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Abstract.

Background: Neurofibrillary tangle pathology detected with tau-PET correlates closely with neuronal injury and cognitive
symptoms in Alzheimer’s disease (AD). Complexity of rs-fMRI has been demonstrated to decrease with cognitive decline
in AD.

Objective: We hypothesize that the rs-fMRI complexity provides an index for tau-related neuronal injury and cognitive
decline in the AD process.

Methods: Data was obtained from the Alzheimer’s Disease Neuroimaging Initiative (ADNI3) and the Estudio de la Enfer-
medad de Alzheimer en Jalisciences (EEAJ) study. Associations between tau-PET and rs-fMRI complexity were calculated.
Potential pathways relating complexity to cognitive function mediated through tau-PET were assessed by path analysis.
Results: We found significant negative correlations between rs-fMRI complexity and tau-PET in medial temporal lobe of
both cohorts, and associations of rs-fMRI complexity with cognitive scores were mediated through tau-PET.

Conclusion: The association of rs-fMRI complexity with tau-PET and cognition, suggests that a reduction in complexity is
indicative of tau-related neuropathology and cognitive decline in AD processes.

Keywords: Alzheimer’s disease, complexity, multi scale entropy, rs-fMRI, tau-PET

INTRODUCTION

With the growing healthcare burden of
Alzheimer’s disease (AD) worldwide, biomark-
ers for pre-symptomatic stages of AD have become
increasingly important for the development of
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preventative interventions [1]. Based on studies of
late-onset AD (LOAD) such as the Alzheimer’s
Disease Neuroimaging Initiative (ADNI) study,
amyloid-PET imaging of amyloid- (Ap) accumu-
lation in the brain is considered an early marker
for the preclinical stage of AD (10-15 years before
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symptom onset), while tau imaging correlates more
closely with neuronal injury and cognitive decline
[2]. In finding biomarkers for pre-symptomatic AD,
fully-penetrant autosomal dominant AD (ADAD)
provides a valuable scientific window into the very
early stages of AD development [3-5]. Imaging
studies in ADAD such as those by the Dominantly
Inherited Alzheimer’s Network (DIAN) show that
the overall patterns of AR and tau accumulation,
atrophy, and hypometabolism/hypoperfusion in
ADAD parallel those of LOAD [6-10]. Notably,
for tau-PET, a recent DIAN study showed more
pronounced tau accumulation in ADAD subjects
as compared to LOAD [10]. Further highlighting
the effect of tau deposition on cognitive decline,
both ADNI [11] and the Harvard Aging Brain Study
[12] reported that tau accumulation, regardless of
initial amyloid status, leads to more severe cognitive
decline. Finally, the level of tau accumulation, but
not amyloid, was found to be predictive of the rate of
subsequent atrophy [13]. These accumulating find-
ings indicate that tau deposition plays an important
role in cognitive decline and neurodegeneration in
the progression of AD.

The functional brain architecture of brain networks
assessed based on functional magnetic resonance
imaging (fMRI) has also been associated with the
spread of tau accumulation [14]. Although widely
used in AD [15, 16], functional connectivity (FC)
analysis of a resting state fMRI (rs-fMRI) has lim-
ited capability to characterize dynamic changes of
BOLD signal fluctuations within time scales of sec-
onds to minutes (i.e., non-stationary processes) [17].
There is accumulating evidence that the inherent
moment-to-moment variability of BOLD fMRI pos-
sesses physiologically meaningful information [18]
and can provide relevant complementary information
to FC [19].

A variety of complexity metrics derived from the
fields of nonlinear statistics and information theory
have been developed to describe the dynamics of
physiological systems [20], including approximate
entropy (ApEn) [21], sample entropy (SampEn) [22],
and multi-scale entropy (MSE) [23]. Recent stud-
ies showed relationships between decreased entropy
measures of BOLD fMRI and normal aging [24-27],
APOE ¢4 genotype [28], as well as with deteriorating
cognitive performance associated with ADAD [24]
and mild LOAD [29]. In particular, MSE analysis at
higher time scales or lower temporal frequencies has
been shown to be more sensitive in detecting aging
effects and AD progression.

Based on the emerging associations between
cognitive decline and tau-accumulation as well as
reduction of entropy, we hypothesize that the com-
plexity of BOLD signals at higher time scales
(i.e., slower frequencies) provides an index of the
information processing capacity of regional neuron
populations, and is therefore sensitive to tau-related
neuronal injury and cognitive decline in the processes
of AD.

