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Abstract: Purpose: 18F-Florzolotau is a novel second-generation tau radiotracer that shows higher
binding affinity and selectivity and no off-target binding. The proportion loss of functional connectiv-
ity strength (PLFCS) is a new indicator for representing brain functional connectivity (FC) alteration.
This study aims to estimate the relationship between the regional tau accumulation and brain FC
abnormality in Alzheimer’s disease (AD) and mild cognitive impairment (MCI) patients based on
Florzolotau PET and fMRI. Methods: 22 NC (normal control), 31 MCI and 42 AD patients who have
already been scanned with 18F-Florzolotau PET were recruited in this study. (We calculated the
PLFCS and standardized uptake value ratio (SUVR) of each node based on the Brainnetome atlas
(BNA) template. The SUVR of 246 brain regions was calculated with the cerebellum as the reference
region. Further functional connection strength (FCs), PLFCS and SUVR of each brain region were
obtained in three groups for comparison.) For each patient, PLFCS and standardized uptake value
ratio (SUVR) were calculated based on the Brainnetome atlas (BNA) template. These results, as well
as functional connection strength (FCs), were then compared between different groups. Multiple
permutation tests were used to determine the target nodes between NC and cognitive impairment
(CI) groups (MCI and AD). The relationship between PLFCS and neuropsychological scores or cortical
tau deposit was investigated via Pearson correlation analysis. Results: Higher PLFCS and FCs in AD
and MCI groups were found compared to the NC group. The PLFCS of 129 brain regions were found
to be different between NC and CI groups, and 8 of them were correlated with tau SUVR, including
superior parietal lobule (MCI: r = 0.4360, p = 0.0260, AD: r = −0.3663, p = 0.0280), middle frontal gyrus
(AD: MFG_R_7_2: r = 0.4106, p = 0.0129; MFG_R_7_5: r = 0.4239, p = 0.0100), inferior frontal gyrus
(AD: IFG_R_6_2: r = 0.3589, p = 0.0316), precentral gyrus (AD: PrG_R_6_6: r = 0.3493, p = 0.0368),
insular gyrus (AD: INS_R_6_3: r = 0.3496, p = 0.0366) and lateral occipital cortex (AD: LOcC _L_4_3:
r = −0.3433, p = 0.0404). Noteworthily, the opposing relationship was found in the superior pari-
etal lobule in the MCI and AD groups. Conclusions: Brain functional connectivity abnormality is
correlated with tau pathology in AD and MCI.

Keywords: Florzolotau PET; functional connectivity; mild cognitive impairment; Alzheimer’s disease

1. Introduction

Alzheimer’s disease (AD) is an irreversible, devastating neurodegenerative disorder
characterized by the aberrant accumulation and aggregation of amyloid plaques and
neurofibrillary tangles in the brain [1]. Mild Cognitive Impairment (MCI) is identified as a
prodromal phase of AD, with 10–15% conversion to dementia per year [2]. While as the
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most common dementia, available treatments of AD can only relieve clinical symptoms,
none of the interventions are able to slow down its development. Therefore, the pathological
mechanism and early diagnosis of AD have attracted increasing interest. Tau deposition and
spreading are major factors of AD, which exist early in the cascade of AD etiopathogenesis
and result in neuronal loss and cognitive decline [3]. Thus, it is considered an ideal target
for diagnosis and novel treatments. To evaluate the pathological tau burden in vivo, a
wide variety of tracers were developed based on the diverse binding targets of tau-paired
helical filaments(PHFs), including quinoline derivatives and benzimidazole pyrimidine
derivatives [4–8]. Since the first tau radioligand, 18F-FDDNP, was developed, a variety
of tracers have been synthesized and have demonstrated promising results in the clinical
evaluation of tau deposition. However, the first-generation tau tracers showed several
limitations, including high binding affinity in the deep brain nucleus, where pathological
studies did not show a high density of tangles in AD and “off-target” binding to monoamine
oxidase B (MAO-B). Compared with them, the second-generation tau tracers showed
lower “off-target” binding and improved affinity and selectivity in tau aggregates [9],
which enhanced the detection of the affected subregions in the early phase of AD. Several
clinical trials have verified that the distribution of tau tracers is related to post-mortem
neuropathology in primary tauopathies [10], and the binding of tracers is associated with
cognitive performance in AD patients [10]. Moreover, tau PET imaging can contribute to
further elaboration on the relationship between tau accumulation and other biomarkers or
clinical symptoms.

Brain functional connectivity (FC) is able to evaluate the spatiotemporal association
between distinct cerebral cortical regions, which can offer novel perspectives on functional
brain disruption and other abnormalities caused by neuropathies [11]. In several neurode-
generative diseases, neuropathology and atrophy are most prominent in nodes with dense
connections (usually referred to as ‘hubs’) [12], both at the structural [13] and functional
levels [14]. Abnormal functional connectivity strength (FCs) in AD and its preclinical stages
have been estimated via resting-state functional magnetic resonance imaging (rs-fMRI) in
previous studies [15,16]. Several studies were launched to evaluate the correlation between
functional abnormality and tau deposition in AD and its preclinical stages [17–20]. Com-
bined with tau positron emission tomography (PET) scan, studies provided evidence that
tau toxicity can influence neuronal activity and synaptic plasticity and lead to the disrup-
tion of FC. For instance, Hansson et al. proposed that there were spatial correspondences
between major functional networks and regional pathological tau accumulation [21,22].
Cope et al. has demonstrated that tau burden is correlated with a higher graph theoretical
index of functional connectivity evaluated in AD [22]. Specifically, the proportion loss of
functional connectivity strength (PLFCS) was assessed, which ensured that the results did
not issue from the bias introduced by proportionate thresholding. This index is associated
with weighted degree, while it is more subject to fMRI signal-to-noise ratio limitations
in comparison to traditional FC metrics. Previous studies showed that the PLFCS is a
relatively new index of research, and it holds possibilities in revealing the brain function
change in AD and other neurodegenerative diseases [23–25]. However, all these studies
were launched with the use of first-generation tau tracers.

