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Abstract Recent research on Alzheimer’s disease (AD)
has shown that the altered structure and function of the
inferior parietal lobule (IPL) provides a promising indicator of AD. However, little is known about the functional
connectivity of the IPL subregions in AD subjects. In this
study, we collected resting-state functional magnetic resonance imaging data from 32 AD patients and 38 healthy
controls. We defined seven subregions of the IPL according
to probabilistic cytoarchitectonic atlases and mapped the
whole-brain resting-state functional connectivity for each
subregion. Using hierarchical clustering analysis, we
identified three distinct functional connectivity patterns of
the IPL subregions: the anterior IPL connected with the
sensorimotor network (SMN) and salience network (SN);
the central IPL had connectivity with the executive-control
network (ECN); and the posterior IPL exhibited connections with the default-mode network (DMN). Compared

with the controls, the AD patients demonstrated distinct
disruptive patterns of the IPL subregional connectivity with
these different networks (SMN, SN, ECN and DMN),
which suggests the impairment of the functional integration
in the IPL. Notably, we also observed that the IPL subregions showed increased connectivity with the posterior part
of the DMN in AD patients, which potentially indicates a
compensatory mechanism. Finally, these abnormal IPL
functional connectivity changes were closely associated
with cognitive performance. Collectively, we show that the
subregions of the IPL present distinct functional connectivity patterns with various functional networks that are
differentially impaired in AD patients. Our results also
suggest that functional disconnection and compensation in
the IPL may coexist in AD.
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Introduction
Alzheimer’s disease (AD) is characterized by amyloid-b
plaques, neurofibrillary tangles and neuronal loss (Braak and
Braak 1991). Neuroimaging studies have suggested that
these neuropathological changes are closely associated with
the disrupted intrinsic resting-state functional connectivity
(RSFC) within specific brain systems, which might contribute to memory deficits and cognitive impairment (Seeley
et al. 2009; Buckner et al. 2009; Pievani et al. 2011a, b).
Resting-state functional magnetic resonance imaging
(R-fMRI), a promising neuroimaging technique that can
measure intrinsic neural activity, such as fluctuations in the
blood-oxygen level-dependent signals, has been widely
used to investigate the RSFCs of the human brain (Biswal
et al. 1995; Zhang and Raichle 2010). Many R-fMRI
studies have demonstrated that AD patients exhibit
abnormal RSFCs in the various brain regions that are targeted by AD pathology, such as the hippocampus (Allen
et al. 2007; Wang et al. 2006), posterior cingulate cortex
(Greicius et al. 2004; Zhang et al. 2010), prefrontal cortex
(Wang et al. 2007; Dai et al. 2012) and thalamus (Wang
et al. 2012b). Aside from these regions, the inferior parietal
lobule (IPL) has begun to show promise as an important
locus in AD (Greene and Killiany 2010). For example,
several studies have shown AD-related alterations of the
IPL, such as gray matter (GM) atrophy (Desikan et al.
2009; Jacobs et al. 2011), metabolic dysfunction (Walhovd
et al. 2010) and pathological changes (Nelson et al. 2009;
Braak and Braak 1991). These studies raise the possibility
that the IPL RSFCs could be disrupted in AD patients.
The IPL is a heterogeneous area that involves multimodal
functions, including sensory motor processing (Iacoboni
2005; Keysers and Gazzola 2009), executive control (Uddin
et al. 2011) and salience detection (Seeley et al. 2007).
Cytoarchitectonic analyses have suggested that the human
IPL can be parcellated into seven subregions, including five
regions of the supramarginal gyrus (SMG) and two regions
of the angular gyrus (ANG) (Caspers et al. 2006, 2008).
Neuroimaging studies have shown different structural and
functional connectivity patterns in the IPL subregions (Mars
et al. 2011; Wang et al. 2012a). The regions of the SMG are
connected with the sensorimotor network (SMN), salience
network (SN) and executive control network (ECN),
whereas the regions of the ANG are linked with the defaultmode network (DMN). Considering the IPL heterogeneity
and its association with AD neuropathology, it is important
to ascertain the intrinsic RSFC patterns of the IPL subregions
in AD. However, no studies have reported AD-related RSFC
alterations of the IPL subregions.
Here, we used R-fMRI to investigate the intrinsic
functional connectivity of the IPL subregions in AD
patients and healthy subjects. We identified seven
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subregions of the IPL using probabilistic cytoarchitectonic
atlases and mapped the whole-brain RSFCs of each subregion, which was followed by a group comparison (see
‘‘Materials and methods’’). Based on the above-mentioned
studies, we sought to determine (1) whether the patients
with AD show differentially disrupted RSFC patterns
between the SMN, SN, ECN and DMN networks and each
IPL subregion and (2) whether these RSFC alterations are
associated with behavioral features of AD.

Materials and methods
Participants
Thirty-four patients with AD and forty-one healthy controls
(HCs) participated in the study after giving written
informed consent. This study was approved by the Medical
Research Ethics Committee of Xuanwu Hospital. The data
from five subjects (two AD patients and three HCs) were
excluded because of a failure in the image processing (see
Image preprocessing). Clinical and demographic information for the remaining 70 participants (32 AD patients and
38 HCs) are shown in Table 1. Previously, a subset of this
dataset (16 AD patients and 22 HCs) was used to study the
changes in regional brain activity in AD (Wang et al.
2011). The AD patients were recruited from individuals
who had consulted a memory clinic at Xuanwu Hospital
Table 1 Demographic and neuropsychological test
AD (n = 32)

HC (n = 38)

P value

Age
(years)

52–86 (71.25 ± 8.63)

50–86 (68.39 ± 7.78)

0.15a

Gender
(male/
female)

14/18

13/25

0.41b

CDR

0.5 (n = 14), 1 (n = 18)

0

MMSE

10–25 (18.56 ± 3.99)

28–30 (28.63 ± 0.67)

\0.001a

AVLT

8–24 (14.81 ± 4.12)

39–52 (44.42 ± 2.74)

\0.001a

ESD

107–200 (155.33 ± 26.48)

180–248 (227.74 ± 15.68)

\0.001a

MoCA

8–19 (14.94 ± 3.23)

27–30 (28.63 ± 0.67)

\0.001a

CDT

3–8 (6.13 ± 1.43)

8–9 (8.71 ± 0.46)

\0.001a

ADL

22–45 (30.41 ± 7.21)

20–22 (21.08 ± 0.78)

