respectively. In contrast, Ap was more sen-

sitive to the diagnosis of AD. Meanwhile, the accuracy of diagnosis of

AD using multiple molecular imaging biomarkers in this study was
higher than that of any single imaging biomarker, which confirmed
that tau and hypometabolism served as additional indicators that can

improve diagnostic performance.

4.5 | Cognitive and behavioral symptoms in early-
or late-onset AD were associated with tau and
hypometabolism

The results of the supplementary analysis showed that early-onset
AD has a greater pathologic burden of tau, Ap, and glucose metabo-
lism relative to late-onset AD, which is consistent with previous most
postmortem (Bigio et al, 2002; Marshall et al., 2007) and PET
research findings (Cho et al, 2013; Kim et al, 2005; Schoéll
et al, 2017). More importantly, although cognitive or behavioral
symptoms of AD are associated with tau or hypometabolism pathol-
ogy, it is currently unknown whether this association is affected by
age at onset. A recent study found a correlation between tau pathol-
ogy burden and MMSE score in both early- and late-onset AD (Visser
et al., 2022), which is consistent with our findings. In addition, our
result showed that cognitive level is also associated with hypometa-
bolism in the later stages of cognitive impairment. For behavioral and
psychiatric symptoms, we found that tau was associated with affec-
tive symptoms, especially depression, in both early- and late-onset
AD, and hypometabolism was marginally associated with psychosis
symptoms only in late-onset AD. These findings contribute to the
understanding of differences between early-onset and late-onset AD,

and more data are needed to validate these findings in the future.

4.6 | Limitations

This study has several limitations. First, we focused only on whether
NPS was associated with tau, A, hypometabolism or cognition, so
NPS was treated as a categorizing variable instead of a continuous
variable. In future studies, it is necessary to further investigate the
NPS score as a continuous variable and explore the association
between NPS severity and neuroimaging changes in a larger AD sam-
ple. In addition, the PET data were not partial volume corrected.
Although some previous PET studies had not been partial volume cor-
rected (Jack Jr et al, 2017; Knopman et al., 2019), and some had
shown little change after partial volume correction, there remains the

possibility that the results may not be accurate enough.

5 | CONCLUSIONS

In conclusion, our analysis provided additional information on the spa-
tial distributions of tau, Ap, and glucose metabolism in AD patients.
Overall, our study demonstrated that the A load in the brain reaches
a plateau during the progression of AD and tau correlates better to

cognitive and neuropsychiatric symptoms and together with cerebral
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hypometabolism discriminates AD from controls. These findings sup-
ported that tau pathology is a biomarker that still changes after pro-
gression to AD and may be more sensitive to the changes in

emotional, mental, and behavioral symptoms of AD.

ACKNOWLEDGMENTS

This work was supported by the National Key Research and Develop-
ment Project of China (grant number 2018YFC1315200); the National
Science Fund for Distinguished Young Scholars (grant number
81625025); the Funds for International Cooperation and Exchange of
the National Natural Science Foundation of China (grant number
81820108034); the State Key Program of National Natural Science of
China (grant number 81430100); the National Natural Science Foun-
dation of China (grant number 8207052304, 31700997, 81522021
and 81771143); and the Beijing Natural Science Foundation (grant
number 7192054).

CONFLICT OF INTEREST
The authors declare no competing interests.

DATA AVAILABILITY STATEMENT
The datasets used or analyzed during the current study are available

from the corresponding author on reasonable request.

ORCID
Jie Lu
Zhanjun Zhang

https://orcid.org/0000-0003-0425-3921
https://orcid.org/0000-0001-7266-4218

REFERENCES

Adams, J. N., Lockhart, S. N, Li, L., & Jagust, W. J. J. C. C. (2018). Relation-
ships between tau and glucose metabolism reflect Alzheimer's disease
pathology in cognitively normal older adults. Cerebral Cortex, 29,
1997-2009.

Aschenbrenner, A. J., Gordon, B. A., Benzinger, T. L. S., Morris, J. C.,, &
Hassenstab, J. J. (2018). Influence of tau PET, amyloid PET, and hippo-
campal volume on cognition in Alzheimer disease. Neurology, 91,
e859-e866.