In this study, we used the second-generation tau radiotracer 18F-Florzolotau to evalu-
ate the relationship between the abnormal FC (including functional connection strength
and PLFCS) and tau deposition, as well as neuropsychological scores in AD and MCI,
and further explored the role of tau accumulation in the FC abnormality during AD
disease progression.

2. Materials and Methods
2.1. Participants

We prospectively recruited 36 AD patients, 26 MCI patients and 22 NC subjects who
underwent Florzolotau PET scanning in Huashan Hospital affiliated with Fudan University
in this study. Besides Florzolotau PET, T1-weighted structural MRI and fMRI scanning
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was also needed for each subject. All participants needed to be over 55 years and fulfill
the following research criteria: (1) AD patients have completed an 18F-AV45 PET scan and
been characterized as amyloid PET-positive; (2) subjects have conducted The Mini-Mental
State Examination (MMSE) and Clinical Dementia Rating–Sum of Boxes (CDR-SB) test by
experienced neurologists from Huashan hospital; (3) NCs had an MMSE score of 24 or
greater, and no history of cognitive impairment, mental disorders, neurological diseases or
brain trauma. Clinically probable AD was diagnosed with the 2011 NIA-AA guidelines [24],
and the diagnosis of MCI required to meet Petersen’s criteria [26]; (4) dementia caused by
other reasons needs to be excluded.

This study was approved by the Institutional Review Board of Huashan Hospital
(HIRB) (no. 2018-363). All subjects or a legally responsible relative gave written informed
consent before the study.

2.2. Acquisition Protocol

All subjects withdrew cognitive enhancing and psychotropic medicine for at least
12 h before clinical assessment and each imaging acquisition. Participants underwent T1-
weighted structural MRI and rs-fMRI on a 3.0T horizontal magnet (Discovery MR750; GE
Medical Systems, Milwaukee, WI) and a T1 MRI image was acquired with FOV = 25.6 cm,
matrix = 256 × 256 × 152, slice thickness = 1 mm, repetition time (TR) = 8.2 ms, echo time
(TE) = 3.2 ms, flip angle= 12◦. The Rs-fMRI scans were performed with the following pa-
rameters: FOV = 24 cm, slice thickness = 3 mm, TR = 8800 ms, TE = 145 ms, flip angle = 77◦.
PET data were obtained by the use of a Siemens mCT Flow PET/CT (Siemens, Erlangen,
Germany) in a PET center, Huashan Hospital, in the three-dimensional (3D) mode. 18F-
Florzolotau PET imaging was performed for 20 minutes, 90–110 minutes after 370 MBq
18F-Florzolotau was intravenously injected. Images were corrected by the mode of CT
attenuation correction, and the reconstruction was performed with the ordered subset
expectation maximization (OSEM) method.

2.3. Data Pre-Processing

Rs-fMRI data were processed with the use of DPARSF (http://www.rfmri.org/DPARSF,
accessed on 10 January 2022). First, in order to stabilize the initial signal and allow indi-
viduals to acclimate to the environment, the first 10 volumes were discarded. Volumes
remaining according to acquisition time were corrected and realigned to the head move-
ment of the first volume, and mean signals from white matter (WM), cerebrospinal fluid
(CSF) and Friston-24 head motion parameters were regressed out. Then, the T1 images
were registered with the fMRI at the individual level. The segmented T1 images were
spatially normalized based on the standard Montreal Neurological Institute (MNI) brain
space. All images were resampled into 3 × 3 × 3 mm3 voxels. Finally, the linear drift and
corrections for white matter, CSF signals, six head movement parameters and band-pass
filters (0.01–0.08 Hz) of the fMRI data were removed. Smoothing was based on a 4 mm
full-width half-height (EWHM) filter.

PET data were processed using Statistical Parametric Mapping 12 (the Wellcome
Department of Neurology, London, UK) package. First, PET images were registered based
on the T1 images of the corresponding subjects. Second, the gray matter (GM) tissue
probability map from segmented T1 images was registered. Then, based on the MNI
standard space, the GM map was registered using nonlinear transformation parameters.
The registered PET images were also spatially normalized using the same transformation
parameters and were then resampled into 2 × 2 × 2 mm3 voxels. Finally, PET was smoothed
based on an 8 mm full-width half-height filter.

http://www.rfmri.org/DPARSF
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2.4. Brain Network Analysis
2.4.1. Functional Connection Strength

The Brainnetome atlas (BNA) contains 246 brain regions of the bilateral hemispheres
(available at http://atlas.brainnetome.org/, last accessed on 31 August 2022). Each brain
region was treated as a node used for network analysis based on Pearson’s correlation to es-
timate time-resolved fMRI connectivity. Thus, each subject obtained a 246 × 246 association
matrix and Fisher z-transform. The individual connection strength of each node was quan-
tified by the sum of the absolute values of the associated value between the node and other
nodes, then the connection strength of the node was defined as the average value of the
individual connection strength for each diagnostic group.

2.4.2. Proportional Loss of Connectional Strength

The individual-level PLFCS in the disease group was defined as the difference in
connectivity strength from the normal control group and was scaled based on the baseline
group. The value of PLFCS was calculated as equation (1):

Lossi =
µi − σ
σ

(1)

where µi is the connection strength of each node. σ is the average connection strength of all
nodes in the baseline [23,27].

2.5. Semi-Quantitative ROI-Based PET Analyses

The entire cerebellum was selected as the reference region for calculating the normal-
ized uptake value ratios (SUVRs) in 246 brain regions based on PET images. Then, for
comparison with functional connection strength, the group-averaged SUVR of each brain
region was obtained.

2.6. Comparison of PLFCS along AD Spectrum

Except for these three groups, we define the cognitive impairment (CI) group as the
sum total of AD and MCI patients. To determine robust PLFCS biomarkers, we performed
a two-sample t-test for PLFCS in the 246 brain regions of the NC and the CI group. We
considered brain regions with significant differences (p < 0.05) as potential biomarkers and
presented them using boxplots.