\0.001a

FAQ

4–11 (6.25 ± 1.70)

0–2 (0.55 ± 0.76)

\0.001a

HAMD

0–3 (1.06 ± 1.08)

0–3 (0.61 ± 1.00)

0.07a

HIS

0–3 (1.16 ± 0.77)

0–3 (1.13 ± 1.07)

0.91a

–

Data are presented as the range of minimum–maximum (mean ± SD)
AD Alzheimer’s disease, HC healthy control, CDR clinical dementia rating,
MMSE mini-mental state examination, AVLT World Health Organization–University of California–Los Angeles auditory verbal learning test, ESD The
Extended Scale for Dementia, MoCA montreal cognitive assessment, CDT clock
drawing task, ADL Activity of Daily Living Scale, FAQ Functional Activities
Questionary, HAMD Hamilton Depression Scale, HIS Hachinski Ischemic Score
a

The P value was obtained by two-sample two-tailed t test

b

The P value was obtained by two-tailed Pearson Chi square test
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with memory complaints. All AD subjects underwent a
complete physical and neurological examination, standard
laboratory tests and neuropsychological assessments,
which included mini-mental state examination (MMSE),
World Health Organization-University of California-Los
Angeles auditory verbal learning test (WHO-UCLAAVLT), the Extended Scale for Dementia (ESD), montreal
cognitive assessment (MoCA), clock drawing task (CDT),
Activity of Daily Living Scale (ADL), Functional Activities Questionary (FAQ), Hamilton Depression Scale
(HAMD) and Hachinski Ischemic Score (HIS). The diagnosis of AD fulfilled the new research criteria for possible
or probable AD (Dubois et al. 2007, 2010). The patients
were assessed with the clinical dementia rating (CDR)
score (Morris 1993) as being in the early stages of AD (18
patients with CDR = 1 and 14 patients with CDR = 0.5).
The HCs were recruited from the local community by
advertisements. The inclusion criteria for HCs were as
follows: (1) no neurological or psychiatric disorders, such
as stroke, depression or epilepsy; (2) no neurological
deficiencies, such as visual or hearing loss; (3) no abnormal
findings, such as infarction or focal lesions in conventional
brain magnetic resonance imaging (MRI); (4) no cognitive
complaints; (5) MMSE score of 28 or higher; and (6) a
CDR score of 0.
Data acquisition
MRI data acquisition was performed on a SIEMENS Trio
3-Tesla scanner (Siemens; Erlangen, Germany). Foam padding and headphones were used to limit head motion and
reduce scanner noise. Functional images were collected
axially using an echo-planar imaging (EPI) sequence with
the following parameters: repetition time (TR)/echo time
(TE)/flip angle (FA) = 2,000/40 ms/90°, field of view =
24 9 24 cm2, resolution = 64 9 64 matrix, slices = 28,
thickness = 4 mm, gap = 1 mm, voxel size = 3.75 9
3.75 9 4 mm3 and bandwidth = 2,232 Hz/pixel. During
the 478 s scan, subjects were instructed to hold still, keep
their eyes closed and not to think of anything in particular. A
simple questionnaire after the scan confirmed that none of
subjects had fallen asleep. For registration purposes, highresolution anatomical images were acquired using a 3D
magnetization-prepared rapid gradient echo (MPRAGE) T1weighted sequence with the following parameters: TR/TE/
inversion time (TI)/FA = 1,900/2.2/900 ms/9°, resolution =
256 9 256 matrix, slices = 176, thickness = 1 mm, voxel
size = 1 9 1 9 1 mm3.
Data preprocessing
Data preprocessing were performed using the Statistical
Parametric Mapping (SPM, www.fil.ion.ucl.ac.uk/spm) and
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data processing assistant for resting-state fMRI (DPARSF,
www.restfmri.net/forum/DPARSF) (Yan and Zang 2010)
toolkits. Briefly, preprocessing included removal of the first
ten volumes, slice timing correction and head motion
correction. To spatially normalize the fMRI data, the T1weighted images were used to register the functional data
to their corresponding anatomical image, and the resulting
aligned T1 dataset was transformed into Montreal Neurological Institute (MNI) space (Ashburner and Friston
2005). To improve the coregistration of the fMRI data, a
custom T1 template was built by averaging the normalized
anatomical images across all subjects. Finally, the normalized functional images were created by applying the
transformation of the T1 images to the customized T1
template. Notably, such a custom template-based registration procedure could reduce the inaccuracy of the spatial
normalization of functional volumes due to GM atrophy in
AD patients and healthy controls. Functional images were
resampled to 3 mm isotropic voxels and spatially smoothed
with a 4-mm full-width half-maximum (FWHM) Gaussian
kernel. Linear detrending and temporal band-pass filtering
(0.01–0.1 Hz) were applied to reduce the effect of lowfrequency drifts and high-frequency physiological noise.
Finally, several nuisance variables, including six head
motion parameters, global mean signal, cerebrospinal fluid
signal, and white matter signal were removed by multiple
linear regression analysis. During image preprocessing, no
subject was excluded due to excessive head motion
(defined by a translation greater than 3 mm or rotation
[3°), but five subjects (two AD and three HCs) were
excluded due to failures in image normalization.
Definition of IPL subregions
We defined seven IPL subregions in each hemisphere using
cytoarchitectonically defined probabilistic maps from the
JuBrain Cytoarchitectonic Atlas (Zilles and Amunts 2010)
as implemented in the SPM anatomy toolbox (Eickhoff
et al. 2005) (www.fz-juelich.de/inm/inm-1/DE/Forschung/
_docs/SPMAnatomyToolbox/SPMAnatomyToolbox_node.
html). Voxels were included as potential IPL subregions only
if the probability of their assignment to the IPL subregion
was higher than any other nearby structure with a likelihood
greater than 40 %. Each voxel was exclusively assigned to
only one of the regions, which resulted in seven non-overlapping IPL subregions in each hemisphere, including the
PF, PFcm, PFop, PFt and PFm of the SMG as regions of
interest (ROIs) (Caspers et al. 2006, 2008) one through five
and the PGa and PGp of the ANG as ROIs six and seven
(Fig. 1). Each of the seven IPL subregions was shrunk by
removing the voxels in its outer surface. This procedure can
partly reduce the biasing effects of blood oxygen leveldependent (BOLD) signals on neighboring ROIs.
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dissimilarity of every pair of the RSFC maps of the IPL
subregions, we applied the average linkage agglomerative
algorithm to the dissimilarity matrix to generate the
agglomerative hierarchical cluster trees.
Statistical analysis

