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Correlation transfer function 
analysis as a biomarker 
for Alzheimer brain plasticity using 
longitudinal resting‑state fMRI 
data
Doaa Mousa 1*, Nourhan Zayed 1,2 & Inas A. Yassine 3

Neural plasticity is the ability of the brain to alter itself functionally and structurally as a result of its 
experience. However, longitudinal changes in functional connectivity of the brain are still unrevealed 
in Alzheimer’s disease (AD). This study aims to discover the significant connections (SCs) between 
brain regions for AD stages longitudinally using correlation transfer function (CorrTF) as a new 
biomarker for the disease progression. The dataset consists of: 29 normal controls (NC), and 23, 24, 
and 23 for early, late mild cognitive impairments (EMCI, LMCI), and ADs, respectively, along three 
distant visits. The brain was divided into 116 regions using the automated anatomical labeling atlas, 
where the intensity time series is calculated, and the CorrTF connections are extracted for each region. 
Finally, the standard t-test and ANOVA test were employed to investigate the SCs for each subject’s 
visit. No SCs, along three visits, were found For NC subjects. The most SCs were mainly directed from 
cerebellum in case of EMCI and LMCI. Furthermore, the hippocampus connectivity increased in LMCI 
compared to EMCI whereas missed in AD. Additionally, the patterns of longitudinal changes among 
the different AD stages compared to Pearson Correlation were similar, for SMC, VC, DMN, and Cereb 
networks, while differed for EAN and SN networks. Our findings define how brain changes over time, 
which could help detect functional changes linked to each AD stage and better understand the disease 
behavior.

Alzheimer’s disease (AD), a form of neurodegenerative disorders, is a major public health concern due to the 
growing number of AD patients worldwide1. It is also a progressive disease, which worsens with time. It is 
believed to begin 20 years or more before the appearance of symptoms. According to Centers for Disease Control 
and Prevention (CDC) reports, the mortality rate due to AD and other dementias in 2020 was approximately 
16% more than expected2. Typically, AD is identified depending on the medical history of individuals and their 
families, physical and neurological examinations, blood tests, and brain imaging2. Among the brain imaging tech-
niques, resting-state functional MRI (rs-fMRI) has been widely used, in recent studies, to assess AD progression3.

Functional MRI measures variations in blood oxygenation level-dependent (BOLD) signals to determine 
brain activity. It has been suggested that the functional changes likely precede structural alterations4. Thus, as 
revealed by rs-fMRI, low-frequency fluctuation of the BOLD signals provides a valid method for assessing the 
network functional integrity of structurally segregated brain areas. Different studies have demonstrated rs-fMRI’s 
effectiveness in identifying AD stages vs. NC using cross-sectional datasets5–9. However, cross-sectional stud-
ies cannot detect the developments or changes in the characteristics of brain activation over time. Therefore, 
longitudinal studies are essential to understand the dynamic alterations in brain structure and function during 
AD progression.

Longitudinal studies mainly focuses on investigating the activation changes in specific brain regions related 
to AD, like the hippocampus and related medial temporal lobe structures, using rs-fMRI with statistical tests 
like t-test and analysis of variance (ANOVA) test. Yao et al.10 studied the role of the amygdala-cortical circuit 
in the progression of mild cognitive impairment (MCI). They tested the significance of the amygdala using a 
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statistical t-test on 13 MCI subjects along two visits; named baseline and follow-up after nearly 13 months. Their 
findings indicate that impairments in the functional connectivity of the amygdala may serve as a biomarker 
for MCI progression. O’Brien et al.11 demonstrated that clinical decline in subjects with MCI is related to the 
loss of hippocampal activation. They applied statistical t-test and ANOVA test on fMRI dataset; formed of 51 
older individuals to assess the change in activation between baseline visit and follow-up after 2 years. Bai et al.12 
examined the changes in default mode network (DMN) function in amnestic MCI (aMCI) and NC subjects, 
over time, using statistical t-test. Wang et al.13 examined the alterations in hippocampal connectivity between 14 
MCI and 14 NCs. They revealed that functional connectivity (FC) between the hippocampus and certain regions, 
including the right frontal lobe, the bilateral temporal lobe, and the right insular, was impeded in MCI. The left 
posterior cingulate cortex, hippocampus, precuneus, right occipital gyrus, and caudate exhibited increased FC 
to the hippocampus in MCI. Takao et al.14 investigated the long-term (1-year) test–retest reliability of resting-
state networks (RSNs) in 31 NC, 63 MCI, and 17 AD through using temporal concatenation group independent 
component analysis with dual regression. Their findings demonstrate that the test–retest stability of RSNs decays 
with disease progression, which may reflect the progressive neuro-functional alterations related to the disease 
pathology. Malotaux et al.15 conducted a study to examine the longitudinal alterations in rs-fMRI connectivity 
among individuals diagnosed with MCI. The participants were categorized based on their amyloid-beta (Aβ) 
status and clinical progression to dementia over a period of three years. The researchers noted that individuals 
with progressive MCI had a gradual increase in intra-DMN connectivity with time, as opposed to those with 
stable MCI. However, no statistically significant alterations were observed in other networks. In addition, the 
researchers conducted a separate analysis of the anterior and posterior DMN regions. They found that the 
observed increase in connectivity over time in individuals with progressive MCI was mostly influenced by the 
front portion of the DMN, whereas the posterior portion did not show a significant increase.

All previously mentioned studies, investigate the role of a certain brain region in the AD progression. So, a 
longitudinal study that investigates the brain regions during the disease searching for the regions that character-
ize the disease progression is needed.

This study proposed discovering the brain FC changes in the different AD stages and NC subjects over time. 
Moreover, we are interested in extracting significant connections that characterize the disease progression in each 
stage and how they interact together. We hypothesize that, the CorrTF features has the potential to characterize 
the significant brain regions in the progress of each disease stage. The proposed framework consists of extracting 
the CorrTF features from the 116 brain regions, among three visits (baseline and two follow-up visits), for each 
disease stage. Then using a statistical t-test and ANOVA to find the significant brain connections.

Materials and methods
Dataset
The dataset was taken from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database. The ADNI was 
launched in 2003 as a public–private partnership, led by principal investigator Michael W. Weiner, MD. ADNI 
consisted of participants enrolled at 57 clinical centers in the US and Canada, funded as a private–public part-
nership. All ADNI studies are conducted according to the Good Clinical Practice guidelines, the Declaration of 
Helsinki, and U.S. 21 CFR Part 50 (Protection of Human Subjects), and Part 56 (Institutional Review Boards). 
Written informed consent was obtained from all participants before protocol-specific procedures were performed. 
The ADNI protocol was approved by the Institutional Review Boards of all of the participating institutions. The 
main objective of ADNI is to test whether combining different diagnosing techniques can be pooled to char-
acterize the progression of MCI and early AD. For up-to-date information, see www.​adni-​info.​org. A complete 
description of ADNI is available at http://​adni.​loni.​usc.​edu/. Moreover, the data access requests are to be sent to 
http://​adni.​loni.​usc.​edu/​data-​sampl​es/​access-​data/.

