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Abstract. Neuroimaging studies have demonstrated that patients with Alzheimer’s disease (AD) have remarkable focal grey
matter loss and hypometabolism in the posteromedial cortex (PMC), which is composed of the precuneus and posterior cingulate
cortex, suggesting an important association of the PMC with AD pathophysiology. Studies have also shown that the PMC is a
structurally and functionally heterogeneous structure containing various subregions with distinct connectivity profiles. However,
whether these PMC subregions show differentially disrupted connectivity patterns in AD remains largely unknown. Here, we
addressed this issue by collecting resting-state functional MRI data from 32 AD patients and 38 healthy controls. We automatically
identified the PMC subregions using a graph-based module detection algorithm and then mapped the whole-brain functional
connectivity pattern of each subregion. The functional connectivity analysis was followed by a hierarchical clustering analysis
to classify each subregion. Three distinct spatial connectivity patterns were observed across the PMC subregions: the anterior
dorsal zone was functionally connected with the sensorimotor cortex; the posterior dorsal zone was functionally connected with
the frontoparietal cortex; and the central and ventral zones were functionally connected with the default-mode regions. Group
comparison analysis revealed that all three functional systems were significantly disrupted in the AD patients compared to the
controls and these disruptions were positively correlated with the patients’ cognitive performance. Collectively, we showed that
the subregions of the PMC exhibit differentially disrupted neuronal circuitry in AD patients, which provides new insight into
the functional neuroanatomy of the human PMC and the alterations that may be relevant to disease.
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studies investigating inter-regional relationships sug-
gest that AD is a syndrome of disconnection in
brain networks [3, 4]. Using resting-state functional
magnetic resonance imaging (R-fMRI), a promising
imaging technique that measures the brain’s spon-
taneous activity, studies have revealed AD-related
disruptions of resting-state functional connectivity
(RSFC) in the hippocampus [5], medial prefrontal cor-
tex (MPFC) [6], and particularly in the posteromedial
cortex (PMC) [7-9].

The PMC in humans, which is composed of the pre-
cuneus (PCu) and posterior cingulate cortex (PCC), has
long been known as a major association area that serves
a variety of behavioral functions [10] and exhibits
high glucose metabolism [11] and oxygen consump-
tion [12]. Studies have suggested that PMC is involved
in a wide spectrum of integrated functions, including
motor execution [13], memory retrieval [14, 15], and
self-consciousness [16]. Recently, the PMC has been
considered a core component of the default-mode net-
work (DMN) [12, 17] and has also been identified as
a critical hub in human whole-brain structural [18-20]
and functional [21, 22] networks. All of these find-
ings imply that the PMC plays an important role in the
integration of brain functions.

Anatomical tracing studies in monkeys have shown
that the PMC is a heterogeneous structure consisting
of several specific subregions, with each subregion
exhibiting distinct structural connectivity patterns
[23-25]. Using diffusion magnetic resonance imaging
(dMRI) data from humans, Zhang et al. [26] sub-
divided the PMC into several subregions that were
distinctly and structurally connected with sensorimo-
tor, frontal-parietal, DMN, and visual regions. Using
human R-fMRI data, several studies have suggested
that PMC subregions have different RSFC patterns
[27-29]. Intriguingly, despite the different imaging
modalities, species, and computational methods used
in these studies, the results of the PMC parcella-
tion were largely comparable. Although numerous
neuroimaging studies have demonstrated AD-related

alterations of PMC connectivity, it remains largely
unknown whether the connectivity patterns of PMC
subregions are differentially disrupted in AD.

Here, we employed R-fMRI to investigate the
RSFC patterns of the PMC subregions in AD patients
and healthy controls. We identified PMC subregions
using a graph-based module detection method and
then explored the RSFC pattern of each subregion.
Furthermore, we examined between-group differences
in the RSFC of each PMC subregion and any behav-
ioral correlates.