Fig. 1 The subregions of IPL. In each hemisphere, seven subregions
were defined including supramarginal gyrus (PF, PFcm, PFop, PFt,
PFm) and angular gyrus (PGa and PGp) using the anatomy toolbox in
SPM8. ROI region of interest

RSFC analysis of the IPL subregions
The whole-brain intrinsic functional connectivity maps for
each of the IPL subregions were computed as the Pearson
correlation coefficient between the averaged time course of
all of the voxels in the ROIs and every other voxel’s time
course within the GM mask. The GM mask was created by
thresholding (a probability threshold of 0.2) the GM
probability map obtained from all subjects in the present
study. The resulting correlation coefficients were converted
to z-scores using Fisher’s r-to-z transformation to improve
the normality. For each subject, we obtained 14 z-score
maps that represented the intrinsic RSFC patterns of the 14
IPL subregions (seven for each hemisphere).
Hierarchical cluster analysis of the IPL subregional
RSFCs
To determine whether these IPL subregions show similar or
different RSFC patterns, we performed a hierarchal clustering analysis. To obtain the normal clustering pattern of
the IPL subregions, this analysis was conducted only in the
HC group. Briefly, for each IPL subregion, we performed
one-sample t tests on the individual z-score maps to obtain
a within-group statistical t map (see ‘‘Statistical analysis’’),
which was further converted to a z-map to normalize the
RSFC strength distribution to a standard normal distribution. The z-maps represent the spatial RSFC characteristics
of each IPL subregion across the healthy older adults.
Subsequently, Pearson’s correlation coefficients were
computed between the pairs of standard z-maps, which
resulted in a 14 9 14 correlation matrix. After converting
the correlation matrix to a dissimilarity matrix (i.e., distance matrix by 1—correlation), which reflects the spatial
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To examine the within-group RSFC patterns of each IPL
subregion for the AD and HC groups, we performed onesample t tests on individual z-score maps for each IPL
subregion. The statistical significance threshold was set to
P \ 0.01 with a cluster size of 18 voxels (486 mm3) based
on Monte Carlo simulations (Ledberg et al. 1998) using the
REST AlphaSim utility (www.restfmri.net, (Song et al.
2011), which corresponded to a corrected P \ 0.05. Only
clusters within the GM mask were retained.
To assess the between-group differences of the wholebrain RSFCs of each IPL subregion, we used general linear
model (GLM) analysis (dependent variable: RSFCs; independent variable: group) with age and gender treated as
covariates. The significance threshold was set to P \ 0.05
with a cluster size of 42–52 voxels (the number of voxels
varies for different IPL subregions), which corresponds to a
corrected P \ 0.05. The cluster size for each subregion was
determined by Monte Carlo simulations, with the restriction
that the significant clusters must belong to significant withingroup connectivity maps for one or both groups. Considering
the ambiguous biological interpretations of negative functional connections (Chai et al. 2012; Murphy et al. 2009; Fox
et al. 2009; Weissenbacher et al. 2009), the statistical computations were limited in positive RSFCs.
To investigate the relationship between RSFC strength and
cognitive behavior, we performed GLM analysis (dependent
variable: RSFC; independent variable: MMSE score) for each
IPL subregion with age and gender treated as covariates within
the regions showing group differences. The statistical
threshold was set to P \ 0.05 with a cluster size of 9–18
voxels (the number of voxels varies for different IPL subregions), which corresponded to a corrected P \ 0.05.
Validation analysis
Gray matter loss effect
As previous studies have demonstrated significant GM
atrophy in AD patients (Busatto et al. 2003; Frisoni et al.
2002), the observed between-group differences in the
RSFCs of the IPL subregions in our study might result from
a structural abnormality in GM volume. To clarify this
issue, we re-performed the GLM analysis to test the
between-group differences in the RSFCs for each IPL
subregion with GM volume as an additional covariate
(Wang et al. 2011; He et al. 2007). Briefly, the GM volume
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map of each individual was first estimated from the normalized T1 images using Voxel-Based Morphometry
(VBM8 toolbox, http://dbm.neuro.uni-jena.de/vbm) (Ashburner and Friston 2000). Then, a two-sample t test
between the AD group and HC group was performed to
determine whether the GM was atrophied in AD patients.
Finally, we reanalyzed the RSFC results by taking voxelwise GM volume as covariate.
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left IPL subregions. Based on the RSFC patterns in the HC
group, we further used hierarchical clustering analysis to
classify the seven IPL subregions into three zones along an
anterior-to-posterior gradient (Fig. 4): the anterior zone along
the regions of the PF, PFcm, PFop and PFt (ROI 1–4); the
central zone of the PFm (ROI 5) and the posterior zone along
the regions of the PGa and PGp (ROI 6 and 7). Thus, further
description of the detailed RSFC patterns of the IPL subregions will be in terms of their different zones.

Head motion effects
Within-group RSFCs of the IPL subregions
Recent R-fMRI studies have reported significant influences
of head motion on RSFC analysis (Satterthwaite et al. 2012;
Van Dijk et al. 2012; Power et al. 2012). To evaluate the
effects of head motion on our results, two methods were
employed in the validation analysis. First, we re-performed
between-group statistical tests on the RSFC maps for each
IPL subregion by regressing out the head motion measurements, which were calculated as the root mean squares
(RMS) of the overall head displacement/rotation (Zuo et al.
2010). Second, we performed a ‘scrubbing’ procedure on the
preprocessed images and re-performed the RSFC analysis
and statistical tests (Power et al. 2012; Jenkinson et al. 2002).
Briefly, we first calculated the framewise RMS deviation
(dRMS) (Jenkinson et al. 2002) between the neighboring
functional volumes within each subject and then scrubbed
the volumes with a dRMS above 0.5 mm and their adjacent
volumes (1 back and 2 forward) for each subject. This procedure partly reduced the bias on the R-fMRI signal induced
by the head motion artifacts (Power et al. 2012).

Results
Demographic and neuropsychological tests
Demographic characteristics are shown in Table 1. No
significant differences in gender or age were observed
between the AD and HC groups (both Ps [ 0.01). However, the AD group exhibited significantly lower MMSE,
AVLT, ESD, MoCA, CDT, ADL and FAQ scores than the
HC group (Ps \ 0.0001).