Bensamoun, D., Guignard, R., Furst, A. J., Derreumaux, A., Manera, V.,
Darcourt, J., Benoit, M., Robert, P. H., & David, R. (2015). Associations
between neuropsychiatric symptoms and cerebral amyloid deposition
in cognitively impaired elderly people. Journal of Alzheimers Disease,
49, 387-398.

Bigio, E. H., Hynan, L., Sontag, E., Satumtira, S., & White, C., lIl. (2002).
Synapse loss is greater in presenile than senile onset Alzheimer dis-
ease: Implications for the cognitive reserve hypothesis. Neuropathology
and Applied Neurobiology, 28, 218-227.

Chen, Y., Dang, M., & Zhang, Z. (2021). Brain mechanisms underlying neu-
ropsychiatric symptoms in Alzheimer's disease: A systematic review of
symptom-general and-specific lesion patterns. Molecular Neurodegen-
eration, 16, 1-22.

Chen, Y., Xu, K., Yang, C., Li, X,, Li, H., Zhang, J., Wei, D., Xia, J., Tao, W., &
Ly, P. J. S. S. V. (2018). Beijing aging brain rejuvenation initiative: Aging
with grace. Scientia Sinica Vitae, 48, 721-734.

Cheng, S.-T., Kwok, T., & Lam, L. C. (2012). Neuropsychiatric symptom
clusters of Alzheimer's disease in Hong Kong Chinese: Prevalence and
confirmatory factor analysis of the neuropsychiatric inventory. Interna-
tional Psychogeriatrics, 24, 1465-1473.

Chiotis, K., Savitcheva, I, Poulakis, K., Saint-Aubert, L., Wall, A,
Antoni, G., & Nordberg, A. (2021). [18F] THK5317 imaging as a tool
for predicting prospective cognitive decline in Alzheimer's disease.
Molecular Psychiatry, 26, 5875-5887.

Cho, H., Seo, S. W., Kim, J.-H., Suh, M. K., Lee, J.-H., Choe, Y. S, Lee, K.-H.,
Kim, J. S., Kim, G. H., & Noh, Y. (2013). Amyloid deposition in early
onset versus late onset Alzheimer's disease. Journal of Alzheimer's Dis-
ease, 35,813-821.

Craig, D., Mirakhur, A., Hart, D. J., Mcllroy, S. P., & Passmore, A. P. (2005).
A cross-sectional study of neuropsychiatric symptoms in 435 patients
with Alzheimer's disease. American Journal of Geriatric Psychiatry, 13,
460-468.

Dubois, B., Feldman, H. H., Jacova, C., Hampel, H., Molinuevo, J. L,
Blennow, K., DeKosky, S. T., Gauthier, S., Selkoe, D., Bateman, R,,
Cappa, S., Crutch, S., Engelborghs, S., Frisoni, G. B., Fox, N. C,
Galasko, D., Habert, M.-O., lJicha, G. A, Nordberg, A,
Cummings, J. L. (2014). Advancing research diagnostic criteria for Alz-
heimer's disease: The IWG-2 criteria. The Lancet Neurology, 13,
614-629.

Duyckaerts, C., Delatour, B., & Potier, M.-C. (2009). Classification and
basic pathology of Alzheimer disease. Acta Neuropathologica, 118,
5-36.

Fischer, C. E., Ismail, Z., & Schweizer, T. A. (2012). Delusions increase func-
tional impairment in Alzheimer's disease. Dementia and Geriatric Cogni-
tive Disorders, 33, 393-399.

Fleisher, A. S., Pontecorvo, M. J., Devous, M. D., Lu, M., Arora, A. K,
Truocchio, S. P., Aldea, P., Flitter, M., Locascio, T., & Devine, M.
(2020). Positron emission tomography imaging with [18F] flortaucipir
and postmortem assessment of Alzheimer disease neuropathologic
changes. JAMA Neurology, 77, 829-839.

Foster, N. L., Heidebrink, J. L., Clark, C. M., Jagust, W. J., Arnold, S. E.,
Barbas, N. R., DeCarli, C. S., Turner, R. S., Koeppe, R. A,, Higdon, R., &
Minoshima, S. (2007). FDG-PET improves accuracy in distinguishing
frontotemporal dementia and Alzheimer's disease. Brain, 130, 2616-
2635.