METHODS
Subjects

Late Onset AD (LOAD) cohort: ADNI3

Data used in this study were obtained from the
ADNI database (http://adni.loni.usc.edu). The ADNI
was launched in 2003 as a public-private partner-
ship, led by Principal Investigator M.W. Weiner,
MD. The primary goal of ADNI has been to test
whether serial MRI, PET, other biological markers,
and clinical and neuropsychological assessment can
be combined to measure the progression of mild
cognitive impairment (MCI) and early AD. In our
study we evaluated the relationship of tau-PET and
complexity of rs-fMRI and thus we identified ADNI
participants from phase 3 study (ADNI3) that had
a tau-PET (tracer: 18F-AV1451), rs-fMRI, and a
T1w structural scan. rs-fMRI was acquired using
gradient-echo echo-planar imaging (GE-EPI) in PA
phase encoding direction with isotropic voxel size of
3.4x3.4x3.4 mm3, TR/TE=3000/30 ms, acquisition
time ~10min with 197 volumes. We identified 145
subjects, with mean(=%std) age of 72.3(7.6) years and
gender distribution of 80M/65F. Cognitive assess-
mentin this ANDI3 cohort classified 88 as cognitively
normal (CN), 50 with MCI, and 7 with mild AD.
Details of clinical diagnosis in ADNI have been pre-
viously described [30, 31]. Briefly, CN participants
had a Mini-Mental State Examination (MMSE) score
of >26 and a Clinical Dementia Rating (CDR) of
0. Participants with probable AD had an MMSE
score <24, and a CDR of 0.5 or 1.0. MCI, early MCI
(EMCI), and late MCI (LMCI) were pooled into one
MCI group (N =45). Detailed demographic and clin-
ical information for the three ADNI3 groups can be
found in Table 1.

Autosomal Dominant AD (ADAD) cohort: EEAJ
A second cohort of participants came from the
Estudio de la Enfermedad de Alzheimer en Jali-
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Table 1
Demographic of ADNI and EEAJ cohorts

ADNI CN MCI AD Statistic Significance Effect
N 88 50 7
age (mean/std) 72.6 (7.8) 724 (7.1) 67.3 (8.0) F=1.62 p=0.202 n.s
gender (m/f) 53/35 25/25 2/5 x2=35 p=0.178 n.s
MMSE (mean/std) 28.9 (1.37) 28.2 (2.00) 22.4(2.99) F=46.6 p<le-15 CN>MCI>AD
CDR (N:0/0.5/1/>1]) 88/0/0/0 14/34/2/0 1/1/5 x>=123.4 p<le-6 CN<MCI<AD
CDR SOB (mean/std) 0.03 (0.13) 1.33 (1.84) 5.36 (2.12) F=77.5 p<le-22 CN<MCI<AD
EEAJ CN MCI AD Statistic Significance Effect
N 20 13 8
age (mean/std) 30.6 (6.7) 41.8 (9.3) 46.3 (11.4) F=12.5 p<0.0001 CN<(MCI=AD)
gender (m/f) 10/10 8/5 4/4 ¥2=0.48 p=0.788 n.s
MMSE (mean/std) 28.8 (1.44) 19.8 (6.27) 12.3 (5.47) F=43.0 p<le-09 CN>MCI>AD
CDR (N:0/0.5/1/>1]) 20/0/0/0 0/5/8/0 0/0/2/5 x> =68.8 p<le-6 CN<MCI<AD
CDR SOB (mean/std) 0.05 (0.15) 4.31(2.43) 10.69 (3.28) F=85.5 p<le-14 CN<MCI<AD

MMSE, Mini-Mental State Exam; CDR, Cognitive Dementia Rating; CN, cognitively normal; MCI, mild cognitive impairment; AD,

Alzheimer’s disease.

sciences (EEAJ, PI John M Ringman), a study that
is focused on understanding AD in persons of Mexi-
can Mestizo origin that are at-risk for fully-penetrant
ADAD (due to either the A431E, or [180F PSEN]
or V7171 APP mutations). This dataset included 20
CN, 13 MCI, and 8 AD subjects with mean(=std)
age of 37.2(10.7) years and gender distribution of
19F/22M. Cognitive status was determined by a com-
prehensive neuropsychological testing according to
the UDS3 of the NIA-funded Alzheimer’s Disease
Centers [32] including MMSE and CDR. Diagnoses
were rendered according to the UDS protocol [32,
33] adjudicated by author JMR. These study par-
ticipants had a Tlw structural, a tau-PET (tracer:
18F_.AV1451) and two rs-fMRI scans with opposite
phase encoding (AP/PA) based on the Human Con-
nectome Project protocol using a multiband (MB)
GE-EPI sequence with isotropic voxel size =2x2x2
mm?>, TR/TE=720/33 ms, MB factor =8, and acqui-
sition time of 5min with 420 volumes. Detailed
demographic information for the three EEAJ groups
can be found in Table 1.