MATERIALS AND METHODS

Subjects

Thirty-four patients with AD and forty-one healthy
controls (HCs) were recruited after giving written
informed consent. The study was approved by the Med-
ical Research Ethics Committee of Xuanwu Hospital.
Data from five subjects (2 AD patients and 3 HCs)
were excluded due to the failure of imaging processing
(see image pre-processing). Clinical and demographic
data for the remaining 70 participants (32 AD patients
and 38 HCs) are shown in Table 1. A subset of the
dataset (16 AD patients and 22 HCs) was previously
used to study the impairment of regional brain activ-
ity in AD [30]. AD patients were recruited from a
population of individuals who had consulted a mem-
ory clinic at Xuanwu Hospital for memory complaints
and underwent a complete physical and neurological
examination, including standard laboratory tests. The
diagnosis of AD fulfilled the Diagnostic and Statis-
tical Manual of Mental Disorders 4th Edition criteria
for dementia and the National Institute of Neurological
and Communicative Disorders and Stroke/Alzheimer
Disease and Related Disorders Association (NINCDS-
ADRDA) criteria for possible or probable AD [31, 32].
The patients were assessed with the Clinical Demen-
tia Rating (CDR) [33] and scored as being in the
early stages of AD (14 patients with CDR=0.5 and

Demographics and clinical characteristics

AD (n=32) HC (n=38) p value
Age (years) 52-86 (71.25 £ 8.63) 50-86 (68.39 +7.78) 0.15%
Gender (male/female) 14/18 13/25 0.41°
CDR 0.5-1 (0.78 £0.25) 0 <0.001*
MMSE 10-25 (18.56 +3.99) 28-30 (28.63 £ 0.67) <0.001*

Data are presented as the range of minimum — maximum (mean & SD). AD, Alzheimer’s disease; HC, healthy control; CDR, Clinical Dementia
Rating Scale; MMSE, Mini-Mental State Examination. *The p value was obtained by two-sample two-tailed 7 test. ®The p value was obtained

by two-tailed Pearson chi-square test.
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18 patients with CDR =1). The inclusion criteria for
HCs were as follows: (1) no neurological or psychi-
atric disorders such as stroke, depression or epilepsy;
(2) no neurological deficiencies such as visual or
hearing loss; (3) no abnormal findings such as infarc-
tion or focal lesion in conventional brain MR imaging;
(4) no cognitive complaints; (5) Mini-Mental State
Examination (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: rep-
etition time (TR)=2000ms, echo time (TE)=40ms,
flip angle (FA)=90°, field of view (FOV)= 24 x 24
cm?, resolution = 64 x 64 matrix, slices = 28, thick-
ness = 4 mm, voxel size = 3.75 x 3.75 x 4 mm3,
gap = | mm, and bandwidth = 2232 Hz/pixel. The
subjects were required to remain still, keep their eyes
closed, and not think of anything in particular dur-
ing the 478 s resting scan. According to a simple
questionnaire after the scan, none of the subjects had
fallen asleep. High-resolution structural images were
collected using a 3D magnetization-prepared rapid gra-
dientecho (MPRAGE) T1-weighted sequence with the
following parameters: TR = 1900 ms, TE = 2.2 ms,
inversion time (TT) = 900 ms, FA = 9°, resolution =
256 x 256 matrix, slices = 176, thickness = 1 mm, and

voxel size=1 x 1 x 1 mm?>.

Data pre-processing

Data preprocessing was carried out using the Statis-
tical Parametric Mapping (SPM, http://www.fil.ion.uc
lLac.uk/spm) and Data Processing Assistant for
Resting-State fMRI (DPASEF, http://www.restfmri.net/
forum/DPARSF) [34] toolkits. Image preprocessing
consisted of the following steps: (1) discard the first
ten volumes of each subject for scanner stabilization
and to allow participants to adapt to the scanning; (2)
correct slice acquisition dependent time shifts using
Fourier interpolation; (3) correct head motion using a
least-squares approach and six-parameter linear trans-
formation [35]; (4) co-register individual T1-weighted
structural images to the mean realigned functional
images using linear transformation; (5) segment the
coregistered structural images and nonlinearly nor-