Goedert, M. J. S. (2015). Alzheimer's and Parkinson's diseases: The prion
concept in relation to assembled A, tau, and a-synuclein. Science,
349, 1255555.

Gordon, B. A, Blazey, T. M,, Christensen, J., Dincer, A,, Flores, S., Keefe, S.,
Chen, C,, Su, Y., McDade, E. M., & Wang, G. (2019). Tau PET in autoso-
mal dominant Alzheimer's disease: Relationship with cognition,
dementia and other biomarkers. Brain, 142, 1063-1076.

Hammond, T. C., & Lin, A.-L. (2022). Glucose metabolism is a better marker
for predicting clinical Alzheimer's disease than amyloid or tau. Journal
of Cellular Inmunology, 4, 15-18.

Hammond, T. C,, Xing, X., Wang, C., Ma, D., Nho, K., Crane, P. K., Elahi, F.,
Ziegler, D. A, Liang, G., & Cheng, Q. (2020). B-Amyloid and tau drive
early Alzheimer's disease decline while glucose hypometabolism drives
late decline. Communications Biology, 3, 1-13.

laccarino, L., La Joie, R, Edwards, L., Strom, A. Schonhaut, D. R,
Ossenkoppele, R., Pham, J., Mellinger, T., Janabi, M., & Baker, S. L.
(2021). Spatial relationships between molecular pathology and neuro-
degeneration in the Alzheimer's disease continuum. Cerebral Cortex,
31,1-14.

Jack, C. R, Jr., Bennett, D. A., Blennow, K., Carrillo, M. C., Dunn, B.,
Haeberlein, S. B., Holtzman, D. M., Jagust, W., Jessen, F., Karlawish, J.,
Liu, E.,, Molinuevo, J. L., Montine, T., Phelps, C., Rankin, K. P.,
Rowe, C. C., Scheltens, P., Siemers, E., Snyder, H. M., & Sperling, R.
(2018). NIA-AA research framework: Toward a biological definition of
Alzheimer's disease. Alzheimer's & Dementia, 14, 535-562.

Jack, C. R, Jr., Knopman, D. S., Jagust, W. J., Shaw, L. M., Aisen, P. S.,
Weiner, M. W.,, Petersen, R. C., & Trojanowski, J. Q. (2010). Hypotheti-
cal model of dynamic biomarkers of the Alzheimer's pathological cas-
cade. The Lancet Neurology, 9, 119-128.


https://orcid.org/0000-0003-0425-3921
https://orcid.org/0000-0003-0425-3921
https://orcid.org/0000-0001-7266-4218
https://orcid.org/0000-0001-7266-4218

DANG ET AL.

WILEY_| ¥

Jack, C. R, Jr, Wiste, H. J, Weigand, S. D., Therneau, T. M,
Knopman, D. S., Lowe, V., Vemuri, P., Mielke, M. M., Roberts, R. O., &
Machulda, M. M. J. T. L. N. (2017). Age-specific and sex-specific preva-
lence of cerebral $-amyloidosis, tauopathy, and neurodegeneration in
cognitively unimpaired individuals aged 50-95 years: A cross-sectional
study. The Lancet Neurology, 16, 435-444.

Jagust, W. (2018). Imaging the evolution and pathophysiology of Alzhei-
mer disease. Nature Reviews Neuroscience, 19, 687-700.

Jansen, W. J., Ossenkoppele, R., Knol, D. L., Tijms, B. M., Scheltens, P.,
Verhey, F. R, Visser, P. J., Aalten, P., Aarsland, D., & Alcolea, D. J. J.
(2015). Prevalence of cerebral amyloid pathology in persons without
dementia: A meta-analysis. Journal of the American Medical Association,
313,1924-1938.

Johansson, M., Stomrud, E., Lindberg, O., Westman, E., Johansson, P. M.,
van Westen, D., Mattsson, N., & Hansson, O. (2020). Apathy and anxi-
ety are early markers of Alzheimer's disease. Neurobiology of Aging, 85,
74-82.

Kim, E., Cho, S., Jeong, Y., Park, K., Kang, S., Kang, E., Kim, S., Lee, K., &
Na, D. (2005). Glucose metabolism in early onset versus late onset Alz-
heimer's disease: An SPM analysis of 120 patients. Brain, 128, 1790-
1801.