2.7. Correlation between Proportional Loss and Clinical Scales

We first checked the relationship between the PLFCS and functional connection
strength (un-transformed) of 246 brain regions in the disease groups to evaluate whether
brain regions with high connection strength were vulnerable to the effect of neuropathology,
based on our hypotheses that the proportionate vulnerability of these regions can reflect
the progression of neurodegeneration. It was expected that regions with relatively higher
connection strength tend to lose more. Therefore, we performed a correlation analysis
between the averaged proportional loss of hub regions and cognitive level in the disease
groups, where the cognitive level was reflected by clinical scales of MMSE and CDR-SB.

2.8. Statistical Analysis

A two-sample t-test was performed for continuous variables comparison, and the
χ test was used for the between-group differences of categorical variables. Correlations
between fMRI data and tau levels and clinical scales were assessed for each diagnostic
group based on Pearson correlation. We analyzed differences of clinical variates among
three groups with the use of univariate analysis of variance (ANOVA) and Bonferroni’s post
hoc analysis or Dunn’s multiple test on account of homogeneity of variance. All statistical
analyses were performed on the SPSS 19.0 platform, and p < 0.05 was considered significant.

http://atlas.brainnetome.org/
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3. Results
3.1. Demographic

The subject’s demographics and scores of cognitive examination are displayed in
Table 1. The average age of the MCI group was older than NC and AD, whereas the
difference between NC and AD subjects was not statistically significant (p = 0.226). Lower
MMSE and higher CDR-SB scores were observed in AD and MCI than NC group. No
differences in education years were found among the three groups.

Table 1. Demographic information and scores of cognitive examinations.

Group Number Gender (Male/Female) Age of Scanning Education MMSE CDR-SB

NC 22 8/14 56.95 ± 7.01 11.27 ± 3.92 28.23 ± 1.41 0.00 ± 0.00
MCI 26 6/20 70.38 ± 8.47 10.27 ± 3.29 25.53 ± 1.70 4.46 ± 1.46
AD 36 14/22 60.94 ± 10.13 9.86 ± 3.86 16.00 ± 6.29 8.68 ± 3.96

p - 0.217 a <0.001 b 0.358 b <0.001 c <0.001 b

a Chi-square test. b One-way ANOVA test with Bonferroni’s multiple comparison test. c ANOVA test with Dunn’s
multiple comparison test. p < 0.05 was considered as significant. p-values are given for the comparisons among
the three groups. Data are presented as mean ± standard deviation. AD, Alzheimer’s disease; CDR-SB, Clinical
Dementia Rating–Sum of Boxes; NC, normal control subjects; MCI, patients with mild cognitive impairment;
MMSE, Mini-Mental State Examination.

3.2. Results of PLFCS and Tau Level

Higher FCs and PLFCS were found in the MCI and AD groups than in the NC group,
and differences were not found between the AD and MCI groups (FCs: p = 0.971, Figure 1a;
PLFCS: p = 0.652, Figure 1b). Higher globally averaged tau SUVR was found in the AD
group than in the MCI and NC groups, and differences were not found between the NC
and MCI groups (p = 0.887, Figure 1c).
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Figure 1. Comparison of connection strength, PLFCS and tau SUVR between the three groups. (a) The
global FCs of NC, MCI and AD groups. (b) The comparison of global PLFCS between NC, MCI
and AD groups. (c) The comparison of global tau SUVR between the NC, MCI and AD groups.
Abbreviations: NC, normal control; MCI, mild cognitive impairment; AD, Alzheimer’s disease.

We found differences in the PLFCS level between the NC and CI groups in 129 brain
regions and further analyzed the correlation between PLFCS and tau SUVR in these regions.
Brain regions with significant correlation are shown in Table 2 and Figure 2, including supe-
rior parietal lobule (MCI: r = 0.4360, p = 0.0260, AD: r = −0.3663, p = 0.0280), middle frontal
gyrus (AD: MFG_R_7_2: r = 0.4106, p = 0.0129; MFG_R_7_5: r = 0.4239, p = 0.0100), inferior
frontal gyrus (AD: IFG_R_6_2: r = 0.3589, p = 0.0316), precentral gyrus (AD: PrG_R_6_6:
r = 0.3493, p = 0.0368), insular gyrus (AD: INS_R_6_3: r = 0.3496, p = 0.0366) and lateral
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occipital cortex (AD: LOcC_L_4_3: r = −0.3433, p= 0.0404). Noteworthily, the inverse
relationship was found in the superior parietal lobule in the MCI and AD groups. Further,
we analyzed the relationship between SUVR/PLFCS and clinical scores, and no significant
correlation was found.
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Figure 2. Detailed brain regions with significant correlation of FCs/PLFCS and tau SUVR. (a) Brain
regions with significant correlation of FCs/PLFCS and tau SUVR in the MCI group. (b) Brain regions
with significant correlation of FCs/PLFCS and tau SUVR in the AD group.

3.3. Correlation of FC and PLFCS

The correlation between the group-averaged FCs and PLFCS of the cerebral cortex
of the MCI and AD groups with that of the NC group are shown in Figure 2. We found
that brain regions with higher functional connectivity in normal control subjects lost the
larger proportion of connection strength in MCI (r = −0.7736, p < 0.0001, Figure 3a) and
AD (r = −0.7999, p < 0.0001, Figure 3b).
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controls and PLFCS in disease groups. (a) The correlation between the connectional strength in
normal controls and the PLFCS in MCI subjects. (b) The correlation between the connectional
strength in normal controls and PLFCS in AD subjects.



Brain Sci. 2022, 12, 1355 7 of 12

Table 2. Brain regions with significant correlation of FCs/PLFCS and tau SUVR.