ADNI3 or EEAJ studies are in accordance with the
Declaration of Helsinki and approved by the respec-
tive institutional review boards.

Data availability is provided through the ADNI and
EEAJ steering committees and data use agreements.

Data preprocessing

Resting-state fMRI

FMRI data were motion-corrected, normalized
to Montreal Neurological Institute (MNI) canonical
space and smoothed with an 8 mm Gaussian kernel.
Physiological and motion related signal fluctuations

were regressed out based on eroded white matter and
cerebrospinal fluid masks, generated from probabilis-
tic tissue segmentation masks of T1w-images, and
12 motion parameters (x,y,z translation and rotation
plus first derivatives), respectively. Framewise dis-
placement (FD) was computed for each subject and
statistically compared across the groups (CN, MCI,
AD) in each cohort to evaluate whether there are sig-
nificant differences in head movements between the
groups. The FD comparison did not reveal statisti-
cally significant differences and results can be found
in Supplementary Table 1. MSE was computed using
the in-house developed LOFT Complexity Toolbox
(github.com/kayjann/complexity). MSE analysis is
based on sample entropy (SampEn) extended to
additional temporal scales. SampEn estimates the
likelihood that patterns with a length of m time points
recur in the time series. Two patterns match if the
distance is less than a selected threshold value, r.
The distance is calculated by the maximum absolute
component-wise difference. Then the likelihood of
recurring patterns is also estimated for m + 1-length
patterns. The ratio between these two values for m
and m+ 1 is the average conditional probability that
if two m-length patterns match for a given threshold
r, then they will continue to match for an additional
time point. Different time scales were calculated
by coarse-grained averaging of the original BOLD
time-series. Temporal frequency was calculated by
1/(scale*TR), thus low-scales represent higher fre-
quency complexity (scale 1 is the original temporal
resolution) while higher scales capture complexity of
low frequency signal fluctuations. In total we calcu-
lated 6 scales in each cohort with pattern matching
length m =2 and pattern matching threshold r=0.50.
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The choice of these parameters was in the reported
range of values for fMRI data in literature [34, 35]
and based on previous work in our laboratory [25,
29, 36]. As previous research in AD demonstrated
that AD, MCI, and CN show the largest differences in
high-scale entropy (low-frequency), we limited fur-
ther analysis to the highest scale in each cohort. For
the EEAJ cohort MSE was calculated for AP and PA
scans separately and then averaged into a single map.
The MSE maps for the AP and PA scans separately
and statistical assessment of effects of phase encoding
direction are available in Supplementary Figures 5
and 6.

Tau-PET

Tau-PET data were normalized into MNI space
and smoothed with an 8 mm Gaussian kernel.
Cerebellar segmentation was performed with SUIT
(https://www.diedrichsenlab.org/imaging/suit.htm),
and dorsal regions were removed from the cerebellar
region of interest (ROI) [37]. Average PET signals
were extracted for reference regions in inferior cere-
bellar gray matter in native PET space. Parametric
standardized uptake value ratio (SUVR) maps were
created by dividing the PET signal in each voxel by
the average signal in the cerebellar reference region.

Statistical analysis

For the ADNI and EEAJ cohort, we first calculated
the average MSE and tau-PET SUVR maps for each
group: CN, MCI, and AD. This provided a visual
representation of the spatial pattern of changes in
each metric with progressive disease severity. Sec-
ondly, we calculated an ANOVA with factor group
(CN, MCI, AD) to identify areas with statistically
significant changes between the groups for MSE and
tau-PET, respectively. Post-hoc t-test revealed direc-
tion of effects as increases or decreases in either
metric between the three diagnostic groups. We
expected to see decreases in rs-fMRI MSE along with
increases in tau-PET SUVR values in brain areas
known to be involved in disease progression such
as the medial and inferior temporal lobe, PCC, and
potentially parietal and frontal cortex, which will be
a confirmation of data consistency with the current
literature.