Kim, H. J., Park, S., Cho, H., Jang, Y. K, San Lee, J., Jang, H., Kim, Y.,
Kim, K. W., Ryu, Y. H., Choi, J. Y., Moon, S. H., Weiner, M. W,,
Jagust, W. J., Rabinovici, G. D., DeCarli, C., Lyoo, C. H., Na, D. L., &
Seo, S. W. (2018). Assessment of extent and role of tau in subcortical
vascular cognitive impairment using 18F-AV1451 positron emission
tomography imaging. JAMA Neurology, 75, 999-1007.

Knopman, D. S., Lundt, E. S., Therneau, T. M., Vemuri, P., Lowe, V. J,
Kantarci, K., Gunter, J. L, Senjem, M. L, Mielke, M. M, &
Machulda, M. M. J. B. (2019). Entorhinal cortex tau, amyloid-f, cortical
thickness and memory performance in non-demented subjects. Brain,
142, 1148-1160.

La Joie, R, Visani, A. V., Baker, S. L., Brown, J. A,, Bourakova, V., Cha, J.,
Chaudhary, K., Edwards, L., laccarino, L., & Janabi, M. (2020). Prospec-
tive longitudinal atrophy in Alzheimer's disease correlates with the
intensity and topography of baseline tau-PET. Science Translational
Medicine, 12, eaau5732.

Lagarde, J., Olivieri, P., Tonietto, M., Tissot, C., Rivals, I, Gervais, P.,
Caillg, F., Moussion, M., Bottlaender, M., & Sarazin, M. (2022). Tau-
PET imaging predicts cognitive decline and brain atrophy progression
in early Alzheimer's disease. Journal of Neurology, Neurosurgery & Psy-
chiatry, 93, 459-467.

Li, H., Lv, C., Zhang, T., Chen, K., Chen, C., Gai, G, Hu, L., Wang, Y., &
Zhang, Z. J. C. A. R. (2014). Trajectories of age-related cognitive
decline and potential associated factors of cognitive function in senior
citizens of Beijing. Current Alzheimer Research, 11, 806-816.

Marshall, G. A, Fairbanks, L. A, Tekin, S., Vinters, H. V., & Cummings, J. L.
(2007). Early-onset Alzheimer's disease is associated with greater
pathologic burden. Journal of Geriatric Psychiatry and Neurology, 20,
29-33.

Marshall, G. A, Fairbanks, L. A, Tekin, S., Vinters, H. V., & Cummings, J. L.
(2006). Neuropathologic correlates of apathy in Alzheimer's disease.
Dementia and Geriatric Cognitive Disorders, 21, 144-147.

Mattsson, N., Insel, P. S., Donohue, M., Jogi, J.,, Ossenkoppele, R.,
Olsson, T., Schdll, M., Smith, R., & Hansson, O. (2019). Predicting diag-
nosis and cognition with 18F-AV-1451 tau PET and structural MRI in
Alzheimer's disease. Alzheimer's Dementia, 15, 570-580.

Mattsson, N., Insel, P. S, Landau, S., Jagust, W., Donohue, M., Shaw, L. M.,
Trojanowski, J. Q., Zetterberg, H., Blennow, K., Weiner, M., & Alzhei-
mer's Disease Neuroimaging . (2014). Diagnostic accuracy of CSF
Ab42 and florbetapir PET for Alzheimer's disease. Annals of Clinical
Translational Neurology, 1, 534-543.

McKhann, G., Drachman, D., Folstein, M., Katzman, R., Price, D., &
Stadlan, E. M. (1984). Clinical diagnosis of Alzheimer's disease: Report
of the NINCDS-ADRDA work group under the auspices of

Department of Health and Human Services Task Force on Alzheimer's
disease. Neurology, 34, 939-944.

Medeiros, K. D., Robert, P., Gauthier, S., Stella, F., Politis, A., Leoutsakos, J.,
Taragano, F., Kremer, J., Brugnolo, A., & Porsteinsson, A. P. (2010).
The neuropsychiatric inventory-clinician rating scale (NPI-C): Reliabil-
ity and validity of a revised assessment of neuropsychiatric symptoms
in dementia. International Psychogeriatrics, 22, 984-994.