malize to the custom template (see below for custom
template generation) using a unified segmentation
algorithm [36]; (6) spatially normalize the motion-
corrected functional volumes to the custom template
and resample to 3 mm isotropic voxels using the non-
linear normalization parameters estimated by step (5);
(7) spatially smooth the functional images with a
4mm full width at half maximum (FWHM) Gaus-
sian kernel; (8) temporal band-pass filter (0.01-0.1 Hz)
to reduce the effect of low-frequency drift and high-
frequency physiological noise; and (9) regress out
several nuisance signals including six head motion
parameters, global signal, white matter (WM) signal,
and cerebrospinal fluid (CSF) signal [17]. Notably, we
generated the custom template for data pre-processing
by averaging the normalized structural images across
all subjects in MNI space. We obtained the corre-
sponding probability maps of GM, WM, and CSF
simultaneously by averaging the segmented structural
images across all subjects. The custom template-based
registration procedure reduces inaccuracy in the spa-
tial normalization of the functional volumes caused
by GM atrophy in our population. During image pre-
processing, no subject was excluded based on the 3 mm
and 3° head motion criterion, while five subjects (2 AD
and 3 HCs) were excluded due to the failure of image
normalization.

Automated functional subdivision in PMC

To automatically parcellate the PMC into different
subregions, we applied a module detection algorithm
based on graph theory. In the brain, different modules
usually correspond to groups of anatomically or func-
tionally associated components that perform specific
biological functions [37, 38]. Thus, it would be rea-
sonable to consider these functional modules to be
different PMC subregions. First, a PMC mask was
defined within the custom space based on the PCu
and PCC regions (Fig. 1A) of the automated anatom-
ical labeling (AAL) atlas bilaterally [39]. The AAL
atlas was transformed from MNI space to the custom
space using the inverse transformation matrix esti-
mated during unified segmentation. The PCu and PCC
labels (number of voxels, n=1,967) with GM prob-
ability (Fig. 1B) greater than 20% were included in
the PMC mask (Fig. 1C). Second, for each subject,
we extracted the time course of each voxel (Fig. 1D)
within the PMC mask and computed the Pearson’s cor-
relation coefficient of every pair of time courses. The
resulting correlation matrix (1,967 x 1,967) was then
converted to z values using Fisher’s r-to-z transform.
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Fig. 1. Automated detection of PMC subregions. A) Voxels labeled PCu or PCC in the AAL atlas with (B) a GM probability greater than 0.2
were selected to generate (C) the PMC mask. D) The time course of each voxel within the PMC mask was extracted to compute (E) the N x N
Pearson’s correlation matrix (voxel number, n=1967). F) The backbones of the group-averaged correlation matrices were extracted using a
nonparametric method of locally adaptive network sparsification. A modularity analysis algorithm was applied to each backbone matrix to
identify PMC subregions. G) Seven PMC subregions were detected in the HC group. H) Six PMC subregions were detected in the AD group.
I) Additional subregion detection in the medial posteromedial cortex (colored cyan in H) in AD patients divided this area into two subregions
similar to those identified in the HC. G, I) The subdivisions identified in the AD and HC groups were very similar, with a normalized mutual
information of 0.86. PMC, posteromedial cortex; PCu, precuneus; PCC, posterior cingulate cortex; GM, grey matter; HC, healthy control; AD,
Alzheimer’s disease; ROI, region of interest.
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Third, group mean z value matrices were obtained
by averaging the z value matrices across each cohort
(Fig. 1E). The backbone of each group matrix (Fig. 1F)
was then extracted using a nonparametric method of
locally adaptive network sparsification [40]. Finally,
the module detection algorithm [41] was applied to
each backbone matrix to identify functional modules
(i.e., PMC subregions) in which the temporal correla-
tions were denser within than between them. To further
explore whether the subdivision of the PMC was simi-
lar between the AD and HC groups, we measured their
normalized mutual information (NMI), which quanti-
fies the similarity between the two sets of assignments.
Briefly, for a given PMC subregion we first used an
index to label all voxels within the subregion. Notably,
the subregion labels need to have a spatial correspon-
dence between the two groups. Then, the NMI was
calculated as the number of all voxels assigned with
the same indices between the two groups divided by
the total number of voxels in the PMC mask (i.e.,
n=1967). The NMI ranges from O to 1, where 0 indi-
cates completely different subdivisions and 1 indicates
the identification of identical functional subdivisions in
each of the two groups. The flowchart of PMC parcel-
lation can be found in Fig. 1. The analyses described
in subsequent sections were conducted using the par-
cellation results of the HC group (Fig. 1G) to obtain
the normal parcellation pattern of PMC subregions.