Association between rs-fMRI MSE and tau-PET
SUVR

To assess the relationship between rs-fMRI MSE
and tau-PET SUVR we performed voxel-wise par-

tial correlation analysis including age, gender, and
regional gray matter volume as covariates. Regional
gray matter volume was calculated based on indi-
vidually segmented Tlw-images using SPM12’s
Dartel algorithm. This analysis was performed
for the ADNI and EEAJ cohorts independently.
Statistical significance was set at p<0.05 and
multiple comparison correction was applied using
a cluster-size threshold estimation in alpha-sim
(http://www.nitrc.org/projects/rest/) using 1000 per-
mutations. In addition to the voxel-wise analysis,
we repeated the correlation analysis for larger ROIs
based on parcellation of the cortex into the AAL
atlas ROIs. This approach benefited from improved
signal-to-noise ratio (SNR) for both MSE and SUVR.
Results for both voxel-wise and ROI-based analyses
were projected onto cortical surfaces for visualiza-
tion using the Quantitative Imaging Toolkit (QIT,
https://cabeen.io/qitwiki, [38]).

Association between rs-fMRI MSE and cognitive
scores

Based on the findings in the voxel-wise analysis
between MSE and tau-PET we identified three clus-
ters with significant voxel-wise correlations that were
located in disease relevant cortical areas. From each
of these clusters we extracted the average MSE and
tau-PET SUVR values to calculate the association
with CDR Sum of Boxes (CDR-SOB) and MMSE
scores, respectively. First, partial correlation analy-
sis including age, gender, and average regional gray
matter volume as covariates was computed between
regional mean MSE and CDR-SOB or MMSE scores,
respectively. Results were displayed using partial-
regression plots with adjusted values. Residual plots
were used to assess the model integrity. Correla-
tion analyses were performed using the Statistics and
Machine Learning Toolbox in MatLab. To address
skewed data distribution in the cognitive scores we
used rank transformed data.

Second, to show the association between our novel
imaging marker MSE and cognitive function in rela-
tion to tauopathy, we performed mediation analyses
within these regional of interests. Tau is a known
imaging marker that is associated with cognitive
function. Through the mediation model, we can
demonstrate the association between novel imaging
marker (MSE) to the clinical outcome can be par-
tially explained by the known imaging marker (tau).
For the model setting, the dependent variable (Y)
is cognitive function, the independent variable (X)
is the MSE-MRI, the mediator is tau (M). Media-
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tion effects [39] were tested in SAS software and
statistical significance was tested by 95% confidence-
interval estimated with 1000 bootstrapping samples.
Finally, we ran a voxel-wise correlation analysis
between MSE values and MMSE or CDR-SOB rank-
transformed scores in both cohorts to show the extent
of associations between MSE and global cognitive
scores that may involve additional cortical areas
besides cortex affected by tau accumulation.

RESULTS

Entropy and tau-PET

Figure 1 displays the average maps for MSE at the
highest scale as well as tau-PET SUVR for each sub-
group of the ADNI (Fig. 1A, C) and EEAJ (Fig. 1B,
D) cohort, respectively. It can be seen that in both
cohorts MSE is higher in the CN compared to MCI
and then AD groups (Fig. 1A, B). Notably, prominent
MSE reduction can be observed in temporal lobes
of MCI and AD groups compared to CN. Similarly,
a gradual reduction of MSE with increasing disease
severity can be observed in parietal and frontal cor-
tices. In contrast, tau-SUVR manifests an increase
from CN, MCI to AD, notably in inferior temporal
areas and PCC along with slower increases in the
frontal cortex (Fig. 1C, D). Direct statistical analysis

441

of differences across the three groups in each cohort
by means of ANOVA confirmed a statistically signifi-
cant difference in tau-PET SUVR in inferior temporal
lobes, PCC, and also in areas of the dLPFC in both
cohorts (Fig. 2C, D). For MSE, the effects were less
widespread but significant differences were found in
inferior temporal lobe, precuneus/PCC as well as in
prefrontal cortex (Fig. 2A, B). These findings sug-
gest an overall inverse association between MSE and
tau-PET, which will be elaborated in the correlation
analysis below.

Association between entropy and tau-PET

Associations between MSE and tau-PET SUVR,
were estimated by Spearman correlations, includ-
ing age, gender, and regional gray matter volume as
covariates, both on a voxel-wise level as well as for
larger ROIs based on the AAL atlas parcellation.

For the ADNI cohort, the voxel-wise analysis
revealed a number of significant negative correla-
tions between MSE and tau-PET. Notably, there were
clusters in lateral and inferior temporal lobe, supe-
rior parietal lobe, and lateral frontal lobe (Fig. 3A).
For the EEAJ cohort, we found significant negative
correlations in bilateral parahippocampal gyri, lat-
eral temporal lobe, anterior cingulate cortex (ACC),
and lateral frontal lobe (Fig. 3C). The ROI-based

RS-fMRI complexity and tau-PET SUVR Maps for the three Groups in both Cohorts

C) ADNI - PET

A) ADNI - MSE

?