MCI

Lobe Gyrus
Left and

Right
Hemispheres

Label ID.L Label ID.R Modified Cyto-
Architectonic

lh.MNI
(X, Y, Z)

rh.MNI
(X, Y, Z)

R(FCs and
Tau SUVR)

P (FCs and
tau SUVR)

R (PLFCS and
Tau SUVR)

P (PLFCS and
Tau SUVR)

Parietal
lobe

SPL, superior
parietal lobule SPL_R_5_2 128 A7c, caudal area 7 −15, −71,

52 19, −69, 54 0.4332 0.0271 0.4360 0.0260

AD

Lobe Gyrus
Left and

Right
Hemispheres

Label ID.L Label ID.R Modified Cyto-
Architectonic

lh.MNI
(X,Y,Z)

rh.MNI
(X,Y,Z)

R (FCs and
Tau SUVR)

P (FCs and
Tau SUVR)

R (PLFCS and
Tau SUVR)

P (PLFCS and
Tau SUVR)

Frontal
lobe

MFG, middle
frontal gyrus MFG_R_7_2 18 IFJ, inferior frontal

junction −42, 13, 36 42, 11, 39 0.4159 0.0116 0.4106 0.0129

MFG, middle
frontal gyrus MFG_R_7_5 24 A8vl, ventrolateral

area 8 −33, 23, 45 42, 27, 39 0.4214 0.0105 0.4239 0.0100

IFG, inferior
frontal gyrus IFG_R_6_2 32 IFS, inferior frontal

sulcus −47, 32, 14 48, 35, 13 0.3656 0.0283 0.3589 0.0316

PrG, precentral
gyrus PrG_R_6_6 64 A6cvl, caudal

ventrolateral area 6 −49, 5, 30 51, 7, 30 0.3420 0.0412 0.3493 0.0368

Parietal
lobe

SPL, superior
parietal lobule SPL_R_5_1 126 A7r, rostral area 7 −16, −60,

63 19, −57, 65 −0.3624 0.0299 −0.3663 0.0280

Insular
lobe

INS, insular
gyrus INS_R_6_3 168 dIa, dorsal

agranular insula −34, 18, 1 36, 18, 1 0.3321 0.0478 0.3496 0.0366

Occipital
lobe

LOcC, lateral
occipital cortex LOcC_L_4_3 203 OPC, occipital

polar cortex −18, −99, 2 22, −97, 4 −0.3443 0.0397 −0.3432 0.0404
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4. Discussion

The study aimed to investigate the neurophysiological FC abnormality in AD and MCI
and its relationship with tau burden. We found higher PLFCS and functional connection
strength in the AD and MCI groups compared to NCs. Global tau SUVR of the AD group
was higher than that of the NC group, but no difference was found between the AD and
MCI groups. Significant relationships between the FCs of NC groups and the PLFCS
of disease groups were observed, which strongly supported the hypotheses that brain
regions with relatively higher functional connectivity would be more vulnerable to tau
accumulation in neurodegeneration [28]. PLFCS of several brain regions were found to be
different between the NC and CI groups, and some of them were correlated with tau SUVR,
including superior parietal lobule, middle frontal gyrus, inferior frontal gyrus, precentral
gyrus, insular gyrus and lateral occipital cortex. Notably, relationships were found in the
superior parietal lobule in both MCI and AD groups.

Consistent with our results, Cho et al. found that 18F-flortaucipir SUVR increased in
the superior parietal cortex, and the change was correlated with the progression of diffuse
volume atrophy during a 2-year-follow-up in the MCI group, and the correlation pattern
with clinical scores was not included [29]. The cortical thickness of the superior parietal
lobule was found to be associated with mild symptoms and signs of cognitive impairment
in AD [30], indicating that the functional and structural abnormality in the superior parietal
lobule were correlated with disease progression but did not directly influence the cognitive
performance of patients. Strikingly, in the AD group, we found that PLFCS was negatively
correlated with tau SUVR, and in MCI, this relationship was inversed, with the value of
PLFCS increasing in line with the tau level. This may be a compensatory phenomenon.
The cognitive function of healthy aging depends on maintaining connectivity within and
between large-scale networks [31], which can increase the fault tolerance of the network to
disease [32]. By the time AD pathology is sufficiently advanced to trigger the clinical signs
of MCI, tau has generally already emerged to some degree throughout the neocortex [33],
thus the functional connections of some nodes are strengthened to balance the weakening
of those strongest functional connections, which are caused by tau pathology [34].

We found a negative relationship between FCs/PLFCS and the tau level in the occipital
and parietal lobes and a positive relationship in the frontal lobe; however, both tau and
FCs/PLFCS were not associated with cognitive function (evaluated by MMSE and CDR-SB)
in these brain regions. Several studies have reported the same fronto-occipital functional
alteration pattern and demonstrated that this change was associated with cognition and tau
level [33–36], suggesting a reconstructed brain network, including further disconnection
and isolation in parietal and occipital nodes and compensatory frontal network with
the progression of AD. Our PLFCS findings not only consolidated those results but also
indicated that the local tau accumulation might be a reason for the network’s alteration
in AD progression, and there was no interactive effect of the tau burden with functional
connectivity alteration on cognitive function. To our knowledge, this is the first time these
have been verified with a second tau PET tracer, and the results are consistent with previous
studies, which show convincing evidence of the value of second-generation tau tracers
Florzolotau in studies on AD continuum.

Though the average level of PLFCS in AD subjects was prominently higher than that
of NCs, the PLFCS value cannot distinguish AD from MCI. Considering that both aging
and neurodegeneration contribute to the disruption of the functional network, the higher
PLFCS level in the MCI group may result from their older age [37]. A previous study found
that it was age-related that the connectivity in the MCI group was significantly stronger
than that in the NC group [38]. During the aging and memory deficit process, an evident
reduction in the connection strength was demonstrated as attributed to factors such as the
massive loss of neurons and synapses during the development of aging and AD [9].

Besides the regions shown in the current study, several studies have also reported that
regional connectivity alteration might be a potential biomarker of the AD continuum and
relate to proteinopathies. Li et al. found that FCs decreased in the left MTG of MCI patients,
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particularly in the vascular MCI (VaMCI) [39]. Our previous study performed individually
specified PLFCS to quantitatively characterize the decrease degree and the PLFCS of the left
middle temporal gyrus that yielded a powerful diagnostic efficacy of 80% for categorizing
SCD from NC. Moreover, significant gray matter volume reductions, altered FC pattern
and density, together with severely decreased amplitude of low-frequency fluctuation
in the left MTG have been reported in previous studies on MCI [40–43]. These findings
indicated that the MTG was a crucial network node with rich connections, and it could be
a promising target in studies of the AD continuum. In addition to MTG, other regional
connectome alterations such as hippocampal connectivity [17] and frontoparietal control
network hubs [43] were also reported on MCI and AD, and some were proven to be related
to tau pathology in disease progression [44]. Therefore, other FC assessments would be
used to estimate the functional abnormality and its relationship with tau burden, and
additional regional connectome influenced by cognition impairment-related pathological
alterations would be analyzed in further studies, which might offer new insights into the
pathological interpretation of the relationship between tau accumulation and the functional
connectivity and find more potential biomarkers in the AD continuum.