The rs-fMRI images were collected at baseline, three months, six months, 12 months from baseline, and annu-
ally afterward. We did exclude the patients who had not at least two follow-up visits following the baseline scan. In 
this study, 99 subjects were downloaded from ADNI, formed of four classes: NCs, EMCI, LMCI, and AD patients, 
as reported in Table 1. The rs-fMRI images were acquired using 3.0 Tesla Philips Achieva scanners. The scanning 
protocol parameters are reported in Table 2. According to ADNI2 inclusion criteria https://​adni.​loni.​usc.​edu/​
wp-​conte​nt/​uploa​ds/​2008/​07/​adni2-​proce​dures-​manual.​pdf, the Mini-Mental State Exam (MMSE) score for 
CN, EMCI, and LMCI is between 24 and 30. While the exam score for AD is between 20 and 26. For all groups, 
exceptions may be made for subjects with less than 8 years of education at the discretion of the project director.

Table 1.   Overview of rs-fMRI study groups (mean ± standard deviation).

Study group No. of subjects Age range (years) Sex (male/female)
Visit 1 duration from baseline 
(months)

Visit 2 duration from 
baseline (months)

NC 29 74.31 ± 5.83 17/12 8.31 ± 3.37 18.69 ± 6.45

EMCI 23 69.83 ± 6.29 9/14 8.65 ± 3.54 17.26 ± 6.30

LMCI 24 72.92 ± 6.70 15/9 3.04 ± 0.36 6.46 ± 0.51

AD 23 74.70 ± 6.20 12/11 3.22 ± 0.52 6.48 ± 0.79

http://www.adni-info.org
http://adni.loni.usc.edu/
http://adni.loni.usc.edu/data-samples/access-data/
https://adni.loni.usc.edu/wp-content/uploads/2008/07/adni2-procedures-manual.pdf
https://adni.loni.usc.edu/wp-content/uploads/2008/07/adni2-procedures-manual.pdf
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Methodology
Data preprocessing and brain network analysis
The typical preprocessing procedures for rs-fMRI are carried out, as shown in Fig. 1, using the software tool 
Statistical Parametric Mapping SPM12 (Welcome Trust Centre for Neuroimaging, London, UK)16. It involves 
discarding the first ten time-point volumes for each subject in order to ensure magnetization equilibrium. The 
remaining volumes are then corrected for the interleaved order of slices, in which the all odd-number slices 
were collected first and then all even-numbered slices. Registration for head motion artifact elimination, and 
co-registration of functional and structural images has been later applied. The images are then normalized to 
standard space using the SPM12 MNI/EPI (Montreal Neurological Institute/Echo Planer Image) template. The 
images were spatially smoothed using a 5 mm FWHM Gaussian kernel to increase the signal to noise ratio. Each 
volume was then segmented into 116 regions of interest (ROIs), as found in9, according to automatic anatomical 
atlas labeling (AAL)17–19. The different ROI’s mean intensity time series was then obtained and band-pass-filtered 
at 0.01–0.08 Hz to better localize the rs-fMRI while removing the noise signals as a result of some psychological 
artifacts such as breathing, and heartbeat. Finally, each subject was expressed by a matrix with 116 (number of 
regions) × 130 (time points), defining the time signal for each ROI.

CorrTF feature extraction
The correlation transfer function (CorrTF) quantifies the amount of information transmitted between the input 
and output ROIs. Therefore, the properties of the functional connection path between any two regions can be 
anticipated. AD is characterized by nerve cell death, affecting the region’s connection path. As a result, altera-
tions in the connection path may potentially differentiate between healthy and diseased cases9,20,21 and provide 
critical information about changes in brain connectivity over time. CorrTF feature extraction technique can be 
considered as a biomarker for AD stage identification9.

Theoretically, the transfer function models the system’s output for each possible input9. The relationship 
between output y(t) and input x(t), for any system, can be modeled using

where the h(t) is the impulse response that defines the system behavior. While the relationship in the frequency 
domain can be modeled using

where Y(f), X(f) and H(f) are the Fourier transform of the y(t), x(t), and h(t) respectively. Similarly, this definition 
can be interpreted to model the connectivity path between any pair of brain regions, as illustrated in

where CorrTF (ROI1, ROI2) is the transfer function calculated between the mean time series of ROI1 and ROI2, 
Ƒ is the discrete Fourier Transform.
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Table 2.   rs-fMRI scanning protocol parameters.

Parameter Value

Echo time (TE) 30 ms

Repetition time (TR) 3000 ms

Flip angle 80°

Pixel size 3.3 × 3.3 mm

Acquisition matrix size 64 × 64

Slice thickness 3.3 mm

Number of slices/volumes 48/140

Figure 1.   Summarization of the pre-processing steps.
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Statistical analysis
A standard t-test and ANOVA were employed to explore the between-group changes in CorrTF connections 
activation over time at a significance level of p < 0.05. The data were normalized, so that the sum of the squares 
equal one, to fulfill the normal distribution condition for the t-test. For NC and each disease stage, the statisti-
cal significance of every CorrTF connection, along three visits, was examined. The connection is considered 
significant if there were significant differences in activation between both pairs; baseline-visit1 and visit1-visit2.

Results
In this paper, we are interested in extracting the significant connections that characterize the progression of 
AD in each stage. A standard t-test and ANOVA test were employed to explore the between-group changes in 
CorrTF connections activation over time, at a significance level of p < 0.05. Almost all connections extracted 
using t-test included within connections extracted using ANOVA test. Consequently, we will discuss the com-
mon connections extracted using both tests. The connections regions names and their abbreviations have been 
listed in Table 3.

Figure 2 shows the 133 significant CorrTF connections that characterize the EMCI progression. Among 
these connections, we found that the connections were mainly directed only from eight brain regions which are; 
Vermis_3, Left CAL, Left PCL, Right TPOmid, Right TPOsup, Left HES, Right HIP, and Left SPG. The number 
of connections directed from each region are: 101, 12, 10, 3, 3, 2, 1, and 1 respectively.

Figure 3 shows the 79 significant CorrTF connections that characterize the LMCI progression. Among these 
connections, we found that the connections were mainly directed only from five brain regions which are; Left 
CRBL10, Right HIP, Left CRBLCrus1, Left ACG, and Left CRBL3. The number of connections directed from 
each region are: 61, 13, 2, 2, and 1 respectively.

Figure 4 presents the 41 significant CorrTF connections that characterize the AD progression. Among these 
connections, we found that the connections were mainly directed only from four brain regions: left TPOsup, 
Right STG, Right PCL, and Right REC. The number of connections directed from each region are: 34, 4, 2, and 1 
respectively. At all connections, the t-test critical value sign changed from positive to negative for the difference 
between baseline-visit1 and visit1-visit2, respectively, except the connections directed from Right STG changed 
in the opposite direction. In contrast to the previously mentioned stages of AD, the NC showed no significant 
statistical difference in any CorrTF connections between baseline-visit1 and between visit1-visit2.

In Fig. 5, we grouped the significant connections to highlight the most altered network pairs among all AD 
stages. As observed from Fig. 5., the Cerebellum network has the highest contribution with 178 connections. It 
is worth noting that Figs. 2, 3, and 4 were generated using the CIRCOS tool22.