D) EEAJ - PET

Fig. 1. Mean maps for rs-fMRI complexity and tau-PET SUVR in subgroups of both cohorts. CN, cognitively normal; MCI, mild cognitive

impairment; AD, Alzheimer’s disease; MSE, multi-scale entropy.
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C) PET ADNI

T-TEST
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i ﬂp} 120
X :

Fig. 2. ANOVA and post-hoc #-test maps comparing (A + B) MSE and (C + D) the tau-PET SUVR values across the three groups (CN, MCI,
AD) in each cohort. CN, cognitively normal; MCI, mild cognitive impairment; AD, Alzheimer’s disease; MSE, multi-scale entropy.

analysis revealed significant negative correlations in
left hippocampal gyrus, bilateral lingual gyrus, and
occipital lobe for the ADNI cohort (Fig. 3B). The
EEAJ cohort also showed strong significant negative
correlations in bilateral parahippocampal, fusiform
gyrus, as well as ACC, precuneus, and right lateral
frontal lobe (Fig. 3D). There were no areas with
positive correlation in either cohort or analysis. We
further extracted the values from the clusters with
significant results in the voxel-wise analysis and dis-
play the relationship between MSE and tau-PET in
Fig. 4 (and Supplementary Figure 7). Overall, these
results confirmed negative relationships between
rs-fMRI MSE and tau-PET deposition in areas asso-
ciated with AD progression. In the ADNI cohort,
we observed statistically significant negative associ-
ations in the precuneus cluster (r=—0.25, p=0.003)
and two clusters in the inferior temporal lobe, left
inferior temporal gyrus (ITG) (=-0.31, p=0.0002),
and right ITG (r=-0.35, p=0.00002). In the EEAJ
cohort, all three ROIs also exhibited strong negative
significant correlations: ACC (r=-0.45 p=0.005),
left parahippocampus (r=—0.50 p=0.002), and right
parahippocampus (r=—0.53 p =0.0006).

Relation between entropy, tau-PET, and
cognitive decline

The voxel-wise correlation maps for rank-
transformed MMSE and CDR-SOB revealed exclu-
sively positive and negative correlations with MSE,
respectively. Most prominent were these associations
within areas in the ACC, PCC, dIPFC as well as in
parahippocampal gyrus for ADNI and in dIPFC, ven-
tromedial PFC, and parahippocampal gurys in EEAJ
cohorts (Fig. 5).

To confirm the link between alterations in MSE
and cognitive decline in areas specifically associated
with tau, we performed partial correlation analyses
for CDR-SOB and MMSE against MSE, respec-
tively, accounting for age, gender, and regional GM
as covariates (Fig. 6 and Supplementary Figure 8).
For this reason, we used the same clusters from the
voxel-wise analysis that showed significant associ-
ations between MSE and tau-PET. For CDR-SOB
(Fig. 6A), we found statistically significant negative
correlations for two ROIs in ADNI (Precuneus r=-
0.41, p<0.0001 and right ITG r=-0.22, p=0.008)
and for left parahippocampus in EEAJ (r=—0.43,
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rs-fMRI complexity and tau-PET SUVR

Ventral

p<0.05 (corr)

5
g

-0.304
I 7
g
8
b4
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rs-fMRI complexity and tau-PET SUVR

Right Ventral

View Data With

Schol-AR

Fig. 3. Left panel: Voxel-wise associations between rs-fMRI complexity and tau-PET SUVR in ADNI (A) and EEAJ (C) cohorts. Right panel:
AAL atlas regional associations between rs-fMRI complexity and tau-PET SUVR in ADNI (B) and EEAJ (D) cohorts. AAL, automated
anatomical labeling atlas. ScholAR QR code will enable augmented reality 3D visualization of the results displayed in the left panel using
the Schol-AR app or opening manuscript pdf in https://www.schol-ar.io/reader. A citation for Schol-AR: Ard T, Bienkowski MS, Liew
S-L, Sepehrband F, Yan L, Toga AW, Integrating Data Directly into Publications with Augmented Reality and Web-Based Technologies -
Schol-AR (2022) Scientific Data 9: 298. https://www.nature.com/articles/s41597-022-01426-y

p=0.007) (Fig. 4A). ACC (r=-0.35, p=0.025) and
right parahippocampus (r=—0.34, p =0.031) did show
negative correlation between MSE and CDR-SOB
in EEAJ but did not reach significance. For MMSE
(Fig. 6B), we observed weak positive correlations
in the ADNI cohort only reaching significance in
the precuneus cluster (r=0.25, p=0.002) but not
in the two inferior temporal lobe areas (left ITG
r=0.03, p=0.659; right ITG r=0.14, p=0.094). In
contrast, the EEAJ cohort displayed highly signifi-
cant positive correlations between MMSE and MSE
in ACC (r=0.52, p=0.001), and bilateral parahip-
pocampal clusters (left r=0.55, p=0.0004; right
r=0.39, p=0.016). These findings indicate that with
progressing cognitive decline there is a decreasing
complexity of rs-fMRI BOLD signal.