Mori, T., Shimada, H., Shinotoh, H., Hirano, S., Eguchi, Y., Yamada, M.,
Fukuhara, R., Tanimukai, S., Zhang, M.-R., & Kuwabara, S. J. J. N. N. P.
(2014). Apathy correlates with prefrontal amyloid § deposition in Alz-
heimer's disease. Journal of Neurology, Neurosurgery, and Psychiatry, 85,
449-455,

Morris, G. P., Clark, I. A., & Vissel, B. (2018). Questions concerning the role
of amyloid-p in the definition, aetiology and diagnosis of Alzheimer's
disease. Acta Neuropathologica, 136, 663-689.

Nelson, P. T., Alafuzoff, I., Bigio, E. H., Bouras, C., Braak, H., Cairns, N. J.,
Castellani, R. J., Crain, B. J., Davies, P., Tredici, K. D., Duyckaerts, C.,
Frosch, M. P., Haroutunian, V., Hof, P. R,, Hulette, C. M., Hyman, B. T.,
Iwatsubo, T., Jellinger, K. A, Jicha, G. A,, ... Beach, T. G. (2012). Corre-
lation of Alzheimer disease neuropathologic changes with cognitive
status: A review of the literature. Journal of Neuropathology & Experi-
mental Neurology, 71, 362-381.

Ng, K. P., Pascoal, T. A., Mathotaarachchi, S., Chung, C.-O., Benedet, A. L.,
Shin, M., Kang, M. S, Li, X,, Ba, M., & Kandiah, N. J. N. (2017). Neuro-
psychiatric symptoms predict hypometabolism in preclinical Alzheimer
disease. Neurology, 88, 1814-1821.

Nunes, P. V., Schwarzer, M. C,, Leite, R. E. P., Ferretti-Rebustini, R. E. L.,
Pasqualucci, C. A, Nitrini, R, Rodriguez, R. D., Nascimento, C. F,,
Oliveira, K. C., Grinberg, L. T., Jacob-Filho, W., Lafer, B. &
Suemoto, C. K. (2019). Neuropsychiatric inventory in community-
dwelling older adults with mild cognitive impairment and dementia.
Journal of Alzheimer's Disease, 68, 669-678.

Okamura, N., Furumoto, S., Fodero-Tavoletti, M. T., Mulligan, R. S.,
Harada, R., Yates, P., Pejoska, S., Kudo, Y., Masters, C. L., Yanai, K,
Rowe, C. C., & Villemagne, V. L. (2014). Non-invasive assessment of
Alzheimer's disease neurofibrillary pathology using 18F-THK5105
PET. Brain, 137, 1762-1771.

Ossenkoppele, R., Rabinovici, G. D., Smith, R., Cho, H., Scholl, M.,
Strandberg, O., Palmqyvist, S., Mattsson, N., Janelidze, S., Santillo, A,
Ohlsson, T., Jogi, J., Tsai, R., La Joie, R., Kramer, J., Boxer, A. L., Gorno-
Tempini, M. L., Miller, B. L., Choi, J. Y., ... Hansson, O. (2018). Discrimi-
native accuracy of [18F]flortaucipir positron emission tomography for
Alzheimer disease vs other neurodegenerative disorders. Journal of the
American Medical Association, 320, 1151-1162.

Ossenkoppele, R., Schonhaut, D. R., Scholl, M., Lockhart, S. N., Ayakta, N.,
Baker, S. L., O'Neil, J. P., Janabi, M., Lazaris, A., Cantwell, A., Vogel, J.,
Santos, M., Miller, Z. A., Bettcher, B. M., Vossel, K. A, Kramer, J. H.,
Gorno-Tempini, M. L., Miller, B. L., Jagust, W. J., & Rabinovici, G. D.
(2016). Tau PET patterns mirror clinical and neuroanatomical variabil-
ity in Alzheimer's disease. Brain, 139, 1551-1567.