A comparison between the proposed method using CorrTF and Pearson correlation (PC)23 is found in Fig. 6. 
The comparison was done to validate our results using CorrTF vs PC, the conventional method used in the 
literature. To increase the normality of the correlation coefficients, we first computed the PC for interregional 
connectivity. Fisher’s z-transformation was then applied to standardize the PC feature values. Figure 6 presents 
the percentage of contribution for each functional network acquired using PC vs. CorrTF for each disease stage. 

Table 3.   List of the 116 brain regions and their abbreviations.

ROI label Abb ROI label Abb ROI label Abb

Amygdala AMYG Frontal_Mid_Orb ORBmid Precuneus PCUN

Angular ANG Frontal_Mid MFG Putamen PUT

Calcarine CAL Frontal_Sup_Medial SFGmed Rectus REC

Caudate CAU​ Frontal_Sup_Orb ORBsup Rolandic_Oper ROL

Cerebelum_10 CRBL10 Frontal_Sup SFGdor Supp_Motor_Area SMA

Cerebelum_3 CRBL3 Fusiform FFG SupraMarginal SMG

Cerebelum_4_5 CRBL45 Heschl HES Temporal_Inf ITG

Cerebelum_6 CRBL6 Hippocampus HIP Temporal_Mid MTG

Cerebelum_7b CRBL7b Insula INS Temporal_Pole_Mid TPOmid

Cerebelum_8 CRBL8 Lingual LING Temporal_Pole_Sup TPOsup

Cerebelum_9 CRBL9 Occipital_Inf IOG Temporal_Sup STG

Cerebelum_Crus1 CRBLCrus1 Occipital_Mid MOG Thalamus THA

Cerebelum_Crus2 CRBLCrus2 Occipital_Sup SOG Vermis_10 Vermis10

Cingulum_Ant ACG​ Olfactory OLF Vermis_1_2 Vermis12

Cingulum_Mid DCG Pallidum PAL Vermis_3 Vermis3

Cingulum_Post PCG ParaHippocampal PHG Vermis_4_5 Vermis45

Cuneus CUN Paracentral_Lobule PCL Vermis_6 Vermis6

Frontal_Inf_Oper IFGoperc Parietal_Inf IPL Vermis_7 Vermis7

Frontal_Inf_Orb ORBinf Parietal_Sup SPG Vermis_8 Vermis8

Frontal_Inf_Tri IFGtriang Postcentral PoCG Vermis_9 Vermis9

Frontal_Med_Orb ORBsupmed Precentral PreCG
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The patterns of longitudinal changes among disease stages for both techniques were similar, for SMC, VC, DMN, 
and Cereb networks, while differed for EAN and SN networks.

Discussion
This longitudinal fMRI study demonstrates the significant CorrTF connections that characterize the progression 
of each AD stage. It is worth noting that, while MCI is a risk factor for AD it is not a guarantee of developing the 
disease. In fact, most people with MCI will not go on to develop AD24. There are a number of things that people 
with MCI can do to reduce their risk of developing AD, such as staying mentally and physically active, eating a 
healthy diet, and getting enough sleep. In our manuscript, the progression of AD stages is represented by tracking 
the longitudinal changes in cognitive cohorts occurred such as those with probable AD dementia (established 
clinically rather than biologically) and a potential prodromal cohort (E/L MCI).

Figure 2.   The significant CorrTF connections that characterize the EMCI progression. Connection were 
colored based on the originated ROI color. The figure has been generated using the CIRCOS online tool (http://​
mkweb.​bcgsc.​ca/​table​viewer/).

http://mkweb.bcgsc.ca/tableviewer/
http://mkweb.bcgsc.ca/tableviewer/
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Analysis of EMCI progression
Figure 2 shows the significant connections that characterize the EMCI progression. Among these connections, 
there are 101 connections between different brain regions and Vermis_3. The Vermis is a part of the cerebellum 
involved in motor control, cognition, and emotional regulation25. Several studies suggest the relation between 
cerebellum Vermis and cognitive impairment and other symptoms of neurodegenerative diseases26–28. As Cer-
ebellum Vermis may be involved in the visuospatial functions26, which may be impaired at the early stages of 
AD29. Consequently, we interpret that the significant contribution of vermis may be a compensatory activation 
related to the cognitive changes occurred to the EMCI subjects. Besides the Vermis, areas of SMC, such as the 
Left Paracentral Lobule, Left Superior Parietal Gyrus, Left Heschl Gyrus, and Right Superior Temporal Pole, 
are significantly contributed by 16 connections. Several studies investigated the role of SMC in the early AD 
stages30–34. Moreover, the connections within these particular regions are consistent with the literature35–42. Gupta 
et al.43 demonstrate that the increased significance in Paracentral Lobule could be attributed to maintaining 

Figure 3.   The significant CorrTF connections that characterize the LMCI progression. Connection were 
colored based on the originated ROI color. The figure has been generated using the CIRCOS online tool (http://​
mkweb.​bcgsc.​ca/​table​viewer/).

http://mkweb.bcgsc.ca/tableviewer/
http://mkweb.bcgsc.ca/tableviewer/
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motor function performance. Additionally, Fig. 2 shows the contribution of Calcarine, a component of the visual 
cortices. Visual disturbance, like spatial contrast sensitivity, impairment in visual acuity, color sensitivity, and 
blurred vision, is expected in AD patients44. Li et al.45 found a high activation in Left Calcarine Cortex for MCI 
compared to AD. This could be a self-adaptive or decompensating mechanism, which agrees with our findings. 
Furthermore, four significant connections are directed from two SN regions; Right Hippocampus and Right 
Middle Temporal Pole. Various studies confirmed our results, that there are significant changes in the volume 
of the Middle Temporal Pole and Hippocampal regions46–48. Tang et al.49 considered changes in the structure 
of the hippocampus and subcortical nuclei as a sign of the upcoming transformation of MCI. O’Brien et al.11 
demonstrated that the increased Hippocampal FC implied compensatory mechanisms for memory loss.