The mediation analysis for ADNI data revealed
statistically significant indirect (mediation) effects
of tau-PET (14.85 95% confidence interval (CI)
(0.5,30.67)) on the total association between MSE
and rank-transformed MMSE (22.08 95%CI (-
18.12,62.28)) in the right ITG ROI. The two other

ROIs did not show statistically significant mediation
effects for MMSE (Precuneus: total 37.95 95%CI
(2.32,73.58)), indirect 6.88 95% CI (-1/17,16.51), left
ITG: total -2.55 95%ClI (-33.41,28.32)), indirect 7.52
95%CI (-0.69,21.02)). For rank-transformed CDR-
SOB, we did not find significant mediation effects
but significant total effects in right ITG (total -
49.58 95%CI (-82.54,-16.62) indirect 1.23 95%CI
(-12.42,12.75)) and Precuneus (total -56.07 95%CI
(-84.26,-27.89) indirect -4.13 95%CI (-17.32,3.27))
while the left IGT did not show any significant
effect (total -19.91 95%ClI (-45.47,5.64)) indirect -2.6
95%CI (-16.10,2.5)).

In the EEAJ cohort, mediation analysis revealed
statistically significant indirect (mediation) effects of
tau-PET on the total association between MSE and
MMSE (rank-transformed) in both parahippocampi:
Left: total 32.01 95%CI (3.36,60.39), indirect 34.29
95%CI (12.53,60.73) and Right: total 35.73 95%CI
(13.6,57.85), indirect 23.99 95%CI (5.16,61.75), as
well as in ACC: total 28.51 95%CI (14.58,42.44),
indirect 11.49 95%CI (3.05,23.58). Furthermore,
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Fig. 4. Scatter plots in three selected regions of interest (ROIs) displaying the relation between rank transformed rs-fMRI complexity and
tau-PET SUVR values. ACC, anterior cingulate cortex; ITG R/L, inferior temporal gyrus left/right; ParaHipp L/R, parahippocampal gyrus
left/right. Partial regression plots for these data including adjustments for covariates of age and gender can be seen in Supplementary Figure 7.

CDR-SOB (rank-transformed) also showed sta-
tistically significant associations with MSE with
mediation by tau-PET in left parahippocampus
(total -17.34 95% CI (-47.11,12.43), indirect -32.15
95%CI (-58.5,-10.36)), right parahippocampus (total
-28.79 95%CI (-52.23,-5.35), indirect -23.09 95%
CI (-49.45,-6.07)) and ACC (total -20.53 95%CI (-
37.47,-3.59), indirect -12.32 95%CI (-25.86,-3.60)).
Figure 7 shows a conceptual model of mediation
effect and summary of mediation analysis. Overall,
with progressing cognitive decline there is decreasing
complexity of rs-fMRI BOLD signal.

DISCUSSION

In this study we tested a hypothesis on the rela-
tionship between tau deposition and complexity of
rs-fMRI BOLD signal fluctuations. This hypothe-
sis was motivated by growing literature indicating
that the accumulation of tau protein in specific brain
areas is related to cognitive decline in AD [10, 11,
40] and emerging evidence suggesting that complex-

ity of rs-fMRI signal decreases with aging, APOE
genotype, and cognitive decline [25, 28, 35]. These
data prompted our hypothesis that areas manifest-
ing increases in tau deposition measured by tau-PET
should exhibit reduced complexity of rs-fMRI mea-
sured by MSE. We focused on the entropy of
low-frequency fluctuations which have been reported
to be most sensitive to cognitive decline by filter-
ing out noise-like high frequency fluctuations. Our
main findings in the two independent cohorts revealed
an exclusively negative correlation between tau-PET
and MSE, and decreases in MSE with more severe
cognitive impairment in AD-associated brain areas.
Although the voxel-wise association analysis showed
limited spatial overlap between the cohorts, our over-
all hypothesis of associations between MSE, ta-PET
and cognition was confirmed.