The anterior zone of the IPL (PF, PFcm, PFop and PFt;
ROI 1–4) showed positive connectivity with the SMN
regions, including the bilateral precentral gyrus (PreCG),
postcentral gyrus (PoCG) and supplementary motor area
(SMA), and the SN regions, including the dorsal anterior
cingulate cortex (dACC), insula (INS), dorsal lateral prefrontal cortex (dlPFC), IPL, superior temporal gyrus (STG)
and middle temporal gyrus (MTG). In addition, negative
connectivity was observed with the DMN regions, including the medial prefrontal cortex (MPFC), precuneus (PCu)/
posterior cingulate cortex (PCC), ANG, lateral temporal
cortex and medial temporal lobe.
The medial zone of the IPL (PFm, ROI 5) exhibited
positive connectivity with the ECN regions, including the
bilateral dorsal lateral and medial frontal cortex, IPL and
MTG as well as a small cluster in the PCC. Negative connectivity was found mainly in the MPFC, anterior lateral
temporal cortex, medial temporal lobe and occipital cortex.
The posterior zone of the IPL, such as the angular gyrus
(PGa and PGp; ROI 6 and 7), was typically identified as a
component of the DMN. Positive connectivity was found
with the MPFC, PCu/PCC, dlPFC, lateral temporal and
parietal cortices, which constituted the classical pattern of
the DMN. Notably, we observed that the PGp (ROI 7) had
significant positive RSFC with the medial temporal lobe
and that the PGa (ROI 6) showed significant negative
RSFC to these regions. We found other negative connectivity of these two subregions in the sensorimotor cortex,
visual cortex and INS.

Functional connectivity of the IPL subregions

Between-group differences in the RSFCs of the IPL
subregions

Figure 2 illustrates the RSFC maps for each left IPL subregion
within the HC and AD groups, which show similar patterns
between the two groups by visual inspection. Morover, we
used connectivity fingerprints to present the IPL connections
to other cortical areas as Fig. 3. Given the similar functional
connectivity patterns between left IPL and right IPL, we,
therefore, put the RSFC results of right IPL subregions into
supplementary materials (Figure S1). Here we focused on the

The last column of Fig. 2 illustrates the between-group
differences of the RSFC for each IPL subregion. In this
study, we only focused on the positive RSFC because the
negative RSFC remains controversial. Some researchers
hold the idea that a negative RSFC is an artifact of global
signal regression (Murphy et al. 2009); however, others
take it as anti-correlated functional networks (Hampson
et al. 2010).
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Fig. 2 Resting-state functional
connectivity within group and
between maps of left IPL
subregions. First column shows
the subregions defined in IPL.
The second and third columns
show the within-group
statistical maps of HCs and
patients with AD, respectively,
with statistical threshold set at
P \ 0.05, corrected. Hot and
cold colors represent positive
and negative functional
connections, respectively. Last
column shows the betweengroup statistical maps, with
statistical threshold set at
P \ 0.05, corrected. Hot and
cold colors represent increased
and decreased functional
connectivities in Alzheimer’s
disease group compared with
healthy control group,
respectively. The results were
mapped on cortical surface
using the BrainNet Viewer
(www.nitrc.org/projects/bnv/)
(Xia et al. 2013). ROIs regions
of interest, NC normal control,
AD Alzheimer’s disease

When comparing the RSFCs of the anterior zone of
the IPL (PF, PFcm, PFop and PFt; ROIs 1–4) between
the AD and HC groups, we found significantly decreased
RSFCs in AD patients in regions mainly located within
the SMN and SN. The detailed regions were as follows:
for the PF (ROI 1), we observed decreased RSFC mainly
in the SMN region of the right PoCG and SN regions of
the bilateral INS, dlPFC, right dACC, IPL and STG. For
the PFcm (ROI 2), the differential regions included the
SMN region of the right PoCG and SN regions of the
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right dlPFC and STG. For the PFop (ROI 3), we observed
decreased RSFC in the SMN region of the right PoCG as
well as the SN regions of the bilateral INS, dlPFC, IPL,
right STG and MTG. For the PFt (ROI 4), the regions
with significantly decreased RSFCs included the SMN
regions of the right PoCG and left PreCG as well as the
SN region of the right dlPFC. In addition, we observed
significantly increased RSFCs of the PFcm (ROI 2) to
the right putamen and left STG in the AD group (see
Fig. 5; Table 2).

Brain Struct Funct (2015) 220:745–762
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Fig. 3 RSFC fingerprints of the IPL subregions. The fingerprints
depict the mean RSFC between each IPL subregion and several key
regions in both AD and HC groups. Visual examination indicated that
there was a similar RSFC fingerprint among the PF, PFcm, PFop and
PFt, and between the PGa and PGp. Similar RSFC fingerprints can be
found in the right IPL subregions. L left, R right, PreCG precentral
gyrus, PoCG postcentral gyrus, STG superior temporal gyrus, ROL
rolandic operculum, HES heschl gyrus, SPG superior parietal gyrus,

SMA supplementary motor area, SMG supramarginal gyrus, INS
insula, CAL calcarine cortex, LING lingual gyrus, ORBsupmed
superior frontal gyrus (medial orbital), IFGoperc inferior frontal
gyrus (opercular part), MFG middle frontal gyrus, IPL inferior
parietal lobule, ANG angular gyrus, PCG posterior cingulate gyrus,
ACG anterior cingulate and paracingulate gyri, AMYG amygdala,
DCG median cingulate and paracingulate gyri

Compared with the HCs, the AD patients showed
decreased RSFCs with the PFm (ROI 5) in the ECN
regions, including the right middle frontal gyrus (MFG),
inferior frontal gyrus (IFG) and IPL as well as the left
MTG. Moreover, increased RSFCs with the PFm (ROI 5)

in the AD group were found in the left IPL and right PCC
(see Fig. 5; Table 3).
In the AD group, PGp (ROI 7) showed significantly
decreased connectivity with the DMN regions,
including the bilateral dlPFC, the bilateral medial
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Fig. 4 Spatial hierarchy clustering of IPL subregions in HCs. a The
correlation matrix was estimated by calculating the Pearson’s
correlation coefficients each pairs of the within group statistical
maps of subregions. b Hierarchy clustering using correlation distance
revealed three clusters from the 14 subregions in two hemispheres:

the part of PF (1), PFcm (2), PFop (3) and PFt (4) colored in blue; the
part of PFm (5) colored in red; and PGa (6) and PGp (7) colored in
green. The numbers in the brackets refer to the region of interest. The
apostrophe refers to subregions in right hemisphere. ROI region of
interest