Regional amplitude fluctuations in PMC
subregions

We computed the regional amplitude of low-
frequency fluctuations (ALFF) in each PMC subregion
[42]. Briefly, for a given voxel in the PMC mask,
the time course was first extracted and then converted
to the frequency domain using a fast Fourier trans-
form. The square root of the power spectrum was
computed and averaged across the 0.01-0.1 Hz fre-
quency interval. This averaged square root was taken
as the ALFF of the given voxel. To reduce the global
effects of variability across participants, the ALFF of
each voxel was divided by the global mean ALFF for
each subject, as performed in many positron emission
tomography (PET) studies [42]. Recently, several R-
fMRI studies have shown a high ALFF in the PMC
[30, 42, 43] and that the pattern is test-retest reliable
across time [44]. In this study, we first computed the
ALFF values within the PMC mask in a voxel-wise
way using the Resting-state fMRI data analysis toolkit
(REST, http://rest.restfmri.net) [45] and then obtained
the mean ALFF for each PMC subregion by averag-

ing the ALFF values across all voxels belonging to the
subregion.

RSFCs of PMC subregions

We performed whole-brain RSFC analysis on each
PMC subregion. Briefly, we first generated a region of
interest (ROI) mask for a given PMC subregion and
then shrank the mask by removing the voxels in its
outer surface. This process partly reduced the bias-
ing effects of the blood oxygenation level dependent
(BOLD) signals of the neighboring ROIs. Subse-
quently, the regional mean time course within the ROI
was extracted by averaging the time courses of all
the voxels belonging to the ROI. The regional mean
time course was further used to compute correlation
coefficients with the time courses of all GM voxels.
Notably, the computation was constrained within a
custom GM mask that was made by thresholding (a
probability threshold of 0.2) the GM probability map
obtained previously. The resulting correlation coeffi-
cients were then converted to z scores using Fisher’s
r-to-z transform to improve normality. For each sub-
ject, we obtained 14 z-score maps indicative of the
intrinsic RSFC patterns of the 14 PMC subregions (7
for each hemisphere).

Hierarchical cluster analysis of the RSFC of PMC
subregions

To classify PMC subregions with different spatial
RSFC patterns, we used a hierarchical cluster analy-
sis. This analysis was conducted only in the HC group
to obtain the normal clustering pattern of PMC sub-
regions. Briefly, for each PMC subregion, we first
performed a one-sample #-test on the individual RSFC
maps to obtain a within-group statistical t map (see
statistical analysis section), which was further con-
verted to a standardized Z map to normalize the RSFC
strength distribution to a standard normal distribu-
tion. The Z maps represent the spatial characteristics
of the RSFC patterns of the PMC subregions across
the HCs. Subsequently, Pearson’s correlation coeffi-
cient was computed between pairs of standard Z maps,
resulting in a 14 x 14 correlation matrix. The correla-
tion matrix was then converted to a dissimilarity matrix
(i.e., a distance matrix, by subtracting the correlation
coefficient from 1), which reflects the spatial dissimi-
larity of every pair of RSFC maps with respect to PMC
subregion. Finally, we generated agglomerative hier-
archical cluster trees based on the dissimilarity matrix
with the average linkage agglomerative algorithm.
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Statistical analysis

To determine differences in the regional fluctuating
amplitudes among the PMC subregions and between
the AD and HC groups, we applied a repeated measures
analysis of covariance (ANCOVA). In this ANCOVA,
the subregion was treated as the within-subject factor,
and the group was treated as the between-subject fac-
tor, with age and gender treated as covariant factors. If
a significant effect of group or subregion was found,
a subsequent post hoc general linear model (GLM)
analysis was performed.