Figure 4.   The significant CorrTF connections that characterize the AD progression. Connection were colored 
based on the originated ROI color. The figure has been generated using the CIRCOS online tool (http://​mkweb.​
bcgsc.​ca/​table​viewer/).

http://mkweb.bcgsc.ca/tableviewer/
http://mkweb.bcgsc.ca/tableviewer/
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Analysis of LMCI progression
Figure 3 presents the significant connections that characterize the LMCI progression. The most significant con-
nections were directed from areas of the cerebellum; Left Cerebellum_10, Left Cerebellum_3 and Left Cerebellum 
Crus_1. This is consistent with the symptoms of decline in motor, cognition, and emotional activities since the 
cerebellum regulate these functions50. Recently, researchers have given attention to the alterations of cerebellum 
regions during AD’s different stages51. Tang et al.52 indicate significant changes regarding the FC of cerebellar 
cognitive subregions within the AD and MCI groups. The strength of left cerebellar FC is positively associated 
with certain cognitive subsites; memory, executive function, visuospatial function, and global cognition in AD 
and aMCI53. Hoxha et al.54 concluded that the Cerebellum region is vulnerable to amyloid-β toxic destruction, 
even at the onset of the disease, resulting in impaired motor function. Jacobs et al.55 state that the cerebellum is 
more than a silent witness in the pathophysiology of AD and its clinical phenomenology. Besides the cerebellum, 
there are 13 connections directed from Right Hippocampus. Compared to EMCI, the HIP connections participate 
more in the LMCI progression. This may be considered a compensatory action from the brain to restore the 
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Figure 6.   Comparison between percentage of significant contribution for each functional network using 
CorrTF (red) and Pearson Correlation (blue) for each disease stage: (a) SMC, (b) VC, (c) EAN, (d) DMN, (e) 
SN, and (f) Cereb.
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loss of memory function, as suggested by Ref.11. Figure 3, also, shows the significant connections directed from 
Left Anterior Cingulate Gyrus. The Cingulate Gyrus is an essential part of the limbic system involved in regulat-
ing cognitive function56. Various studies investigate the relation between cognition impairment and Cingulate 
Cortex56–59. Wei et al.60 found that the progressive MCI group had smaller left posterior and caudal Anterior 
Cingulate than the stable MCI group at baseline. The Anterior Cingulate Cortex is involved in central cognitive 
functions, such as motivation, decision-making, education, cost–benefit analysis, and conflict and problem 
solving56, which match the disease symptoms.

Analysis of AD progression
Figure 4 shows the significant CorrTF connections that identify the AD progression. The most significant connec-
tions were directed from the Left Superior Temporal Pole (TPOsup), a region of the EAN. The EAN is required 
for active maintenance of and manipulation of information in working memory as well as for principle problem 
solving and decision making61. Authors in61 found that the FC within the EAN increased a bit in the MCI patient 
while declined significantly in the AD patients. Chen et al.62 found that AD patients suffer from abnormal left 
TPOsup. Besides left TPOsup, Right Superior Temporal Gyrus, and Right Paracentral Lobule, areas of SMC are 
also associated with AD, as shown in figure. Zhan et al.63 indicated abnormal network components in DMN, SMC, 
visual-sensory network, and visual-attention network during AD progression. Different researches demonstrate 
the abnormality of STG in AD patients64–67. Xiao et al.64 reported that during a span of one year, individuals 
diagnosed with AD had notable degeneration in both STG and the left caudate. Furthermore, a reduction in grey 
matter volume in the right STG and left caudate was found to be associated with a drop in cognitive function. 
Clarke et al.68 concluded that the high-risk AD group was related to a hub in the right paracentral lobe, a medial 
frontoparietal cortical area with sensorimotor functions. Figure 4 also shows a significant connection directed 
from the Right Rectus Gyrus, the area of DMN. Li et al.69 stated that MCI patients exhibited considerably lower 
clustering coefficients in the right inferior parietal gyrus, right superior parietal gyrus, right rectus and, left 
middle frontal gyrus as well as lower shortest path length in the left paracentral lobule, compared to NC. Yang 
et al.70 demonstrated that following donepezil treatment, patients with AD exhibited increased amplitude of 
low-frequency fluctuations, measured using rs-fMRI, in the right gyrus rectus, which decreased after treatment.

Among the significant connections in our findings, the t-test critical value changed from positive to negative 
except for the connection to Right STG in AD progression. Thus, we can interpret that this connection gets worth 
after specific compensation, whereas the other connections compensate for function loss as time progresses. In 
this context and according to the findings of Xiao et al.64, people diagnosed with Alzheimer’s disease (AD) saw 
significant degradation in both the STG and the left caudate over the course of one year. Moreover, a decrease 
in grey matter volume in the right STG and left caudate nucleus was observed to be correlated with a decline in 
cognitive performance.

Analysis across different AD stages
The number of significant connections extracted for EMCI, LMCI, and AD was 133, 79, and 41, respectively, 
as observed in Figs. 2, 3, and 4. This observation interprets that the number of connections employed by the 
brain to transfer information is inversely proportional to the disease severity. With the disease progression, the 
brain FC may lose some of its compensation ability due to pathological changes. This may relate to the disease’s 
progressive nature, which means its symptoms become worse with time.

Figure 5 presents the number of significant connections between each pair of networks for all AD stages 
with directionality ignored. We observed that the significant connections decrease with disease severity in six 
groups: SMC-Cereb, VC-DMN, EAN-Cereb, DMN-Cereb, SN-Cereb, and Cereb–Cereb, highlighted by red 
rectangles. These results define the clinical relationship between motor and cognitive function deterioration in 
AD progression71–73. Zheng et al.73 reported that The Crus II of the cerebellum was functionally connected to 
several DMN regions and frontoparietal network (FPN) regions. It was also reported that the lobule IX of the 
cerebellum was involved in the DMN, FPN, VC, and SMC regions. While Halko et al.72 reveal that altering activ-
ity in the lateral cerebellar Crus I/II impacts the cerebral DMN, however vermal lobule VII stimulation affects 
the cerebral dorsal attention system. We can also observe that the Cerebellum regions are highly affected by AD. 
Hoxha et al.54 stated that the cerebellum is considered a region exposed to amyloid-β toxic destruction, even at 
the onset of the disease, with motor function implications.

In contrast, we observed, from Fig. 5, that the number of significant connections increased in LMCI from 
EMCI in the relation between the SN network and three other networks: SMC, VC, and EAN, highlighted by 
black rectangles. Generally, We observed an increase in the hippocampus, area of SN network, connectivity in 
LMCI compared to EMCI that was missed in the final AD stage. This may be considered a compensation action 
during the AD progression, which failed at the AD final stage, similar conclusion suggested by authors in13.

Figure 6 shows the percentage of significant contribution by each functional network obtained using Pearson 
Correlation vs. CorrTF. The percentage of contribution is the ratio of contributed regions to the total significant 
regions. For both techniques, the pattern of longitudinal changes among disease progression was quite similar 
in SMC, VC, DMN, and Cereb networks. However, the longitudinal pattern of change differed for EAN and SN 
networks. This comparison supports our interpretations and understanding of the longitudinal changes during 
the disease progression.

Limitations
There are several limitations in our study. First the dataset doesn’t include subjects who known to be progressed 
to next severe stage e.g. subjects progressed from EMCI to LMCI or from LMCI to AD. Second, the proposed 
work investigates only the significance of one factor which is the CorrTF features. It will be very valuable to 
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include other factors like age, and sex as covariates in the analysis. Finally, the study’s sample size is comparatively 
limited and the age range of the four groups is of high variance. These perhaps impacting the findings to a certain 
degree. In future work, large number of samples with appropriate age range will be proposed.

Although the labeled downloaded ADNI date was enough to our study goal to investigate the longitudinal 
changes in cognitive cohorts one of our future work goals will be checking fluidic/PET biomarkers or to make 
sure that the categorization was done according to the biological classes.