This study had several shortcomings. First, the sample size was relatively small
and statistical differences in age and MMSE scores were found between groups, which
limited our interpretation of causality. Secondly, the AD group included patients with
different severity, which might influence the uptake levels of Florzolotau in brain regions
and further result in different relationships with PLFCS. Meanwhile, only the MMSE and
CDR-SB scores were used to estimate the cognitive function of AD and MCI patients. More
subdomain evaluations, such as memory, executive function and others, are needed so that
we can evaluate the cognitive changes in AD patients more accurately.

5. Conclusions

In summary, we have shown the negative relationship between FCs/PLFCS and tau
level in the occipital and parietal lobes and a positive relationship in the frontal lobe,
suggesting that the local tau accumulation might be a reason for the functional alteration
and network reconstruction during the AD progression. An inverse relationship between
PLFCS and tau SUVR in SPL was found in the MCI and AD groups, indicating that a
compensatory functional strengthening may exist in some nodes in response to the regional
tau toxicity. These findings provide preliminary evidence that brain FC alteration is
associated with tau pathology in AD and its prodromal stage and motivates the exploration
of AD physiopathology with the combination of rs-fMRI and PET imaging with a second-
generation tau tracer.

Author Contributions: Conceptualization, H.Z. and J.J.; Data Curation, Z.J. and Z.L.; Writing—
Original Draft Preparation, Z.J., Z.L., J.L., F.J., H.L., W.B., M.L., Q.Z., J.J. and H.Z.; Writing—Review
and Editing, Z.J., Z.L., J.L., F.J., H.L., W.B., M.L., P.W., Y.G., Q.Z., J.J., H.Z. and C.Z.; Supervision, H.Z.,
J.J. and C.Z.; Figures, Z.J. and Z.L.; Funding Acquisition, H.Z., J.J. and C.Z.; All authors have read
and agreed to the published version of the manuscript.

Funding: This work is supported by National Natural Science Foundation of China (81901367,
82021002, 81971641 and 81671239), the Open Program of Nuclear Medicine and Molecular Imaging
Key Laboratory of Sichuan Province (HYX21002), the Research project of Shanghai Health Com-
mission (2020YJZX0111), the Clinical Research Plan of SHDC (SHDC2020CR1038B), Science and
Technology Innovation 2030 Major Projects (2022ZD0211600) and the Shanghai Medical Center New
Star Young Medical Talents Training Funding Program.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.



Brain Sci. 2022, 12, 1355 10 of 12

Acknowledgments: We thank all the patients and family members who participated in the study. We
are grateful to APRINOIA Therapeutics for the provision of the 18F-Florzolotau precursor.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the
study’s design, in the collection, analyses, or interpretation of data, in the writing of the manuscript,
or in the decision to publish the results.

References
1. Zhang, Z.; Yang, X.; Song, Y.Q.; Tu, J. Autophagy in Alzheimer’s disease pathogenesis: Therapeutic potential and future

perspectives. Ageing Res. Rev. 2021, 72, 101464. [CrossRef] [PubMed]
2. Risacher, S.L.; Saykin, A.J. Neuroimaging in aging and neurologic diseases. Handb. Clin. Neurol. 2019, 167, 191–227.
3. 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. Hypothetical

model of dynamic biomarkers of the Alzheimer’s pathological cascade. Lancet Neurol. 2010, 9, 119–128. [CrossRef]
4. Kang, J.M.; Lee, S.Y.; Seo, S.; Jeong, H.J.; Woo, S.H.; Lee, H.; Lee, Y.B.; Yeon, B.K.; Shin, D.H.; Park, K.H.; et al. Tau positron

emission tomography using [18F]THK5351 and cerebral glucose hypometabolism in Alzheimer’s disease. Neurobiol. Aging 2017,
59, 210–219. [CrossRef] [PubMed]

5. Kitamura, S.; Shimada, H.; Niwa, F.; Endo, H.; Shinotoh, H.; Takahata, K.; Kubota, M.; Takado, Y.; Hirano, S.; Kimura, Y.; et al.
Tau-induced focal neurotoxicity and network disruption related to apathy in Alzheimer’s disease. J. Neurol. Neurosurg. Psychiatry
2018, 89, 1208–1214. [CrossRef] [PubMed]

6. Landau, S.M.; Fero, A.; Baker, S.L.; Koeppe, R.; Mintun, M.; Chen, K.; Reiman, E.M.; Jagust, W.J. Measurement of longitudinal
β-amyloid change with 18F-florbetapir PET and standardized uptake value ratios. J. Nucl. Med. 2015, 56, 567–574. [CrossRef]
[PubMed]

7. Leuzy, A.; Chiotis, K.; Lemoine, L.; Gillberg, P.G.; Almkvist, O.; Rodriguez-Vieitez, E.; Nordberg, A. Tau PET imaging in
neurodegenerative tauopathies-still a challenge. Mol. Psychiatry 2019, 24, 1112–1134. [CrossRef] [PubMed]

8. Lohith, T.G.; Bennacef, I.; Vandenberghe, R.; Vandenbulcke, M.; Salinas, C.A.; Declercq, R.; Reynders, T.; Telan-Choing, N.F.;
Riffel, K.; Celen, S.; et al. Brain imaging of Alzheimer dementia patients and elderly controls with 18F-MK-6240, a PET tracer
targeting neurofibrillary tangles. J. Nucl. Med. 2019, 60, 107–114. [CrossRef]