Fig. 5 The conjunction maps of between-group differences from
three kinds of IPLsubregions. RSFC between-group differences of
RSFC of a the anterior IPL (PF, PFcm, PFop and PFt; ROI 1–4); b the
central IPL (PFm; ROI 5); and c the posterior IPL (PGa and PGp; ROI
6 and 7). Colorbar indicates the frequency that the region emerged in

between group comparisons. Hot and cold colors represent increased
and decreased functional connectivities in Alzheimer’s disease group
compared with healthy control group, respectively. ROI region of
interest

temporal lobe and right PCC. In addition, the increased
RSFC to the PGa (ROI 6) and PGp (ROI 7) was found
in the left IPL and PCu/PCC in the AD (see Fig. 5;
Table 4).

scores (i.e., AVLT, ESD, MoCA, CDT and ADL) and the
IPL subregional RSFCs (see Table 5 for detail).

Relationship between the RSFCs of the IPL subregions
and cognitive behavior

Gray matter loss effect

In the AD group, we found positive correlations between
the MMSE scores and the IPL subregional RSFCs,
including connectivity between the left PF (ROI 1) and
right SMG, the left PFcm (ROI 2) and right STG, the left
PFm (ROI 5) and right MFG as well as the left PFm (ROI
5) and right IFG. We also found a negative correlation
between the MMSE scores and connectivity between left
PFop (ROI 3) and right MTG (Fig. 6). Besides, we also
found significant correlations between cognitive behavior
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The reproducibility of our results

AD patients showed significant and widespread reduction
in GM volume compared with the HCs. The most atrophied
regions included the lateral temporal cortex, medial temporal lobe, dorsal and medial frontal cortices, dACC, PCu/
PCC, INS as well as the subcortical regions of the IPL
(Fig. 7). After the gray matter correction, most detected
regions remained significant, although their cluster size
was smaller compared to the analysis without the GM
correction (Fig. 7). For the PF, PFcm, PFop and PFt (ROI
1–4), some regions that showed AD-related decreases in

Brain Struct Funct (2015) 220:745–762
Table 2 Regions showing ADrelated RSFC changes in IPL
sub-regions (ROI 1–4)

ROIs

Brain regions

BA

Cluster voxels

MNI coordinates (mm)
x

PF.L (1)

PFcm.L (2)

Between-groups differences
were determined by two-sample
t tests (P \ 0.05, corrected)
ROIs regions of interest, BA
Brodmann’s area, MNI
Montreal Neurological Institute,
x, y, z coordinates of primary
peak locations in the MNI
space, Z statistical value of peak
voxel showing differences
between two groups, NA not
applicable, L left, R right, IFG
inferior frontal gyrus, INS
insula, PoCG postcentral gyrus,
IPL inferior parietal lobule,
ACC anterior cingulate gyrus,
MFG middle frontal gyrus, SFG
superior frontal gyrus, PCu
precuneus, STG superior
temporal gyrus, MTG middle
temporal gyrus, PreCG
precentral gyrus
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PFop.L (3)

PFt.L (4)

L. IFG/INS

47/13

L. Cerebellum

NA

R. IFG
R. PoCG/IPL

y

Maximum
Z

z

139

-39

33

15

-4.26

67

-30

-45

-54

-4.19

44

79

57

12

9

-4.00

40

325

66

-27

18

-3.83

R. ACC

24

97

0

18

24

-3.39

R. MFG

6

102

33

-3

54

-3.35

90

39

18

-3

-3.34

137

24

0

69

-3.30

R. INS/IFG

13/47

R. SFG

6

R. PCu

7

59

6

-54

60

-3.13

R. MFG

10

117

36

42

0

-2.92

L. PCu
R. STG

7
42

54
50

-15
63

-45
-24

57
6

-3.62
-3.37

R. PoCG

7

150

9

-36

66

-2.94

R. MFG/IFG

10

54

39

51

3

-2.81

R. Putamen

NA

57

21

3

-9

3.52

L. STG

38

47

-30

6

-24

2.95

R. MTG

37/19

61

-54

-75

0

-3.79

R. IFG/MFG

10/46

140

45

42

9

-3.64

R. INS

13

70

45

9

-3

-3.46

L. INS/IFG

13/46

48

-33

21

12

-3.46

R. IPL

40

56

30

-42

51

-3.31

R. STG/PoCG

42/43

74

60

-24

9

-3.21

L. INS

13

80

-27

-18

-6

-3.15

L. SFG

6

67

-12

-6

72

-3.08

R. PoCG

4

60

63

-18

42

-2.83

L. IPL
L. PreCG

40
4

68
129

-33
-57

-51
-6

39
12

-2.72
-3.79

R. PoCG

2

84

63

-24

45

-3.58

R. IFG

46

47

45

45

6

-3.42

R. SFG/MFG

6

109

9

0

69

-3.10

RSFCs were no longer significant after the GM correction,
including the bilateral INS, ACC, right dorsal frontal cortex, sensorimotor cortex, SMG and left PCu. For the PFm
(ROI 5), an additional region of left dorsal superior frontal
gyrus (SFG) showed increased connectivity in AD patients
after the GM correction. For the PGa and PGp (ROI 6 and
7), previously significant regions in the bilateral dorsal
frontal and medial temporal cortices were eliminated,
whereas a new set of regions located in the lateral and
medial prefrontal cortices showed decreased RSFC, and the
right IPL showed increased RSFC after GM correction.
Head motion effects
We evaluated the effects of head motions in two ways,
regressing covariance and ‘scrubbing’. (1) There was no

significant head motion differences between the AD and
HC groups in either displacement (T = 0.98, P = 0.33)
or rotation (T = 1.63, P = 0.11). After using the head
displacement/rotation as the extra covariate, we reanalyzed our data and found the same effects as in our
uncorrected analysis. (2) After performing the ‘scrubbing’ procedure in the preprocessed images, we discarded a mean number of 3.13 % (range 0–43.23 %, 56
of the 70 individuals were scrubbed less than five
frames) of images across all subjects. For details,
2.88 %, 0–25.33 %, 25 of the 32 individuals were
scrubbed less than five frames in AD; 3.34 %,
0–43.23 %, 31 of the 38 individuals were scrubbed less
than five frames in HCs. Further statistical analysis
revealed that almost all of the previous results remained
significant.
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Table 3 Regions showing AD-related RSFC changes in IPL sub-region (ROI 5)
ROI