Conclusion
This study investigates the significant connections that characterize each AD stage using the CorrTF features 
extracted from rs-fMRI data. Two statistical tests were employed to find the significant connections with time 
among three different visits to the hospital. For NC subjects, we find no significant connections along three visits. 
The most significant connections were mainly directed from cerebellum regions for EMCI and LMCI. While in 
AD, the cerebellum region has no significant connections. Our results suggest that the Cerebellum regions are 
highly affected by AD progression as their connectivity decreases while the disease worsens. Additionally, the 
hippocampus showed certain compensation ability in the early stages while it failed in the late stage. Further 
investigations to CorrTF connections to highlight the contribution of some regions rather than others in the dis-
ease and during progression may also be considered in both Alzheimer’s disease and other neurological disorders.

Data availability
The datasets analyzed during the current study are owned by a third-party organization “Alzheimer’s disease 
Neuroimaging Initiative” (ADNI) database. Researchers can request and access the data through the website 
of the Alzheimer’s Disease Neuroimaging Initiative (ADNI) (http://​adni.​loni.​usc.​edu). Authors had no special 
access privileges to this data.

Received: 26 March 2023; Accepted: 29 November 2023

References
	 1.	 Berman, T. & Bayati, A. What are neurodegenerative diseases and how do they affect the brain?. Front. Young Minds. 6, 1. https://​

doi.​org/​10.​3389/​frym.​2018.​00070 (2018).
	 2.	 Alzheimer’s Association.,. Alzheimer’s disease facts and figures special report Race, Ethnicity and Alzheimer’s in America. Alzhei-

mers Dement. 2021(17), 327–406 (2021).
	 3.	 Vemuri, P., Jones, D. T. & Jack, C. R. Resting state functional MRI in Alzheimer’s disease. Alzheimer’s Res. Ther. 4, 1–9. https://​doi.​

org/​10.​1186/​alzrt​100 (2012).
	 4.	 Li, H. et al. Disrupted functional connectivity of cornu ammonis subregions in amnestic mild cognitive impairment: A longitudinal 

resting-state fMRI study. Front. Hum. Neurosci. 12, 1. https://​doi.​org/​10.​3389/​fnhum.​2018.​00413 (2018).
	 5.	 Ramzan, F. et al. A deep learning approach for automated diagnosis and multi-class classification of Alzheimer’s disease stages 

using resting-state fMRI and residual neural networks. J. Med. Syst. 44, 1. https://​doi.​org/​10.​1007/​s10916-​019-​1475-2 (2020).
	 6.	 Duc, N. T. et al. 3D-deep learning based automatic diagnosis of Alzheimer’s disease with joint MMSE prediction using resting-state 

fMRI. Neuroinformatics. 18, 71–86. https://​doi.​org/​10.​1007/​s12021-​019-​09419-w (2020).
	 7.	 Shi, Y., Zeng, W., Deng, J., Nie, W. & Zhang, Y. The identification of alzheimer’s disease using functional connectivity between 

activity voxels in resting-state fMRI data. IEEE J. Transl. Eng. Heal. Med. 8, 1–11. https://​doi.​org/​10.​1109/​JTEHM.​2020.​29850​22 
(2020).

	 8.	 Suk, H. I., Wee, C. Y., Lee, S. W. & Shen, D. State-space model with deep learning for functional dynamics estimation in resting-
state fMRI. Neuroimage. 129, 292–307. https://​doi.​org/​10.​1016/j.​neuro​image.​2016.​01.​005 (2016).

	 9.	 Mousa, D., Zayed, N. & Yassine, I. A. Alzheimer disease stages identification based on correlation transfer function system using 
resting-state functional magnetic resonance imaging. PLoS One. 17, e0264710. https://​doi.​org/​10.​1371/​journ​al.​pone.​02647​10 
(2022).

	10.	 Yao, H. et al. Longitudinal alteration of amygdalar functional connectivity in mild cognitive impairment subjects revealed by 
resting-state fMRI. Brain Connect. 4, 361–370. https://​doi.​org/​10.​1089/​brain.​2014.​0223 (2014).

	11.	 O’Brien, J. L. et al. Longitudinal fMRI in elderly reveals loss of hippocampal activation with clinical decline. Neurology. 74, 
1969–1976. https://​doi.​org/​10.​1212/​WNL.​0b013​e3181​e3966e (2010).

	12.	 Bai, F. et al. Specifically progressive deficits of brain functional marker in amnestic type mild cognitive impairment. PLoS One. 6, 
e24271. https://​doi.​org/​10.​1371/​journ​al.​pone.​00242​71 (2011).

	13.	 Wang, Z. et al. Baseline and longitudinal patterns of hippocampal connectivity in mild cognitive impairment: Evidence from 
resting state fMRI. J. Neurol. Sci. 309, 79–85. https://​doi.​org/​10.​1016/j.​jns.​2011.​07.​017 (2011).

	14.	 Takao, H., Amemiya, S. & Abe, O. Longitudinal stability of resting-state networks in normal aging, mild cognitive impairment, 
and Alzheimer’s disease. Magn. Reson. Imaging. 82, 55–73. https://​doi.​org/​10.​1016/j.​mri.​2021.​06.​020 (2021).

	15.	 Malotaux, V. et al. Default-mode network connectivity changes during the progression toward Alzheimer’s dementia: A longitudinal 
functional magnetic resonance imaging study. Brain Connect. 13, 287–296. https://​doi.​org/​10.​1089/​brain.​2022.​0008 (2023).

	16.	 Friston, K. Statistical parametric mapping. Statistical Parametric Mapping (Elsevier, 2007). pp. 10–31. https://​doi.​org/​10.​1016/​
B978-​01237​2560-8/​50002-4.

	17.	 Lancaster, J., Summerlin, J., Rainey, L., Freitas, C. & Fox, P. The Talairach Daemon a database server for talairach atlas labels. 
Neuroimage. 5, 1 (1997).

	18.	 Lancaster, J. L. et al. Automated Talairach Atlas labels for functional brain mapping. Hum. Brain Mapp. 10, 120–131. https://​doi.​
org/​10.​1002/​1097-​0193(200007)​10:3%​3c120::​AID-​HBM30%​3e3.0.​CO;2-8 (2000).

	19.	 Maldjian, J. A., Laurienti, P. J., Kraft, R. A. & Burdette, J. H. An automated method for neuroanatomic and cytoarchitectonic atlas-
based interrogation of fMRI data sets. Neuroimage. 19, 1233–1239. https://​doi.​org/​10.​1016/​S1053-​8119(03)​00169-1 (2003).

	20.	 Choudhury, S. H. Novel transfer function based approaches for analysis of resting-state connectivity in patients with optic neuritis. 
Calgary, Alberta, Canada (2014).

	21.	 Zayed, N. M. H. Investigations of recovery following optic neuritis using functional and structural imaging. Calgary, Alberta, 
Canada (2010).