Ossenkoppele, R., Smith, R., Mattsson-Carlgren, N., Groot, C., Leuzy, A.,
Strandberg, O., Palmqvist, S., Olsson, T., Jogi, J., & Stormrud, E. (2021).
Accuracy of tau positron emission tomography as a prognostic marker
in preclinical and prodromal Alzheimer disease: A head-to-head com-
parison against amyloid positron emission tomography and magnetic
resonance imaging. JAMA Neurology, 78, 961-971.

Pietrzak, R. H., Lim, Y. Y., Neumeister, A., Ames, D., & Maruff, P. (2015).
Amyloid-p, anxiety, and cognitive decline in preclinical Alzheimer dis-
ease: A multicenter, prospective cohort study. JAMA Psychiatry, 72,
284-291.

Regier, D. A, Kuhl, E. A, & Kupfer, D. J. (2013). The DSM-5: Classification
and criteria changes. World Psychiatry, 12, 92-98.

Saint-Aubert, L., Almkvist, O., Chiotis, K., Almeida, R, Wall, A, &
Nordberg, A. (2016). Regional tau deposition measured by [18F]
THK5317 positron emission tomography is associated to cognition via



% | WILEY

DANG ET AL.

glucose metabolism in Alzheimer's disease. Alzheimer's Research &
Therapy, 8, 1-9.

Scholl, M., Ossenkoppele, R., Strandberg, O., Palmqvist, S., Swedish Bio-
FINDER Study, Jogi, J., Ohlsson, T., Smith, R., & Hansson, O. (2017).
Distinct 18F-AV-1451 tau PET retention patterns in early- and late-
onset Alzheimer's disease. Brain, 140, 2286-2294.

Shin, I.-S., Carter, M., Masterman, D., Fairbanks, L., & Cummings, J. L.
(2005). Neuropsychiatric symptoms and quality of life in Alzheimer
disease. The American Journal of Geriatric Psychiatry, 13, 469-474.

Soleimani-Meigooni, D. N., laccarino, L., La Joie, R., Baker, S.,
Bourakova, V. Boxer, A. L., Edwards, L., Eser, R, Gorno-
Tempini, M.-L., & Jagust, W. J. (2020). 18F-flortaucipir PET to autopsy
comparisons in Alzheimer's disease and other neurodegenerative dis-
eases. Brain, 143, 3477-3494.

Sperling, R. A., Aisen, P. S., Beckett, L. A, Bennett, D. A, Craft, S.,
Fagan, A. M., lwatsubo, T., Jack, C. R,, Jr.,, Kaye, J., Montine, T. J.,
Park, D. C., Reiman, E. M., Rowe, C. C., Siemers, E., Stern, Y., Yaffe, K,
Carrillo, M. C,, Thies, B., Morrison-Bogorad, M., ... Phelps, C. H. (2011).
Toward defining the preclinical stages of Alzheimer's disease: Recom-
mendations from the National Institute on Aging-Alzheimer's associa-
tion workgroups on diagnostic guidelines for Alzheimer's disease.
Alzheimer's & Dementia, 7, 280-292.

Takahata, K., Kimura, Y., Sahara, N., Koga, S., Shimada, H., Ichise, M.,
Saito, F., Moriguchi, S., Kitamura, S., & Kubota, M. (2019). PET-
detectable tau pathology correlates with long-term neuropsychiatric
outcomes in patients with traumatic brain injury. Brain, 142, 3265-
3279.

Tekin, S., Mega, M. S., Masterman, D. M., Chow, T., Garakian, J.,
Vinters, H. V., & Cummings, J. L. (2001). Orbitofrontal and anterior cin-
gulate cortex neurofibrillary tangle burden is associated with agitation
in Alzheimer disease. Annals of Neurology, 49, 355-361.

Teng, E., Lu, P. H., & Cummings, J. L. (2007). Neuropsychiatric symptoms are
associated with progression from mild cognitive impairment to Alzhei-
mer’s disease. Dementia and geriatric cognitive disorders. 24, 253-259.

Tellechea, P., Pujol, N., Esteve-Belloch, P., Echeveste, B., Garcia-Eulate, M.,
Arbizu, J., & Riverol, M. (2018). Early- and late-onset Alzheimer disease:
Are they the same entity? Neurologia (English Edition), 33, 244-253.

Thal, D. R, Riib, U., Orantes, M., & Braak, H. J. N. (2002). Phases of Ap-
deposition in the human brain and its relevance for the development
of AD. Neurology, 58, 1791-1800.