Brain regions

BA

Cluster voxels

MNI coordinates (mm)
x

PFm.L (5)

y

Maximum
Z

z

R. MFG

6

584

27

3

51

-4.36

L. MTG

37

92

-42

-57

3

-3.81

L. IPL

7

103

-30

-72

27

-3.78

R. IFG

47

49

36

21

-3

-3.47

R. IPL

40

221

33

-57

33

-3.31

L. Cerebellum

NA

58

-18

-69

-45

-3.09

L. SMG
R. PCC

39
31

267
213

-54
0

-57
-42

27
30

4.20
3.95

Between groups differences were determined by two-sample t tests (P \ 0.05, corrected)
ROI region of interest, BA Brodmann’s area, MNI Montreal Neurological Institute, x, y, z coordinates of primary peak locations in the MNI space,
Z statistical value of peak voxel showing differences between two groups, NA not applicable, L left, R right, MFG middle frontal gyrus, MTG
middle temporal gyrus, IFG inferior frontal gyrus, IPL inferior parietal lobule, SMG supramarginal gyrus, PCC posterior cingulate cortex

Table 4 Regions showing AD-related RSFC changes in IPL sub-regions (ROI 6–7)
ROIs

Brain regions

BA

Cluster voxels

MNI coordinates (mm)
x

PGa.L (6)

PGp.L (7)

y

Maximum
Z

z

R. PCC

31

415

3

-42

36

4.86

R. Cerebellum

NA

57

54

-57

-30

3.83

L. ANG/IPL

39

93

-48

-72

39

3.47

L. Precuneus

7

105

-6

-66

36

3.43

L. IPL

40

68

-57

-42

48

3.08

L. PHG

36

65

-27

-21

-18

-4.47

R. PCC
L. MFG/SFG

30
8/9

167
84

15
-24

-57
33

15
42

-3.57
-3.57

R. PHG

36

81

39

-30

-15

-3.60

R. SFG

8

77

18

30

54

-3.27
-3.18

L. Cerebellum

NA

62

-21

-90

-30

L. IPL

40

247

-57

-42

48

4.02

L. PCC

23

130

-6

-21

30

3.77

Between groups differences were determined by two-sample t tests (P \ 0.05, corrected)
ROIs regions of interest, BA Brodmann’s area, MNI Montreal Neurological Institute, x, y, z coordinates of primary peak locations in the MNI
space, Z statistical value of peak voxel showing differences between two groups, NA not applicable, L left, R right, ANG angular gyrus, IPL
inferior parietal lobule, PHG parahippocampal gyrus, PCC posterior cingulate cortex, MFG middle frontal gyrus, SFG superior frontal gyrus

Discussion
By applying RSFC analysis to R-fMRI data acquired from
HCs and AD patients, we observed three distinctive patterns of functional connectivity for the subregions of the
IPL. These patterns defined an anterior-to-posterior functional subdivision of the IPL: (1) the anterior zone of the
IPL exhibited functional connectivity with the SMN and
SN regions; (2) the central zone of the IPL functionally
connected with the ECN regions; and (3) the posterior zone
of the IPL was involved in the DMN regions. Importantly,
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the AD patients showed differentially disrupted patterns of
RSFCs in the subregions within different functional networks (SMN, SN, ECN and DMN), which were significantly associated with cognitive impairment.
Functional connectivity of the IPL subregions
The anterior zone of the IPL (ROIs 1–4) was functionally
connected to several SMN regions (PreCG, PoCG and
SMA) and SN regions (dACC, INS, dlPFC, IPL, STG and
MTG). Tracing studies in macaques have revealed that the
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Fig. 6 Correlation of clinical variables and resting-state functional
connectivity of IPL subregions. RSFC resting-state functional
connectivity, MMSE mini-mental state examination, ROI region of

interest, SMG supramarginal gyrus, MFG middle frontal gyrus, MOG
middle occipital gyrus, MTG middle temporal gyrus, IFG inferior
frontal gyrus, L left, R right

anterior IPL shows strong anatomical connections with the
sensorimotor cortex (Cavada and Goldman-Rakic 1989a, b;
Gregoriou et al. 2006). Using diffusion MRI (dMRI) and
probabilistic tractography in humans, researchers found
that the anterior IPL predominantly follows the tracts of the
superior longitudinal fascicle (SLF) and arcuate fascicle
(AF) the sensorimotor cortex (Makris et al. 2005; Caspers
et al. 2011). Functionally, several task-based fMRI studies
have demonstrated that the anterior IPL is involved in
sensorimotor processing, such as object manipulation
(Binkofski et al. 1999), tool use (Peeters et al. 2009), motor
execution and imagery (Hanakawa et al. 2008). Furthermore, researchers also observed the RSFC between the
anterior IPL and sensorimotor cortex in several recent
R-fMRI studies (Mars et al. 2011; Wang et al. 2012a).
These findings, along with our results, suggest that the
anterior IPL plays an important role in the SMN. In addition, we found that the anterior IPL functionally connected

to the SN regions. In macaques, the anterior IPL show
anatomically connection with the inferior frontal and posterior temporal regions (Cavada and Goldman-Rakic 1989a,
b; Gregoriou et al. 2006). Similarly, dMRI in humans has
revealed anatomical connections of the anterior IPL to the
inferior frontal cortex and INS (Caspers et al. 2011). Furthermore, fMRI studies have found that the anterior IPL
(SMG) along with the ACC, INS, dorsal frontal cortex, STG
and ITG constitutes the salience network (Downar et al.
2002), which is sensitive to stimulus salience (Seeley et al.
2007; Uddin et al. 2011). Collectively, our findings suggest
that the anterior zone of the IPL is involved in the functional
integration of the SMN and SN.
The central zone of the IPL (ROI 5) is functionally
connected to the core ECN regions, including the dorsal
lateral and medial frontal cortex, IPL and MTG. Using
dMRI and tractography approaches, researchers have found
that the central IPL shows consistent fiber tracts (SLF and
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Table 5 Regions showing
correlation between cognitive
behaviors and IPL sub-regional
connectivities in the AD
patients
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Cognitive score

ROIs

AVLT

PF.L (1)