	22.	 Krzywinski, M. et al. Circos: An information aesthetic for comparative genomics. Genome Res. 19, 1639–1645. https://​doi.​org/​10.​
1101/​gr.​092759.​109 (2009).

http://adni.loni.usc.edu
https://doi.org/10.3389/frym.2018.00070
https://doi.org/10.3389/frym.2018.00070
https://doi.org/10.1186/alzrt100
https://doi.org/10.1186/alzrt100
https://doi.org/10.3389/fnhum.2018.00413
https://doi.org/10.1007/s10916-019-1475-2
https://doi.org/10.1007/s12021-019-09419-w
https://doi.org/10.1109/JTEHM.2020.2985022
https://doi.org/10.1016/j.neuroimage.2016.01.005
https://doi.org/10.1371/journal.pone.0264710
https://doi.org/10.1089/brain.2014.0223
https://doi.org/10.1212/WNL.0b013e3181e3966e
https://doi.org/10.1371/journal.pone.0024271
https://doi.org/10.1016/j.jns.2011.07.017
https://doi.org/10.1016/j.mri.2021.06.020
https://doi.org/10.1089/brain.2022.0008
https://doi.org/10.1016/B978-012372560-8/50002-4
https://doi.org/10.1016/B978-012372560-8/50002-4
https://doi.org/10.1002/1097-0193(200007)10:3%3c120::AID-HBM30%3e3.0.CO;2-8
https://doi.org/10.1002/1097-0193(200007)10:3%3c120::AID-HBM30%3e3.0.CO;2-8
https://doi.org/10.1016/S1053-8119(03)00169-1
https://doi.org/10.1101/gr.092759.109
https://doi.org/10.1101/gr.092759.109


11

Vol.:(0123456789)

Scientific Reports |        (2023) 13:21559  | https://doi.org/10.1038/s41598-023-48693-2

www.nature.com/scientificreports/

	23.	 Wu, Z. et al. Identification of Alzheimer’s disease progression stages using topological measures of resting-state functional con-
nectivity networks: A comparative study. Behav. Neurol. 2022, 9958525. https://​doi.​org/​10.​1155/​2022/​99585​25 (2022).

	24.	 Petersen, R. C. et al. Current concepts in mild cognitive impairment. Arch Neurol. 58, 1985. https://​doi.​org/​10.​1001/​archn​eur.​58.​
12.​1985 (2001).

	25.	 Sans, A., Boix, C., Colomé, R. & Campistol, J. The contribution of the cerebellum to cognitive function in childhood. Rev. Neurol. 
35, 235–237 (2002).

	26.	 Yin, K. et al. Resting-state functional magnetic resonance imaging of the cerebellar vermis in patients with Parkinson’s disease 
and visuospatial disorder. Neurosci. Lett. 760, 136082. https://​doi.​org/​10.​1016/j.​neulet.​2021.​136082 (2021).

	27.	 Sjöbeck, M. & Englund, E. Alzheimer’s disease and the cerebellum: A morphologic study on neuronal and glial changes. Dement. 
Geriatr. Cogn. Disord. 12, 211–218. https://​doi.​org/​10.​1159/​00005​1260 (2001).

	28.	 Long, Z. et al. Identifying Alzheimer’s disease and mild cognitive impairment with atlas-based multi-modal metrics. Front. Aging 
Neurosci. 15, 1. https://​doi.​org/​10.​3389/​fnagi.​2023.​12122​75 (2023).

	29.	 Quental, N. B. M., Brucki, S. M. D. & Bueno, O. F. A. Visuospatial function in Early Alzheimer’s disease—The use of the visual 
object and space perception (VOSP) battery. PLoS One. 8, e68398. https://​doi.​org/​10.​1371/​journ​al.​pone.​00683​98 (2013).

	30.	 Niskanen, E. et al. New insights into Alzheimer’s disease progression: A combined TMS and structural MRI study. PLoS One. 6, 
e26113. https://​doi.​org/​10.​1371/​journ​al.​pone.​00261​13 (2011).

	31.	 Salustri, C. et al. Sensorimotor cortex reorganization in alzheimer’s disease and metal dysfunction: A MEG study. Int. J. Alzheimers 
Dis. 2013, 1–8. https://​doi.​org/​10.​1155/​2013/​638312 (2013).

	32.	 Terranova, C. et al. Impairment of sensory-motor plasticity in mild Alzheimer’s disease. Brain Stimul. 6, 62–66. https://​doi.​org/​
10.​1016/j.​brs.​2012.​01.​010 (2013).

	33.	 Ferreri, F. et al. Sensorimotor cortex excitability and connectivity in Alzheimer’s disease: A TMS-EEG Co-registration study. Hum. 
Brain Mapp. 37, 2083–2096. https://​doi.​org/​10.​1002/​hbm.​23158 (2016).

	34.	 Agosta, F. et al. Sensorimotor network rewiring in mild cognitive impairment and Alzheimer’s disease. Hum Brain Mapp. 1, 
515–525. https://​doi.​org/​10.​1002/​hbm.​20883 (2009).

	35.	 Zhou, Y., Han, H. & Jia, J. Correlation analysis on changes between cognitive ability and brain fMRI after acupoint thread embed-
ding in Alzheimer’s disease patients. Chin. J. Integr. Tradit. West Med. 28, 689–693 (2008).

	36.	 Yang, Y. et al. Dynamics and concordance abnormalities among indices of intrinsic brain activity in individuals with subjective 
cognitive decline: A temporal dynamics resting-state functional magnetic resonance imaging analysis. Front. Aging Neurosci. 12, 
1. https://​doi.​org/​10.​3389/​fnagi.​2020.​584863 (2021).

	37.	 Qi, Z., An, Y., Zhang, M., Li, H.-J. & Lu, J. Altered cerebro-cerebellar limbic network in AD spectrum: A resting-state fMRI study. 
Front. Neural. Circuits. 13, 1. https://​doi.​org/​10.​3389/​fncir.​2019.​00072 (2019).

	38.	 Canuet, L. et al. Network disruption and cerebrospinal fluid amyloid-beta and phospho-tau levels in mild cognitive impairment. 
J. Neurosci. 35, 10325–10330. https://​doi.​org/​10.​1523/​JNEUR​OSCI.​0704-​15.​2015 (2015).

	39.	 Ding, B. et al. Pattern of cerebral hyperperfusion in Alzheimer’s disease and amnestic mild cognitive impairment using voxel-based 
analysis of 3D arterial spin-labeling imaging: initial experience. Clin. Interv. Aging. 493, 1. https://​doi.​org/​10.​2147/​CIA.​S58879 
(2014).

	40.	 Cappelletto, P. et al. Behavioural disorders in Alzheimer’s disease: The descriptive and predictive role of brain 18 F-fluorodesox-
yglucose-positron emission tomography. Psychogeriatrics. 21, 514–520. https://​doi.​org/​10.​1111/​psyg.​12699 (2021).

	41.	 Zhang, J., Cheng, J. & Yang, H. Effects of Rivastigmine on brain functional networks in patients with Alzheimer disease based on 
the graph theory. Clin.Neuropharmacol. 44, 9–16. https://​doi.​org/​10.​1097/​WNF.​00000​00000​000427 (2021).

	42.	 Siafarikas, N. et al. Neuropsychiatric symptoms and brain morphology in patients with mild cognitive impairment and Alzheimer’s 
disease with dementia. Int. Psychogeriatrics. 1, 1–12. https://​doi.​org/​10.​1017/​S1041​61022​10009​34 (2021).