Tissot, C., Therriault, J., Pascoal, T. A, Chamoun, M., Lussier, F. Z.,
Savard, M., Mathotaarachchi, S. S., Benedet, A,, Thomas, E. M., &
Parsons, M. (2021). Association between regional tau pathology and
neuropsychiatric symptoms in aging and dementia due to Alzheimer's
disease. Alzheimer's & Dementia, 7, €12154.

Trzepacz, P. T., Saykin, A, Yu, P., Bhamditipati, P., Sun, J., Dennehy, E. B.,
Willis, B., Cummings, J. L., & Alzheimer's Disease Neuroimaging Initia-
tive. (2013). Subscale validation of the neuropsychiatric inventory
questionnaire: Comparison of Alzheimer's disease neuroimaging initia-
tive and national Alzheimer's coordinating center cohorts. The Ameri-
can Journal of Geriatric Psychiatry, 21, 607-622.

Visser, D., Verfaillie, S. C., Wolters, E. E., Coomans, E. M., Timmers, T.,
Tuncel, H., Boellaard, R., Golla, S. S., Windhorst, A. D., & Scheltens, P.
(2022). Differential associations between neocortical tau pathology
and blood flow with cognitive deficits in early-onset vs late-onset Alz-
heimer's disease. European Journal of Nuclear Medicine and Molecular
Imaging, 49, 1951-1963.

Yang, C., Li, X., Zhang, J., Chen, Y., Li, H., Wei, D,, Lu, P, Liang, Y., Liu, Z., &
Shu, N. (2021). Early prevention of cognitive impairment in the com-
munity population: The Beijing aging brain rejuvenation initiative. Alz-
heimer's Dementia, 17(10), 1610-1618.

Zhao, Q.-F., Tan, L., Wang, H.-F., Jiang, T., Tan, M.-S,, Tan, L., Xu, W.,
Li, J.-Q., Wang, J., & Lai, T.-J. (2016). The prevalence of neuropsychiat-
ric symptoms in Alzheimer's disease: Systematic review and meta-
analysis. Journal of Affective Disorders, 190, 264-271.

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-
ing Information section at the end of this article.

How to cite this article: Dang, M., Chen, Q., Zhao, X., Chen,
K., Li, X., Zhang, J., Lu, J., Ai, L., Chen, Y., & Zhang, Z. (2023).
Tau as a biomarker of cognitive impairment and
neuropsychiatric symptom in Alzheimer's disease. Human
Brain Mapping, 44(2), 327-340. https://doi.org/10.1002/hbm.
26043



https://doi.org/10.1002/hbm.26043
https://doi.org/10.1002/hbm.26043

	Tau as a biomarker of cognitive impairment and neuropsychiatric symptom in Alzheimer's disease
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Participants
	2.2  Neuropsychiatric assessment
	2.3  PET data acquisition
	2.4  Data processing
	2.5  Statistical analyses

	3  RESULTS
	3.1  Clinical characteristics of participants
	3.2  The regions with tau accumulation overlapped extensively with the hypometabolism regions, and the deposition regions o...
	3.3  Tau accumulation is closely related to hypometabolim, not to Aβ
	3.4  Unlike Aβ, tau and hypometabolism build up monotonically with increasing cognitive impairment in the late stages of AD
	3.5  Hypometabolism and tau had higher accuracy in differentiating the AD patients from controls than Aβ
	3.6  NPS in AD were associated with tau deposition closely, followed by hypometabolism, but not with Aβ
	3.7  Effects of age at onset of AD on the relationship between tau, Aβ, and hypometabolism with cognitive and behavioral sy...

	4  DISCUSSION
	4.1  Tau accumulation is the key influencing factor of NPS in patients with AD
	4.2  Tau deposition regions overlapped more extensively with the hypometabolism regions
	4.3  Tau and hypometabolism may be more correlated with cognitive decline than Aβ
	4.4  Hypometabolism and tau had higher accuracy in differentiating the AD patients from controls than Aβ
	4.5  Cognitive and behavioral symptoms in early- or late-onset AD were associated with tau and hypometabolism
	4.6  Limitations

	5  CONCLUSIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