For the ADNI and EEAIJ cohorts, there was a visi-
ble increase in tau-PET SUVR in temporal, parietal,
and frontal areas, consistent with the literature and
AD disease progression models. For MSE, we report
high overall complexity in the normal controls and
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Fig. 5. Voxel-wise correlation maps visualizing the association between fMRI complexity and MMSE (A) and CDR-SOB (B) in each cohort.
MMSE, Mini-Mental State Exam; CDR-SOB, Cognitive Dementia Rating Sums of Boxes.

continuously reduced complexity in the MCI to AD
groups. This reduction was especially pronounced in
the temporal lobe and areas of the frontal lobe. Cor-
relational analysis between tau-PET and MSE at the
voxel level revealed sparse but significant negative
correlations in the temporal cortex in both cohorts
and additionally in the ACC in the EEAJ cohort.

Temporal and parietal regions have been most
consistently reported to show entropy reductions in
ADAD and LOAD populations. In our recent study,
using an independent sample of CN and mild AD,
we also found that the earliest reduction of MSE in
the hippocampus is associated with reduced connec-
tivity within the default mode network and cognitive
decline [29]. The spatial pattern of entropy reduc-
tion and correlation with tau-PET in the ROI analyses
matches the characteristic pattern of temporoparietal
hypometabolismin AD detected by FDG-PET as well
as higher tau protein accumulation in the temporal
cortices of MCI/AD subjects [10, 41, 42].

We found a stronger association between MSE and
tau-PET in the ADAD EEAJ cohort, while differ-
ences in fMRI complexity with disease progression
were similar but weaker in the LOAD ADNI cohort.
In particular, ADAD can be viewed as a “pure”
form of AD without the comorbidities of aging and

declining vascular health present in LOAD [17, 24,
43]. The ADNI cohort had by design much lower
severity of cognitive impairment and participants
were of advanced age such that additional comorbid
pathology independent from tauopathy could have
effects on fMRI complexity estimates. Thus, the
weaker association between fMRI complexity and
tau deposition could have been expected. On the
other hand, the autosomal dominant EEAJ cohort
was younger in age and neurovascular factors less
prevalent, and we observed a much closer association
between complexity and tau deposition in AD asso-
ciated brain areas, specifically the parahippocampal
gyrus in the voxel wise comparison, but also in the
ROI based results. Another possible contribution to
the stronger association observed in the ADAD pop-
ulation is the wider range of AD disease severity
in this group. Overall, the observed differences of
weaker association between fMRI complexity and
tau-PET in LOAD compared to ADAD populations
could indicate that vascular or other factors associated
with aging may contribute substantially to cognitive
decline in LOAD in combination with tau burden
[44].

To confirm the association of fMRI complexity and
tau-PET to global cognitive decline in AD, we per-
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Fig. 6. Scatter plots between rs-fMRI complexity and cognition. MMSE, Mini-Mental State Exam; CDR, Cognitive Dementia Rating;
ACC, anterior cingulate cortex; ITG R/L, inferior temporal gyrus left/right; ParaHipp L/R, parahippocampal gyrus left/right. Partial regression
plots for these data including adjustments for covariates of age and gender can be seen in Supplementary Figure 8.

formed correlation and mediation analyses in select
ROIs. We found that fMRI complexity as assessed
by MSE is positively correlated with MMSE and
negatively correlated with CDR-SOB. Notably, these
associations were most striking in bilateral parahip-
pocampus in the EEAJ cohort, corroborating our
speculations on reduced bias of comorbid pathology
in the ADAD as compared to LOAD. Furthermore,
our findings are consistent with two recent studies
that used rs-fMRI data from the ADNI study, employ-
ing MSE and permutation entropy (PE) analyses and