To examine the within-group RSFC pattern of each
PMC subregion in the AD and HC groups, we per-
formed one-sample -tests in a voxel-wise fashion on
the individual RSFC z-score maps of each PMC sub-
region. The statistical significance level was set at
p<0.01 with a cluster size of 18 voxels (486 mm3)
within the custom GM mask, which corresponded to
a corrected p <0.05. The cluster size was determined
by Monte Carlo simulations [46] using the REST
AlphaSim utility (http://www.restfmri.net) [45].

To identify between-group differences in the whole-
brain RSFC of each PMC subregion, we performed
a GLM analysis (dependent variable: RSFCs; inde-
pendent variable: group), with age and gender treated
as covariates. The significance threshold was set at
p <0.05 with a cluster size of 43—46 voxels (the number
of voxels varied for different PMC subregions), corre-
sponding to a corrected p <0.05. The cluster size for
each subregion was determined by Monte Carlo sim-
ulations, with the restriction that significant clusters
must belong to the significant within-group connectiv-
ity map of either of the groups. Given the ambiguous
biological interpretations of negative functional
connections [47-50], the between-group statistical
comparisons were restricted to positive RSFC.

To investigate the relationship between RSFC
strength and cognitive behavior, we performed a GLM
analysis (dependent variable: RSFC; independent
variable: MMSE score) within the regions showing
group differences, with age and gender treated as
covariates. The statistical significance level was set at
p<0.05 with a cluster size of 12-26 voxels (cluster
size varied between subregions), corresponding to a
corrected p <0.05.

Validation analysis

Effects of grey matter atrophy
Compared to normally aging people, significant GM
atrophy in AD patients has been demonstrated in many

previous studies [1, 2]. Therefore, the observed differ-
ences in the RSFC of PMC subregions in our study
might arise from structural abnormalities in GM vol-
ume. To clarify this issue, we re-performed the GLM
analysis to test the between-group differences in RSFC
of each PMC subregion, with the GM volume map
treated as an additional covariate in the GLM [30,
51]. GM volume was calculated using voxel-based
morphometry (VBMS toolbox, http://dbm.neuro.uni-
jena.de/vbm) [52].

Effects of head motion

Recently, several R-fMRI studies have reported an
influence of head motion on functional connectiv-
ity [53-55]. To evaluate the effect of head motion
on our results, we employed two analysis strate-
gies. First, we re-performed the between-group GLM
tests on the RSFC maps of each PMC subregion by
regressing out the head motion measures, which were
calculated as the root mean square of overall head
displacement/rotation [56]. Second, we performed a
‘scrubbing’ procedure on the pre-processed images
[55, 57] and then re-calculated the RSFC maps of
the PMC subregions and re-performed the within- and
between-group statistical tests on the resulting RSFC
maps.

RESULTS

Demographics and neuropsychological tests

The demographic characteristics and neuropsycho-
logical scores are shown in Table 1. No significant
differences in gender or age were observed between
the AD and HC groups. However, the MMSE scores
in the AD group were significantly lower than those in
the control group (p <0.0001).

Automated identification of PMC subdivisions

To detect subregions within the PMC, the module
detection method [41] was performed on the PMC
backbones extracted from the averaged functional cor-
relation matrices of both the AD patients and HCs.
Modularity structure was observed in both of the two
groups (Q =0.577 for the AD group and Q=0.575 for
the HC group). In the HC group, seven subregions were
detected in each hemisphere (Fig. 1G), including the
anterior dorsal (ROI 1, red, 420 voxels), posterior dor-
sal (ROI 2, green, 458 voxels), medial dorsal (ROI 3,
blue, 141 voxels), anterior central (ROI 4, cyan, 192
voxels), posterior central (ROI 5, magenta, 294 vox-
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corrected). Compared to the HC group, the AD group showed significantly reduced ALFF in in the left ROI 6 (p =0.006), right ROI 6 (p=0.01),
control.