MNI coordinates
(mm)
y

Maximum
T

z

R. IFG

44

28

54

6

15

3.37

R. SMG

40

54

60

-30

21

5.30

R. MFG

6

42

33

0

57

3.86

R. STG

42

16

60

-21

9

3.85

PFop.L (3)

L. MOG

37

35

-45

-63

-3

-5.37

PFm.L (5)

R. IFG

44

92

51

15

21

4.81

R. MFG
R. MFG

46
6

26
34

39
45

36
6

27
51

3.22
4.25

R. MFG

6

20

30

3

57

2.65

R. PreCG

44

19

63

6

9

2.95

R. SMG

40

16

60

-30

21

3.19

R. STG

42

13

63

-27

9

3.15

R. SMG

40

9

69

-9

15

3.57

L. MOG

37

16

-45

-66

-3

-4.02

PF.L (1)

PFop.L (3)

R. PoCG

3

17

30

-36

48

-4.65

ESD

PGa.L (6)

L. IPL

40

18

-51

-48

51

4.07

MoCA

PF.L (1)

L. Cerebellum

NA

31

-39

-42

-42

3.90

R. SMG

40

45

60

-30

18

3.91

R. MFG

6

42

30

-3

48

4.55

L. MOG

37

25

-45

-63

-3

-3.99

PFop.L (3)
PFm.L (5)

CDT

PF.L (1)

9

75

51

15

21

3.67

46
6

19
20

39
30

36
0

27
45

3.16
2.72

NA

31

-30

-42

-45

4.47

R. MFG

6

39

33

0

57

5.12

R. PoCG

2

25

48

-39

57

3.89

PFcm.L (2)

R. AMYG

NA

11

24

0

-9

-2.91

PFop.L (3)

L. IOG

37

22

-45

-63

-3

-3.43

PFm.L (5)
PGp.L (7)

ADL

R. IFG
R. MFG
R. PreCG
L. Cerebellum

PF.L (1)

R. IFG

9

42

51

12

18

3.78

R. MFG

6

43

27

0

51

2.98

R. PHG

36

24

33

-33

-15

-3.29

L. CAL

17

15

-6

-63

15

-3.24

R. CAL

17

25

6

-63

18

-3.33

L. Cerebellum

NA

33

-33

-42

-45

-4.80
-2.82

R. IFG

44

15

57

18

9

R. SMG

40

40

57

-27

30

-3.52

R. PreCG

6

19

54

9

39

-3.07

PFm.L (5)
PGa.L (6)

B. DCG
L. IPL

31
40

20
18

0
-54

-33
-42

42
42

3.35
2.91

PGp.L (7)

L. Cerebellum

NA

19

-21

-87

-39

-3.62

R. PCu

31

23

12

-54

15

-3.31

L. IPL

40

17

-48

-57

48

3.14

AF) to the dorsal frontal regions, lateral parietal regions
and temporal regions (Caspers et al. 2011). Furthermore,
this subregion is involved in several cognitive control and
executive tasks (Crone et al. 2006) and is also identified as
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Cluster voxels

PFcm.L (2)

PFcm.L (2)

ROIs regions of interest, BA
Brodmann’s area, MNI
Montreal Neurological Institute,
x, y, z coordinates of primary
peak locations in the MNI
space, T statistical value of peak
voxel showing significant
correlation, NA not applicable,
L, left, R right, B bilateral,
MMSE mini-mental state
examination, AVLT auditory
verbal learning test, ESD The
Extended Scale for Dementia,
MoCA montreal cognitive
assessment, CDT clock drawing
task, ADL Activity of Daily
Living Scale, IFG inferior
frontal gyrus, SMG
supramarginal gyrus, MFG
middle frontal gyrus, STG
superior temporal gyrus, MOG
middle occipital gyrus, PreCG
precentral gyrus, PoCG
postcentral gyrus, IPL inferior
parietal lobule, AMYG
amygdala, IOG inferior
occipital gyrus, PHG
parahippocampal gyrus, CAL
calcarine sulcus, DCG middle
cingulate gyrus, PCu precuneus

BA

x
MMSE

Correlations between cognitive
score and functional
connectivities were determined
by GLM (P \ 0.05, corrected)

Brain regions

a functional component of the frontoparietal control system
in R-fMRI studies (Dosenbach et al. 2007; Vincent et al.
2008). Our results are largely compatible with these previous studies.
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Fig. 7 The effects of GM volume loss. a The between-group
differences of GM volume with a threshold of P \ 0.05, FDR
corrected. The GM volume was corrected during the between-group
comparisons in RSFC by adding it as an additional covariate in the

GLM analysis. Conjunction maps of between-group differences in
RSFC of b the anterior IPL (PF, PFcm, PFop and PFt; ROI 1–4); c the
central IPL (PFm; ROI 5); and d the posterior IPL (PGa and PGp;
ROI 6 and 7) after GM volume correction

We noticed that the posterior zone of the IPL (ROIs 6–7)
exhibited functional connectivity with several DMN
regions. Tracing studies in macaques found that the posterior IPL exhibited anatomical connections mainly to the
limbic regions, such as the PCC and parahippocampal
gyrus (Cavada and Goldman-Rakic 1989a, b). In human
dMRI studies, the posterior IPL mainly follow tracts of the
inferior longitudinal fascicle (ILF) and the extreme capsule
to reach the entire temporal lobe and the orbitofrontal
cortex (Caspers et al. 2011; Rushworth et al. 2006).
Moreover, many R-fMRI studies have observed that the
IPL is functionally connected to the MPFC, PCu/PCC and
medial temporal lobe, which are the well-known components of the DMN (Buckner et al. 2008).