9. Lu, J.; Bao, W.; Li, M.; Li, L.; Zhang, Z.; Alberts, I.; Brendel, M.; Cumming, P.; Lu, H.; Xiao, Z.; et al. Associations of [18F]-APN-1607
Tau PET Binding in the Brain of Alzheimer’s Disease Patients With Cognition and Glucose Metabolism. Front. Neurosci. 2020,
14, 604. [CrossRef] [PubMed]

10. Smith, R.; Puschmann, A.; Schöll, M.; Ohlsson, T.; van Swieten, J.; Honer, M.; Englund, E.; Hansson, O. 18F-AV-1451 tau PET
imaging correlates strongly with tau neuropathology in MAPT mutation carriers. Brain 2016, 139, 2372–2379. [CrossRef]

11. Buckner, R.L.; Sepulcre, J.; Talukdar, T.; Krienen, F.M.; Liu, H.; Hedden, T.; Andrews-Hanna, J.R.; Sperling, R.A.; Johnson, K.A.
Cortical hubs revealed by intrinsic functional connectivity: Mapping, assessment of stability, and relation to Alzheimer’s disease.
J. Neurosci. 2009, 29, 1860–1873. [CrossRef]

12. Crossley, N.A.; Mechelli, A.; Scott, J.; Carletti, F.; Fox, P.T.; McGuire, P.; Bullmore, E.T. The hubs of the human connectome are
generally implicated in the anatomy of brain disorders. Brain 2014, 137 Pt 8, 2382–2395. [CrossRef] [PubMed]

13. Dai, Z.; Yan, C.; Li, K.; Wang, Z.; Wang, J.; Cao, M.; Lin, Q.; Shu, N.; Xia, M.; Bi, Y.; et al. Identifying and mapping connectivity
patterns of brain network hubs in Alzheimer’s disease. Cereb. Cortex 2015, 25, 3723–3742. [CrossRef]

14. Li, H.; Gao, S.; Jia, X.; Jiang, T.; Li, K. Distinctive Alterations of Functional Connectivity Strength between Vascular and Amnestic
Mild Cognitive Impairment. Neural Plast. 2021, 2021, 8812490. [CrossRef] [PubMed]

15. Zhu, Q.; Wang, Y.; Zhuo, C.; Xu, Q.; Yao, Y.; Liu, Z.; Li, Y.; Sun, Z.; Wang, J.; Lv, M.; et al. Classification of Alzheimer’s Disease
Based on Abnormal Hippocampal Functional Connectivity and Machine Learning. Front. Aging Neurosci. 2022, 14, 754334.
[CrossRef] [PubMed]

16. Fu, L.; Zhou, Z.; Liu, L.; Zhang, J.; Xie, H.; Zhang, X.; Zhu, M.; Wang, R. Functional Abnormality Associated with Tau Deposition
in Alzheimer’s Disease—A Hybrid Positron Emission Tomography/MRI Study. Front. Aging Neurosci. 2021, 13, 758053. [CrossRef]
[PubMed]

17. Adams, J.N.; Maass, A.; Harrison, T.M.; Baker, S.L.; Jagust, W.J. Cortical tau deposition follows patterns of entorhinal functional
connectivity in aging. eLife 2019, 8, e49132. [CrossRef] [PubMed]

18. Hansson, O.; Grothe, M.J.; Strandberg, T.O.; Ohlsson, T.; Hägerström, D.; Jögi, J.; Smith, R.; Schöll, M. Tau Pathology Distribution
in Alzheimer’s disease Corresponds Differentially to Cognition-Relevant Functional Brain Networks. Front. Neurosci. 2017,
11, 167. [CrossRef] [PubMed]

19. Hoenig, M.C.; Bischof, G.N.; Seemiller, J.; Hammes, J.; Kukolja, J.; Onur, Ö.A.; Jessen, F.; Fliessbach, K.; Neumaier, B.; Fink, G.R.;
et al. Networks of tau distribution in Alzheimer’s disease. Brain 2018, 141, 568–581. [CrossRef] [PubMed]

20. Franzmeier, N.; Neitzel, J.; Rubinski, A.; Smith, R.; Strandberg, O.; Ossenkoppele, R.; Hansson, O.; Ewers, M.; Alzheimer’s Disease
Neuroimaging Initiative (ADNI). Functional brain architecture is associated with the rate of tau accumulation in Alzheimer’s
disease. Nat. Commun. 2020, 11, 347. [CrossRef] [PubMed]

http://doi.org/10.1016/j.arr.2021.101464
http://www.ncbi.nlm.nih.gov/pubmed/34551326
http://doi.org/10.1016/S1474-4422(09)70299-6
http://doi.org/10.1016/j.neurobiolaging.2017.08.008
http://www.ncbi.nlm.nih.gov/pubmed/28890300
http://doi.org/10.1136/jnnp-2018-317970
http://www.ncbi.nlm.nih.gov/pubmed/29884723
http://doi.org/10.2967/jnumed.114.148981
http://www.ncbi.nlm.nih.gov/pubmed/25745095
http://doi.org/10.1038/s41380-018-0342-8
http://www.ncbi.nlm.nih.gov/pubmed/30635637
http://doi.org/10.2967/jnumed.118.208215
http://doi.org/10.3389/fnins.2020.00604
http://www.ncbi.nlm.nih.gov/pubmed/32694971
http://doi.org/10.1093/brain/aww163
http://doi.org/10.1523/JNEUROSCI.5062-08.2009
http://doi.org/10.1093/brain/awu132
http://www.ncbi.nlm.nih.gov/pubmed/25057133
http://doi.org/10.1093/cercor/bhu246
http://doi.org/10.1155/2021/8812490
http://www.ncbi.nlm.nih.gov/pubmed/34104193
http://doi.org/10.3389/fnagi.2022.754334
http://www.ncbi.nlm.nih.gov/pubmed/35273489
http://doi.org/10.3389/fnagi.2021.758053
http://www.ncbi.nlm.nih.gov/pubmed/34721001
http://doi.org/10.7554/eLife.49132
http://www.ncbi.nlm.nih.gov/pubmed/31475904
http://doi.org/10.3389/fnins.2017.00167
http://www.ncbi.nlm.nih.gov/pubmed/28408865
http://doi.org/10.1093/brain/awx353
http://www.ncbi.nlm.nih.gov/pubmed/29315361
http://doi.org/10.1038/s41467-019-14159-1
http://www.ncbi.nlm.nih.gov/pubmed/31953405