Fig. 2. Repeated measures two-way ANCOVA analysis on the ALFF of PMC subregions. There was no significant subregion effect (F=0.92,
and right ROI 5 (p=0.02). ALFF, amplitude of low-frequency fluctuations; ROI, region of interest; AD, Alzheimer’s disease; HC, healthy

p=0.49) or group effect (F=2.18, p=0.15), but there was a significant subregion x group interaction (F=2.11, p=0.047, Greenhouse-Geisser

els), anterior ventral (ROI 6, yellow, 267 voxels), and
posterior ventral (ROI 7, brown, 195 voxels) regions.
However, in the AD group, only six subregions in each
hemisphere were detected (Fig. 1H). The regions com-
prising the anterior and posterior central modules (i.e.,
ROIs 4 and 5) in the HC group had been identified as a
single medial subregion (cyan region in Fig. 1H) in the
AD individuals. Using the module detection method,

(»p=0.01), and right ROI 5 (p =0.02) in the AD group
compared to the HC group (Fig. 2).

RSFC of PMC subregions

The RSFC maps of each PMC subregion within the

we further decomposed this medial region into two sub-
regions in each hemisphere (Q=0.371, colored cyan
and magenta, Fig. 1I), which were highly consistent

HC and AD groups are illustrated in Fig. 3. By visual
inspection, the maps showed highly similar patterns
between the two groups. Based on the RSFC patterns in

with those of the HC group based on visual inspec-

tion. Between the two groups, the NMI of the PMC
subdivision reached 0.86, indicating a high degree of
similarity across the modularity partitions.

Regional ALFF changes within PMC subregions

The ANCOVA analysis of PMC subregional ALFF
revealed no significant subregion effect (F=0.92,
p=0.49) or group effect (F=2.18, p=0.15) but a
significant group-by-subregion interaction (F=2.11,

p=0.047, Greenhouse-Geisser corrected). Post-hoc
GLM analysis showed that the ALFF was significantly
reduced in the left ROI 6 (p=0.006), right ROI 6

the HC group, additional hierarchical clustering anal-
ysis classified the seven PMC subregions into three
zones along a dorsal-to-ventral gradient (Fig. 4): the
anterior dorsal zone (ROI 1); the posterior/medial dor-
sal zone (ROIs 2-3); and the central/ventral zone (ROIs
4-7). Below, we describe the detailed RSFC patterns
of the PMC subregions in terms of their different
zones. Given that the RSFC patterns were highly sim-

ilar between hemispheres, we only reported the results
of the left PMC.

Within-group RSFC of PMC subregions

Anterior dorsal zone (ROI 1)

The anterior dorsal zone (ROI 1), located along the
marginal ramus of the cingulate sulcus (Fig. 1G, red
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Fig. 3. Resting-state functional connectivity maps of the PMC subregions. The first column shows the PMC subregions detected in the HC group.
The second and third columns show the within-group statistical RSFC maps of the HC and AD group, respectively, with a corrected statistical
threshold of p <0.05. Hot colors represent positive functional connections, whereas cold colors represent negative functional connections. The
last column shows the between-group statistical maps, with a corrected statistical threshold of p <0.05. Hot and cold colors represent increased
and decreased functional connectivity, respectively, in the AD group. ROI, region of interest; HC, healthy control; AD, Alzheimer’s disease.
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Fig. 4. Spatial hierarchical clustering of PMC subregions in the healthy elderly. A) The correlation matrix was estimated by calculating the
Pearson’s correlation coefficient between each pair of the within-group subregional RSFC statistical maps. B) Hierarchical clustering based
on correlation distance revealed three clusters from the 14 subregions: the anterior dorsal cluster consisting of ROI 1 (blue); the posterior and
medial dorsal cluster consisting of ROIs 2-3 (red); and the central and ventral cluster consisting of ROIs 4-7 (green). The apostrophe refers to

ROIs within the right hemisphere. ROI, region of interest.

region), exhibited positive RSFC with the precentral
gyrus bilaterally, postcentral gyrus bilaterally, supple-
mentary motor area bilaterally, anterior supramarginal
gyrus bilaterally, middle frontal gyrus (MFG) bilat-
erally and superior parietal gyrus (SPG) bilaterally
(Fig. 3), which was primarily involved in sensorimo-
tor function. Meanwhile, negative RSFC was observed
with typical components of the DMN, including the
MPFC, PCC, lateral temporal cortex (LTC), inferior
parietal lobe (IPL), and medial temporal lobe (MTL).