reporting progressive reduction of entropy from nor-
mal controls (NC) and early MCI (EMCI), to late MCI
(LMCI) and AD groups, with significant associations
between complexity measures of rs-fMRI and cogni-
tive decline in MCI/AD subjects [35, 45]. Together,
our findings and previous studies strongly support the
notion that with increasing cognitive decline, there
is a reduction of fMRI complexity. Mediation anal-
ysis provided further insight into this relationship
demonstrating that the association between MSE and
cognition is mediated by underlying tau pathology,
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especially in the EEAJ cohort. Compared to previous
studies that only looked at the association of complex-
ity to cognitive decline, we provide the first evidence
that tau accumulation is the mediating factor between
these metrics. Tau is a known imaging marker that
is associated with cognitive function. Through the
mediation model, we demonstrate that the associ-
ation between novel imaging marker (fMRI-MSE)
to the clinical outcome can be partially explained
by the known imaging marker (tau). Furthermore,
tau related neurotoxic processes alter neuronal and
neurovascular function, which ultimately lead to neu-
rodegeneration. However, it has been reported that tau
deposition and alterations in neuronal activity and
blood flow precede neurodegeneration and patients
display cognitive impairment before detectable struc-
tural changes in MRI. In our study we accounted
for atrophy by including GM indices as covariates
and performed supplementary analyses using par-
tial volume correction (PVS) for PET images thus
minimizing contributions of neurodegeneration on
the association between tau and MSE. While the
voxel-wise analyses showed significant but sparse
associations, the ROI based approach showed more
widespread associations arguably due to improved
SNR when averaging across larger anatomical areas.
Based on our findings, we propose that fMRI com-
plexity bears the potential as a new means to assess
neurofibrillary tangle induced dysfunction. While
neurofibrillary tangle pathology can be seen as the
underlying physiological mechanism causing alter-
ations in neuronal function and ultimately cognitive
decline, decreases in fMRI complexity represent an
associated functional phenotype in the AD disease
progression.

There are several limitations to this study. The
two cohorts had unbalanced groups with regard to
disease status with most participants being cogni-
tively normal and only few subjects with diagnosed
AD. However, despite most participants showing
no or only mild cognitive decline, especially in
the ADNI cohort, we found significant associations
between complexity, tau-PET and cognitive function,
demonstrating that fMRI complexity is sensitive to
potentially small changes in the course of AD pro-
gression. Future studies incorporating longitudinal
data are warranted to estimate the rate of change
from cognitive normal to AD. Additionally, we only
investigated global cognitive measures (MMSE and
CDR-SOB) since most fMRI complexity literature
to date only reported these associations. For future
research, evaluating associations between fMRI com-

plexity and specific cognitive domains are warranted
to further understand decrease in cognitive function,
accumulation of tau protein and alterations in fMRI
complexity within distributed brain networks. Fur-
thermore, the fMRI protocols were different for the
two cohorts. While ADNI used a standard EPI with
a longer TR, the EEAJ study used a multi-band
EPI with a sub-second TR, which leads to differ-
ent frequency scales in MSE. For ADNI the highest
scale represents low-frequency signal at 0.056 Hz
whereas for EEAJ the same scale has a frequency of
0.23 Hz. Finally, because our focus was on investigat-
ing the use of fMRI complexity as an approximation
of tau-PET, we did not assess the effect of AR on
the interaction or mediation. There are also several
sources of biases that need to be addressed. First,
head motion is known to induce signal variability
in the fMRI timeseries and thus head motion could
present a potential confound in MSE calculation. We
preformed supplemental analyses to assess potential
head motion related bias in our findings including
comparison of framewise-displacement (FD) across
groups, correlation of FD with global and voxel-
wise MSE, including global signal regression (GSR)
as additional preprocessing step and using FD as a
covariate in correlation analyses. While there was no
statistical difference between FD across groups, we
found significant negative association between FD
and MSE (Supplementary Figures 1 and 2). Analyses
using GSR or FD-covariate (Supplementary Figure 3)
however replicated the original results which sug-
gests that head motion had a minor effect on our
findings. For detailed results, please see the Sup-
plementary Material. Nevertheless, the influence of
motion on complexity estimates should be system-
atically investigated in future studies. Second, grey
mater atrophy could bias PET quantification. While
our analysis included GM indices as covariate, spe-
cific partial volume correction (PVC) methods have
been developed for PET data. To evaluate this poten-
tial bias we repeated the correlation analysis between
MSE and PVC tau-PET data using the region-based
voxel-wise method (RBV) [46]. The resulting cor-
relation map (Supplementary Figure 4) revealed a
similar spatial pattern of negative associations in infe-
rior temporal lobe, parietal cortex and areas in the
lateral prefrontal cortex. Third, in the EEAJ cohort
two fMRI sessions with opposite phase encoding
(PE) direction were averaged. Assessment of a poten-
tial interaction effects of PE direction and diagnostic
group using an ANOVA revealed significant effects
in small clusters, that however are very unlikely to
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present a substantial bias (Supplementary Figures 6
and 7).

To conclude, our findings show that there is a sta-
tistically significant total effect between MSE and
cognitive decline that is largely mediated by tau-PET,
especially in temporal areas. These results support
the relevance of temporal lobe tauopathy on cogni-
tive decline [10]. Moreover, complexity of rs-fMRI
is associated with both regional tau protein accumu-
lation and cognitive decline, and thus could provide a
safe and cost-effective alternative marker for regional
neuropathology and prediction of cognitive decline in
AD.
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