Brain Sci. 2022, 12, 1355 11 of 12

21. Franzmeier, N.; Rubinski, A.; Neitzel, J.; Kim, Y.; Damm, A.; Na, D.L.; Kim, H.J.; Lyoo, C.H.; Cho, H.; Finsterwalder, S.; et al.
Functional connectivity associated with tau levels in ageing. Alzheimer’s, and small vessel disease. Brain 2019, 142, 1093–1107.
[CrossRef]

22. Cope, T.E.; Rittman, T.; Borchert, R.J.; Jones, P.S.; Vatansever, D.; Allinson, K.; Passamonti, L.; Rodriguez, P.V.; Bevan-Jones, W.R.;
O’Brien, J.T.; et al. Tau burden and the functional connectome in Alzheimer’s disease and progressive supranuclear palsy. Brain
2018, 141, 550–567. [CrossRef] [PubMed]

23. Achard, S.; Delon-Martin, C.; Vértes, P.E.; Renard, F.; Schenck, M.; Schneider, F.; Heinrich, C.; Kremer, S.; Bullmore, E.T. Hubs
of brain functional networks are radically reorganized in comatose patients. Proc. Natl. Acad. Sci. USA 2012, 109, 20608–20613.
[CrossRef] [PubMed]

24. Petersen, R.C. Mild cognitive impairment as a diagnostic entity. J. Intern. Med. 2004, 256, 183–194. [CrossRef] [PubMed]
25. McKhann, G.M.; Knopman, D.S.; Chertkow, H.; Hyman, B.T.; Jack, C.R., Jr.; Kawas, C.H.; Klunk, W.E.; Koroshetz, W.J.; Manly,

J.J.; Mayeux, R.; et al. The diagnosis of dementia due to Alzheimer’sdisease: Recommendations from the National Institute
on Aging-Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimer’s Dement. 2011, 7,
263–269. [CrossRef] [PubMed]

26. Rittman, T.; Rubinov, M.; Vértes, P.E.; Patel, A.X.; Ginestet, C.E.; Ghosh, B.C.P.; Barker, R.A.; Spillantini, M.G.; Bullmore, E.T.;
Rowe, J.B. Regional expression of the MAPT gene is associated with loss of hubs in brain networks and cognitive impairment in
Parkinson disease and progressive supranuclear palsy. Neurobiol. Aging 2016, 48, 153–160. [CrossRef]

27. Cho, H.; Choi, J.Y.; Lee, H.S.; Lee, J.H.; Ryu, Y.H.; Lee, M.S.; Jack, C.R., Jr.; Lyoo, C.H. Progressive Tau Accumulation in Alzheimer
Disease: 2-Year Follow-up Study. J. Nucl. Med. 2019, 60, 1611–1621. [CrossRef] [PubMed]

28. Bakkour, A.; Morris, J.C.; Dickerson, B.C. The cortical signature of prodromal AD: Regional thinning predicts mild AD dementia.
Neurology 2009, 72, 1048–1055. [CrossRef] [PubMed]

29. Tsvetanov, K.A.; Henson, R.N.; Tyler, L.K.; Razi, A.; Geerligs, L.; Ham, T.E.; Rowe, J.B.; Cambridge Centre for Ageing and
Neuroscience. Extrinsic and Intrinsic Brain Network Connectivity Maintains Cognition across the Lifespan Despite Accelerated
Decay of Regional Brain Activation. J. Neurosci. 2016, 36, 3115–3126. [CrossRef] [PubMed]

30. Strogatz, S.H. Exploring complex networks. Nature 2001, 410, 268–276. [CrossRef]
31. Markesbery, W.R. Neuropathologic alterations in mild cognitive impairment: A review. J. Alzheimer’s Dis. 2010, 19, 221–228.

[CrossRef] [PubMed]
32. Adriaanse, S.M.; Wink, A.M.; Tijms, B.M.; Ossenkoppele, R.; Verfaillie, S.C.; Lammertsma, A.A.; Boellaard, R.; Scheltens, P.; van

Berckel, B.N.; Barkhof, F. The Association of Glucose Metabolism and Eigenvector Centrality in Alzheimer’s Disease. Brain
Connect. 2016, 6, 1–8. [CrossRef] [PubMed]

33. Luo, X.; Qiu, T.; Jia, Y.; Huang, P.; Xu, X.; Yu, X.; Shen, Z.; Jiaerken, Y.; Guan, X.; Zhou, J.; et al. ADNI Intrinsic functional
connectivity alterations in cognitively intact elderly APOE ε4 carriers measured by eigenvector centrality mapping are related to
cognition and CSF biomarkers: A preliminary study. Brain Imaging Behav. 2017, 11, 1290–1301. [CrossRef] [PubMed]

34. Ossenkoppele, R.; van der Flier, W.M.; Zwan, M.D.; Adriaanse, S.F.; Boellaard, R.; Windhorst, A.D.; Barkhof, F.; Lammertsma,
A.A.; Scheltens, P.; van Berckel, B.N. Differential effect of APOE genotype on amyloid load and glucose metabolism in AD
dementia. Neurology 2013, 80, 359–365. [CrossRef]

35. Binnewijzend, M.A.; Adriaanse, S.M.; Van der Flier, W.M.; Teunissen, C.E.; de Munck, J.C.; Stam, C.J.; Scheltens, P.; van Berckel,
B.N.; Barkhof, F.; Wink, A.M. Brain network alterations in Alzheimer’s disease measured by eigenvector centrality in fMRI are
related to cognition and CSF biomarkers. Hum. Brain Mapp. 2014, 35, 2383–2393. [CrossRef] [PubMed]

36. Courtney, S.M.; Hinault, T. When the time is right: Temporal dynamics of brain activity in healthy aging and dementia. Prog.
Neurobiol. 2021, 203, 102076. [CrossRef] [PubMed]