Posterior and medial dorsal zone (ROIs 2-3)

The posterior dorsal region (ROI 2), located along
the upper part of parieto-occipital fissure (Fig. 1G,
green), showed positive functional connectivity with
the junction of the precentral and superior frontal
sulcus (frontal eye field, FEF) and intraparietal sul-
cus (IPS) in each hemisphere (Fig. 3), which were
identified as the dorsal attention network (DAN). Addi-
tionally, connectivity with the IPS extended into parts
of the IPL, a component of the DMN. Negative RSFC
was found mainly with the visual cortex, temporal pole,
insula, supplemental motor area, and MTL. Similar to
ROI 2, ROI 3 (the anterior dorsal region located along
the cingulate sulcus, Fig. 1G, blue) exhibited signifi-
cant positive RSFC with the FEF and IPS, components
of the DAN, and the IPL and posterior supramarginal
gyrus, components of the DMN (Fig. 3). However,
ROI 3 exhibited additional positive RSFC with a large
cluster that included the MPFC and ventral anterior
cingulate cortex (vACC), a core component of the ante-
rior DMN (Fig. 3). Notably, both the posterior and
medial dorsal zones (ROIs 2-3) showed no significant
connectivity with the LTC, another typical component

of the DMN. These results suggest that the medial dor-
sal zone (ROI 3) could be a transitive zone between
the dorsal and ventral portions of the PMC. Finally,
negative RSFC was observed between ROI 3 and the
sensorimotor cortex, visual cortex and insula.

Central and ventral zone (ROIs 4-7)

The central and ventral parts of the PMC (ROIs
4-T), which consist of the ventral precuneus and poste-
rior cingulate cortex (Fig. 1G, cyan, magenta, yellow,
and brown), shared a highly consistent RSFC pattern.
For example, positive RSFC was observed with sev-
eral DMN regions, including the MPFC/vACC, PCC,
LTC and IPL (Fig. 3). Notably, we also observed that
the posterior ventral part (ROI 7) exhibited remarkably
positive RSFC with the MTL, including the hippocam-
pus and parahippocampus gyrus (Fig. 3). Negative
RSFC was found mainly with the sensorimotor cortex,
visual cortex, and insula.

Between-group differences in RSFCs of PMC
subregions

To avoid the confounding effect of negative RSFC
in both statistical analysis and the interpretation of
the underlying biological mechanism, we only inves-
tigated the positive changes in RSFC in patients with
AD. The last column of Fig. 3 illustrates the between-
group differences in RSFC for each PMC subregion.

Anterior dorsal zone (ROI 1)

Compared to the HC group, the AD group showed
reduced RSFC between the anterior dorsal zone
(ROI 1) and the sensorimotor cortex regions, includ-



536 M. Xia et al. / Disrupted RSFC in PMC Subregions in AD

A Conjunction Map (ROI 1) B

Conjunction Map (ROI2~3) (o3

Conjunction Map (ROI 4~7)
7/ 1

Fig. 5. Conjunction maps of between-group differences in the RSFC of PMC subregions. Between-group differences in RSFC of (A) the anterior
dorsal zone (ROI 1); (B) the posterior and medial dorsal zone (ROIs 2-3) and (C) the central and ventral zone (ROIs 4-7). Color bars indicate the
frequency with which the region emerged in the between-group comparisons. Hot and cold colors represent increased and decreased functional
connectivity, respectively, in the Alzheimer’s disease group. ROI, region of interest; RSFC, resting-state functional connectivity.

ing the right precentral gyrus, right postcentral
gyrus, right supplementary motor area, right anterior
supramarginal gyrus, right SPG, and left MFG (Fig. 3,
Fig. 5, and Table 2). There was no significant increase
in connectivity with the anterior dorsal zone (ROI 1)
in the AD group.