Specifically, we observed disrupted connectivities between
the anterior zone (ROIs 1–4) and the SMN and SN regions,
between the central zone (ROI 5) and ECN regions, as well
as between the posterior zone (ROIs 6–7) and DMN
regions.
The anterior zone of the IPL exhibited decreased connectivity with several SMN regions in AD patients. Taskrelated fMRI studies have reported decreased activation in
the SMA and premotor cortex in AD during performance
of motor-related tasks (Agosta et al. 2010; Vidoni et al.
2012). Based on a large cohort of 510 human subjects, a
recent R-fMRI study found that the SMN was preferentially affected in AD patients (Brier et al. 2012). Combined
with these findings, we speculate that along with subtle
motor impairment in AD, the functions of the sensorimotor
system might be impaired. We also observed decreased
connectivity between the anterior IPL and several SN
regions in the AD patients. Previous structural MRI studies
have demonstrated AD-related GM loss in the INS,

Disrupted IPL subregion functional connectivity in AD
We found that the subregions of the IPL showed differentially disrupted functional connectivity patterns in AD.
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cingulate gyrus and IPL (Guo et al. 2010). Furthermore,
R-fMRI studies revealed reduced RSFC of the SN in mild
AD (Brier et al. 2012). These findings are consistent with
those of previous studies. In addition, the regions of the
putamen and STG showed increased connectivity to the
PFcm (ROI 2). Using arterial spin-labeling perfusion, a
recent MRI study found increased regional cerebral blood
flow (CBF) in the putamen in early AD patients (Dai et al.
2009). In addition, increased functional connectivity
between the parietal and temporal regions has been found
in the early-stage of AD (Jacobs et al. 2012). The increases
in the CBF and functional connectivity, in addition to our
findings, suggest that AD patients could utilize additional
different brain areas and employ unique strategies for
storing and recalling information, presumably as a compensatory mechanism for cognitive decline (Becker et al.
1996; Grady et al. 2003).
The central zone of the IPL in AD patients exhibited
decreased connectivity with the ECN regions, including the
right MFG, IFG, IPL and left MTG. Task-related studies
have revealed that AD patients have reduced PET activation in the right frontal cortex and MTG (Johannsen et al.
1999) and reduced fMRI activation in the left frontal and
parietal regions (Hao et al. 2005). R-fMRI studies have
also found disrupted functional connectivity within the
ECN regions in AD patients (Agosta et al. 2012; Brier et al.
2012) and in individuals at high risk for AD (Liang et al.
2011). Here, we have provided further evidence for ADrelated disruption of the ECN. Notably, two parietal
regions of the left SMG and bilateral PCC showed
increased connectivity in AD patients. Increased connectivity within the parietal lobe has been found in AD during
a visuospatial task (Jacobs et al. 2012). Furthermore, an
R-fMRI study found that AD patients exhibited increased
connectivity in the right SMG (Agosta et al. 2012). Our
study, the increased connectivity of the SMG and PCC to
the PFm are in line with previous studies, which suggested
compensatory neural activity in AD patients.
Decreased functional connectivity to the posterior zone
of the IPL was involved in the DMN regions in AD
patients, including the medial temporal lobe, dlPFC and
PCC. Many neuroimaging studies have demonstrated the
structural and functional abnormalities of DMN regions in
AD, such as cortical thinning (Dickerson and Sperling
2009), amyloid deposition (Buckner et al. 2009), decreased
intrinsic brain activity (He et al. 2007; Wang et al. 2011)
and disrupted functional connectivity of these regions
(Greicius et al. 2004). Our findings provide further evidence for the disconnection of the DMN in AD, which is
especially relevant to the posterior part of the IPL. We also
observed that IPL and PCC/PCu showed increased connectivity to the posterior IPL in AD patients. A previous
fMRI study demonstrated AD-related over-activation in the
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parietal region during a face-name recognition task (Pariente et al. 2005). Another fMRI study revealed increased
activation of the PCC in people with high AD risk factors
during a semantic memory task, which suggests the functional recruitment of this region (Seidenberg et al. 2009).
Thus, we speculate that the increased connectivity in the
IPL and PCC/PCu might imply compensation for a disconnection of the DMN in AD.
Comparison with IPL receptor architecture analysis
Our study showed that different subregions of the IPL had
differential RSFC patterns, which are well in line with the
findings of receptor architectonics in IPL (Caspers et al. 2013).
Notably, Caspers et al. (2013) investigated the distribution of
15 different receptors from 6 classical neurotransmitter systems including glutamatergic, c-aminobutyric acid-ergic,
cholinergic, adrenergic, serotoninergic and dopaminergic
receptors. Using hierarchical clustering analysis of the
receptor distribution, they classified the human IPL into
rostral, middle and caudal groups, which correspond to the
well-known cytoarchitectonic, connectional and functional
diversity at the molecular level. Further comparison of
receptor distribution with other cortical areas showed high
similarities with Broca’s region for all three groups, with the
superior parietal cortex for the middle group and with
extrastriate visual areas for the caudal group.
Interestingly, numerous evidences have implicated the
effects in these receptors in the pathological mechanisms of
AD (Barrantes et al. 2010; Medeiros et al. 2011; Xu et al.
2012). The modification of these receptors may be associated with amyloid plaque formation and tau neurotoxicity
and mediate the subsequent oxidative stress related to
neuronal toxicity, which finally results in cognitive
impairment (Xiong et al. 2004). In these previous studies,
AD patients showed significant reductions in glutamate
receptor (Hanyu et al. 2012; Mishizen-Eberz et al. 2004;
Proctor et al. 2011), c-aminobutyric acid receptors (Limon
et al. 2012), nicotinic acetylcholine receptors (Sabbagh
et al. 2006), adrenergic receptors (Laureys et al. 2010),
serotoninergic receptors (Lai et al. 2005; Truchot et al.
2008) and dopaminergic receptors (Kemppainen et al.
2000). On the basis of these studies, we speculated that our
findings of differentially impaired functional connectivity
patterns in IPL subregions in AD might reflect different
receptor defects at the molecular level.
Future considerations
Several issues need further consideration. First, in the
current study, we mainly focused on the R-fMRI functional
connectivity of the IPL sub-regions. Further studies that
simultaneously combine the R-fMRI and dMRI data would
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reveal structural substrates underlying these functional
deficits in AD. Second, recent studies have paid more
attention to individuals at high risk for AD, such as
amnestic mild cognitive impairments (Wang et al. 2013;
Bai et al. 2012) and ApoE-4 allele carriers (Pievani et al.
2011b). Exploring these populations would provide valuable biomarkers for the early diagnosis of AD. Finally, a
longitudinal design would be crucial to elucidate the progressive changes in the IPL sub-regional connectivity.
Such an approach may provide predictive insight into
understanding the pathophysiological mechanism of AD.

Conclusion
We have identified abnormal functional connectivity of
IPL sub-regions in AD patients and have observed the
patterns of abnormalities varies in different IPL subregions, which involved in different functional brain networks such as SMN, SN, ECN and DMN. These findings
have important implications for the underlying neurobiology of AD and add the new evidence for the disconnection
syndrome of AD, which may provide the potential biomarker for detecting early AD in the future.
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