37. Yang, Z.; Caldwell, J.Z.K.; Cummings, J.L.; Ritter, A.; Kinney, J.W.; Cordes, D. Alzheimer’s Disease Neuroimaging Initiative
(ADNI). Sex Modulates the Pathological Aging Effect on Caudate Functional Connectivity in Mild Cognitive Impairment. Front.
Psychiatry 2022, 13, 804168. [PubMed]

38. Li, M.; Zheng, G.; Zheng, Y.; Xiong, Z.; Xia, R.; Zhou, W.; Wang, Q.; Liang, S.; Tao, J.; Chen, L. Alterations in resting-state
functional connectivity of the default mode network in amnestic mild cognitive impairment: An fMRI study. BMC Med. Imaging
2017, 17, 48. [CrossRef]

39. Stebbins, G.T.; Nyenhuis, D.L.; Wang, C.; Cox, J.L.; Freels, S.; Bangen, K.; deToledo-Morrell, L.; Sripathirathan, K.; Moseley, M.;
Turner, D.A.; et al. Gray matter atrophy in patients with ischemic stroke with cognitive impairment. Stroke 2008, 39, 785–793.
[CrossRef]

40. Li, K.; Chan, W.; Doody, R.S.; Quinn, J.; Luo, S.; Alzheimer’s Disease Neuroimaging Initiative. Prediction of Conversion to
Alzheimer’s Disease with Longitudinal Measures and Time-To-Event Data. J. Alzheimer’s Dis. 2017, 58, 361–371. [CrossRef]

41. Xue, C.; Yuan, B.; Yue, Y.; Xu, J.; Wang, S.; Wu, M.; Ji, N.; Zhou, X.; Zhao, Y.; Rao, J.; et al. Distinct Disruptive Patterns of Default
Mode Subnetwork Connectivity Across the Spectrum of Preclinical Alzheimer’s Disease. Front. Aging Neurosci. 2019, 11, 307.
[CrossRef] [PubMed]

42. Li, C.; Yang, J.; Yin, X.; Liu, C.; Zhang, L.; Zhang, X.; Gui, L.; Wang, J. Abnormal intrinsic brain activity patterns in leukoaraiosis
with and without cognitive impairment. Behav. Brain Res. 2015, 292, 409–413. [CrossRef] [PubMed]

http://doi.org/10.1093/brain/awz026
http://doi.org/10.1093/brain/awx347
http://www.ncbi.nlm.nih.gov/pubmed/29293892
http://doi.org/10.1073/pnas.1208933109
http://www.ncbi.nlm.nih.gov/pubmed/23185007
http://doi.org/10.1111/j.1365-2796.2004.01388.x
http://www.ncbi.nlm.nih.gov/pubmed/15324362
http://doi.org/10.1016/j.jalz.2011.03.005
http://www.ncbi.nlm.nih.gov/pubmed/21514250
http://doi.org/10.1016/j.neurobiolaging.2016.09.001
http://doi.org/10.2967/jnumed.118.221697
http://www.ncbi.nlm.nih.gov/pubmed/30926651
http://doi.org/10.1212/01.wnl.0000340981.97664.2f
http://www.ncbi.nlm.nih.gov/pubmed/19109536
http://doi.org/10.1523/JNEUROSCI.2733-15.2016
http://www.ncbi.nlm.nih.gov/pubmed/26985024
http://doi.org/10.1038/35065725
http://doi.org/10.3233/JAD-2010-1220
http://www.ncbi.nlm.nih.gov/pubmed/20061641
http://doi.org/10.1089/brain.2014.0320
http://www.ncbi.nlm.nih.gov/pubmed/26414628
http://doi.org/10.1007/s11682-016-9600-z
http://www.ncbi.nlm.nih.gov/pubmed/27714554
http://doi.org/10.1212/WNL.0b013e31827f0889
http://doi.org/10.1002/hbm.22335
http://www.ncbi.nlm.nih.gov/pubmed/24039033
http://doi.org/10.1016/j.pneurobio.2021.102076
http://www.ncbi.nlm.nih.gov/pubmed/34015374
http://www.ncbi.nlm.nih.gov/pubmed/35479489
http://doi.org/10.1186/s12880-017-0221-9
http://doi.org/10.1161/STROKEAHA.107.507392
http://doi.org/10.3233/JAD-161201
http://doi.org/10.3389/fnagi.2019.00307
http://www.ncbi.nlm.nih.gov/pubmed/31798440
http://doi.org/10.1016/j.bbr.2015.06.033
http://www.ncbi.nlm.nih.gov/pubmed/26116811


Brain Sci. 2022, 12, 1355 12 of 12

43. Frontzkowski, L.; Ewers, M.; Brendel, M.; Biel, D.; Ossenkoppele, R.; Hager, P.; Steward, A.; Dewenter, A.; Römer, S.; Rubinski, A.;
et al. Earlier Alzheimer’s disease onset is associated with tau pathology in brain hub regions and facilitated tau spreading. Nat.
Commun. 2022, 13, 4899. [CrossRef] [PubMed]

44. King-Robson, J.; Wilson, H.; Politis, M.; Alzheimer’s Disease Neuroimaging Initiative. Associations Between Amyloid and Tau
Pathology, and Connectome Alterations, in Alzheimer’s Disease and Mild Cognitive Impairment. J. Alzheimer’s Dis. 2021, 82,
541–560. [CrossRef] [PubMed]

http://doi.org/10.1038/s41467-022-32592-7
http://www.ncbi.nlm.nih.gov/pubmed/35987901
http://doi.org/10.3233/JAD-201457
http://www.ncbi.nlm.nih.gov/pubmed/34057079

	Introduction 
	Materials and Methods 
	Participants 
	Acquisition Protocol 
	Data Pre-Processing 
	Brain Network Analysis 
	Functional Connection Strength 
	Proportional Loss of Connectional Strength 

	Semi-Quantitative ROI-Based PET Analyses 
	Comparison of PLFCS along AD Spectrum 
	Correlation between Proportional Loss and Clinical Scales 
	Statistical Analysis 

	Results 
	Demographic 
	Results of PLFCS and Tau Level 
	Correlation of FC and PLFCS 

	Discussion 
	Conclusions 
	References