	43.	 Gupta, V., Booth, S. & Ko, J. H. Hypermetabolic cerebellar connectome in Alzheimer’s disease. Brain Connect. https://​doi.​org/​10.​
1089/​brain.​2020.​0937 (2021).

	44.	 Zhao, A. et al. Visual abnormalities associate with hippocampus in mild cognitive impairment and early Alzheimer’s disease. Front. 
Aging Neurosci. 12, 1. https://​doi.​org/​10.​3389/​fnagi.​2020.​597491 (2021).

	45.	 Li, T. et al. Temporal dynamic changes of intrinsic brain activity in Alzheimer’s disease and mild cognitive impairment patients: A 
resting-state functional magnetic resonance imaging study. Ann. Transl. Med. 9, 63. https://​doi.​org/​10.​21037/​atm-​20-​7214 (2021).

	46.	 Nemoto, K. et al. Differentiating dementia with Lewy bodies and Alzheimer’s disease by deep learning to structural MRI. J. Neu-
roimaging. 31, 579–587. https://​doi.​org/​10.​1111/​jon.​12835 (2021).

	47.	 Aghakhanyan, G. et al. PET/MRI delivers multimodal brain signature in alzheimer’s disease with de novo PSEN1 mutation. Curr. 
Alzheimer Res. 18, 178–184. https://​doi.​org/​10.​2174/​15672​05018​66621​04141​11536 (2021).

	48.	 Li, J. et al. A longitudinal observation of brain structure between AD and FTLD. Clin. Neurol. Neurosurg. 205, 106604. https://​doi.​
org/​10.​1016/j.​cline​uro.​2021.​106604 (2021).

	49.	 Tang, L. et al. Individualized prediction of early Alzheimer’s disease based on magnetic resonance imaging radiomics, clinical, 
and laboratory examinations: a 60-month follow-up study. J. Magn. Reson. Imaging. 54, 1647–1657. https://​doi.​org/​10.​1002/​jmri.​
27689 (2021).

	50.	 Meadowcroft, M. D., Purnell, C. J., Wang, J. L., Karunanayaka, P., & Yang, Q. X. 18F-FDG-PET hyperactivity in Alzheimer’s disease 
cerebellum and primary olfactory cortex. bioRxiv. https://​doi.​org/​10.​1101/​2020.​06.​05.​136838 (2020).

	51.	 Arleo, A. et al. Consensus paper: Cerebellum and ageing. Cerebellum. https://​doi.​org/​10.​1007/​s12311-​023-​01577-7 (2023).
	52.	 Tang, F. et al. Differences changes in cerebellar functional connectivity between mild cognitive impairment and Alzheimer’s disease: 

a seed-based approach. Front Neurol. 12, 1. https://​doi.​org/​10.​3389/​fneur.​2021.​645171 (2021).
	53.	 Zhou, Z. et al. Changes in resting-state functional connectivity of cerebellum in amnestic mild cognitive impairment and Alzhei-

mer’s disease: A case-control study. Front. Syst. Neurosci. 15, 1. https://​doi.​org/​10.​3389/​fnsys.​2021.​596221 (2021).
	54.	 Hoxha, E. et al. The emerging role of altered cerebellar synaptic processing in Alzheimer’s disease. Front. Aging Neurosci. 10, 1. 

https://​doi.​org/​10.​3389/​fnagi.​2018.​00396 (2018).
	55.	 Jacobs, H. I. L. et al. The cerebellum in Alzheimer’s disease: Evaluating its role in cognitive decline. Brain. 141, 37–47. https://​doi.​

org/​10.​1093/​brain/​awx194 (2018).
	56.	 Liu, H. et al. Microstructural changes in the cingulate gyrus of patients with mild cognitive impairment induced by cerebral small 

vessel disease. Neurol. Res. 43, 659–667. https://​doi.​org/​10.​1080/​01616​412.​2021.​19109​03 (2021).
	57.	 Rong, S. et al. Meynert nucleus-related cortical thinning in Parkinson’s disease with mild cognitive impairment. Quant. Imaging 

Med. Surg. 11, 1554–1566. https://​doi.​org/​10.​21037/​qims-​20-​444 (2021).
	58.	 Yu, J. et al. Mindfulness intervention for mild cognitive impairment led to attention-related improvements and neuroplastic 

changes: Results from a 9-month randomized control trial. J. Psychiatr. Res. 135, 203–211. https://​doi.​org/​10.​1016/j.​jpsyc​hires.​
2021.​01.​032 (2021).

	59.	 Brugnolo, A. et al. Brain resources: How semantic cueing works in mild cognitive impairment due to Alzheimer’s disease (MCI-
AD). Diagnostics. 11, 108. https://​doi.​org/​10.​3390/​diagn​ostic​s1101​0108 (2021).

	60.	 Wei, H.-C. et al. Amyloid and tau positive mild cognitive impairment: clinical and biomarker characteristics of dementia progres-
sion. Chin Med. J. (Engl). 134, 1709–1719. https://​doi.​org/​10.​1097/​CM9.​00000​00000​001496 (2021).

	61.	 Wang, P. et al. Aberrant intra- and inter-network connectivity architectures in Alzheimer’s disease and mild cognitive impairment. 
Sci. Rep. 5, 14824. https://​doi.​org/​10.​1038/​srep1​4824 (2015).

https://doi.org/10.1155/2022/9958525
https://doi.org/10.1001/archneur.58.12.1985
https://doi.org/10.1001/archneur.58.12.1985
https://doi.org/10.1016/j.neulet.2021.136082
https://doi.org/10.1159/000051260
https://doi.org/10.3389/fnagi.2023.1212275
https://doi.org/10.1371/journal.pone.0068398
https://doi.org/10.1371/journal.pone.0026113
https://doi.org/10.1155/2013/638312
https://doi.org/10.1016/j.brs.2012.01.010
https://doi.org/10.1016/j.brs.2012.01.010
https://doi.org/10.1002/hbm.23158
https://doi.org/10.1002/hbm.20883
https://doi.org/10.3389/fnagi.2020.584863
https://doi.org/10.3389/fncir.2019.00072
https://doi.org/10.1523/JNEUROSCI.0704-15.2015
https://doi.org/10.2147/CIA.S58879
https://doi.org/10.1111/psyg.12699
https://doi.org/10.1097/WNF.0000000000000427
https://doi.org/10.1017/S1041610221000934
https://doi.org/10.1089/brain.2020.0937
https://doi.org/10.1089/brain.2020.0937
https://doi.org/10.3389/fnagi.2020.597491
https://doi.org/10.21037/atm-20-7214
https://doi.org/10.1111/jon.12835
https://doi.org/10.2174/1567205018666210414111536
https://doi.org/10.1016/j.clineuro.2021.106604
https://doi.org/10.1016/j.clineuro.2021.106604
https://doi.org/10.1002/jmri.27689
https://doi.org/10.1002/jmri.27689
https://doi.org/10.1101/2020.06.05.136838
https://doi.org/10.1007/s12311-023-01577-7
https://doi.org/10.3389/fneur.2021.645171
https://doi.org/10.3389/fnsys.2021.596221
https://doi.org/10.3389/fnagi.2018.00396
https://doi.org/10.1093/brain/awx194
https://doi.org/10.1093/brain/awx194
https://doi.org/10.1080/01616412.2021.1910903
https://doi.org/10.21037/qims-20-444
https://doi.org/10.1016/j.jpsychires.2021.01.032
https://doi.org/10.1016/j.jpsychires.2021.01.032
https://doi.org/10.3390/diagnostics11010108
https://doi.org/10.1097/CM9.0000000000001496
https://doi.org/10.1038/srep14824


12

Vol:.(1234567890)

Scientific Reports |        (2023) 13:21559  | https://doi.org/10.1038/s41598-023-48693-2

www.nature.com/scientificreports/

	62.	 Chen, B. Abnormal cortical regions and subsystems in whole brain functional connectivity of mild cognitive impairment and 
Alzheimer’s disease: A preliminary study. Aging Clin. Exp. Res. 33, 367–381. https://​doi.​org/​10.​1007/​s40520-​020-​01539-7 (2021).

	63.	 Zhan, Y. et al. Network-based statistic show aberrant functional connectivity in Alzheimer’s disease. IEEE J. Select. Top Signal 
Process. 10, 1182–1188. https://​doi.​org/​10.​1109/​JSTSP.​2016.​26002​98 (2016).

	64.	 Xiao, Y., Wang, J., Huang, K., Gao, L. & Yao, S. Progressive structural and covariance connectivity abnormalities in patients with 
Alzheimer’s disease. Front Aging Neurosci. 14, 1. https://​doi.​org/​10.​3389/​fnagi.​2022.​10646​67 (2023).

	65.	 Zhou, J. et al. Distinct impaired patterns of intrinsic functional network centrality in patients with early- and late-onset Alzheimer’s 
disease. Brain Imaging Behav. https://​doi.​org/​10.​1007/​s11682-​021-​00470-3 (2021).

	66.	 Wang, S. et al. Altered insular subregional connectivity associated with cognitions for distinguishing the spectrum of pre-clinical 
Alzheimer’s disease. Front. Aging Neurosci. 13, 1. https://​doi.​org/​10.​3389/​fnagi.​2021.​597455 (2021).

	67.	 Bendl, J., Hauberg, M. E., Girdhar, K., Im, E., Vicari, J. M., & Rahman, S., et al. The three-dimensional landscape of chromatin 
accessibility in Alzheimer’s disease. bioRxiv. https://​doi.​org/​10.​1101/​2021.​01.​11.​426303 (2021).

	68.	 Clarke, H., Messaritaki, E., Dimitriadis, S. I. & Metzler-Baddeley, C. Dementia risk factors modify hubs but leave other connectiv-
ity measures unchanged in asymptomatic individuals: A graph theoretical analysis. Brain Connect. https://​doi.​org/​10.​1089/​brain.​
2020.​0935 (2021).

	69.	 Li, W. et al. Disrupted network topology contributed to spatial navigation impairment in patients with mild cognitive impairment. 
Front. Aging Neurosci. 13, 1. https://​doi.​org/​10.​3389/​fnagi.​2021.​630677 (2021).

	70.	 Yang, H., Zhang, J. & Cheng, J. Effects of donepezil on the amplitude of low-frequency fluctuations in the brain of patients with 
Alzheimer’s disease: Evidence from resting-state functional magnetic resonance imaging. Neuroreport. 32, 907–912. https://​doi.​
org/​10.​1097/​WNR.​00000​00000​001659 (2021).

	71.	 O’Reilly, J. X., Beckmann, C. F., Tomassini, V., Ramnani, N. & Johansen-Berg, H. Distinct and overlapping functional zones in the 
cerebellum defined by resting state functional connectivity. Cereb. Cortex. 20, 953–965. https://​doi.​org/​10.​1093/​cercor/​bhp157 
(2010).

	72.	 Halko, M. A., Farzan, F., Eldaief, M. C., Schmahmann, J. D. & Pascual-Leone, A. Intermittent theta-burst stimulation of the lateral 
cerebellum increases functional connectivity of the default network. J. Neurosci. 34, 12049–12056. https://​doi.​org/​10.​1523/​JNEUR​
OSCI.​1776-​14.​2014 (2014).

	73.	 Zheng, W., Liu, X., Song, H., Li, K. & Wang, Z. Altered Functional Connectivity of Cognitive-Related Cerebellar Subregions in 
Alzheimer’s Disease. Front. Aging Neurosci. 9, 1. https://​doi.​org/​10.​3389/​fnagi.​2017.​00143 (2017).

Acknowledgements
The authors would like to thank the ADNI (http://​adni.​loni.​usc.​edu/) investigators for publicly sharing their 
valuable neuroimaging data. Data used in preparation of this article were obtained from the Alzheimer’s Dis-
ease Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu). As such, the investigators within the ADNI 
contributed to the design and implementation of ADNI and/or provided data but did not participate in the 
analysis or writing of this report. A complete listing of ADNI investigators can be found at: http://​adni.​loni.​usc.​
edu/​wp-​conte​nt/​uploa​ds/​how_​to_​apply/​ADNI_​Ackno​wledg​ment_​List.​pdf.

Author contributions
D.M. wrote the programs and downloaded the data. D.M., N.Z. and I.Y. designed the algorithm, analyzed the 
data, and reviewing and editing the paper. All authors discussed and commented on the manuscript.

Funding
Open access funding provided by The Science, Technology & Innovation Funding Authority (STDF) in coopera-
tion with The Egyptian Knowledge Bank (EKB).

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to D.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

https://doi.org/10.1007/s40520-020-01539-7
https://doi.org/10.1109/JSTSP.2016.2600298
https://doi.org/10.3389/fnagi.2022.1064667
https://doi.org/10.1007/s11682-021-00470-3
https://doi.org/10.3389/fnagi.2021.597455
https://doi.org/10.1101/2021.01.11.426303
https://doi.org/10.1089/brain.2020.0935
https://doi.org/10.1089/brain.2020.0935
https://doi.org/10.3389/fnagi.2021.630677
https://doi.org/10.1097/WNR.0000000000001659
https://doi.org/10.1097/WNR.0000000000001659
https://doi.org/10.1093/cercor/bhp157
https://doi.org/10.1523/JNEUROSCI.1776-14.2014
https://doi.org/10.1523/JNEUROSCI.1776-14.2014
https://doi.org/10.3389/fnagi.2017.00143
http://adni.loni.usc.edu/
http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgment_List.pdf
http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgment_List.pdf
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Correlation transfer function analysis as a biomarker for Alzheimer brain plasticity using longitudinal resting-state fMRI data
	Materials and methods
	Dataset

	Methodology
	Data preprocessing and brain network analysis
	CorrTF feature extraction
	Statistical analysis

	Results
	Discussion
	Analysis of EMCI progression
	Analysis of LMCI progression
	Analysis of AD progression
	Analysis across different AD stages
	Limitations

	Conclusion
	References
	Acknowledgements