Posterior and medial dorsal zone (ROIs 2-3)

In the AD group, the posterior dorsal zone (ROI 2)
showed significantly reduced RSFC with the FEF bilat-
erally and increased RSFC with the cuneus bilaterally
(Fig. 3, Fig. 5, and Table 2). The medial dorsal zone
(ROI 3) showed reduced RSFC with the vACC bilat-
erally, dorsal prefrontal cortex (dPFC) bilaterally and
right supramarginal gyrus, and increased RSFC with
the IPS bilaterally in the AD group (Fig. 3 and Table 2).
A conjunction map in which clusters were included
only if they had a significant between-group difference
in RSFC with either ROI 2 or 3 is shown in Fig. 5B.

Central and ventral zone (ROIs 4-7)

In the AD group, the central and ventral parts of
the PMC (ROIs 4-7) exhibited significantly reduced
RSFC with several DMN regions, including the
MPFC/vACC, PCC, LTC, IPL, and MTL (Fig. 3 and
Table 2). Additionally, we also observed increased
RSFC between the central and anterior ventral zone
(ROIs 4-6) and the dorsal edge of the left IPL near the
IPS, between the posterior central zone (ROI 5) and
the dorsal lateral prefrontal cortex (dIPFC) bilaterally
and between the anterior central zone (ROI 4) and the
medial dorsal precuneus in the AD group (Fig. 3 and
Table 2). A conjunction map in which clusters were
included only if they had a significant between-group
difference in RSFC with any of ROIs 4-7 is shown in
Fig. 5C.

Relationship between the RSFC of the PMC
subregions and clinical/behavioral variables

In the AD group, we found a significant positive
correlation between MMSE score and the functional
connections of the PMC subregions, including the
RSFC between the right SPG and ROI 1 (blue), the
right dPFC and ROI 3 (red), the left inferior temporal
gyrus and ROI 4 (green), the left MPFC and ROI 4/ROI
6 (green), the right MPFC and ROI 5/ROI 6 (green),
and between the vACC and ROI 7 (green) (Fig. 6).
The visualization for RSFC maps were using BrainNet
Viewer (http://www.nitrc.org/projects/bnv/) [58].

Reproducibility of our results

The effect of GM atrophy

Compared with the controls, the AD patients showed
the widespread loss of GM volume over the whole
cortex, with the most pronounced loss in the MTL,
medial parietal lobe, MPFC/vACC, IPL, insula, and
thalamus (Fig. 7A). After regressing out regional GM
volume, we found that the between-group differences
in RSFC remained significant but with reduced cluster
sizes compared to those without GM volume correction
(Fig. 7B-D).

The effects of head motion

We evaluated the effect of head motion in two ways:
regressing covariance and ‘scrubbing’. There were
no significant differences in the root mean squares
of overall head displacement (»p =0.33) or in rotation
(p=0.11) between the two groups. Further statistical
analysis in which the root mean squares of overall
head displacement/rotation was regressed out revealed
very similar results as the previous analysis. After per-


http://www.nitrc.org/projects/bnv/

M. Xia et al. / Disrupted RSFC in PMC Subregions in AD 537

Table 2
Regions showing significant differences of the PMC subregional RSFC in group comparison
ROIs Brain regions BA Cluster voxels MNI coordinates, mm Maximum Z score
X y z
ROI 1 R. PoCG/PrCG/MFG 3/4/6 420 33 -36 60 —3.78
R. MFG 6 58 6 -3 54 —-3.25
R. PoCG/IPL 3/40 107 51 21 30 —-3.22
R. CER NA 52 36 -33 -33 —-3.03
L. MFG 10 67 -33 42 15 -3.02
R. MFG 10 54 33 54 27 —2.88
ROI 2 L. MFG/SFG 6/8 163 -21 18 60 —3.83
L. MFG 10 77 -27 45 3 -3.73
R. MFG 6 126 21 12 45 —3.66
R. CER NA 53 36 -39 —42 -3.12
R. PCu 7 49 12 —81 42 2.65
ROI 3 L. ACG 32 170 0 33 3 —4.74
R. SFG 9 219 24 48 36 —3.50
R. STG 22 49 54 —48 9 —3.40
L. SFG/MFG 9/10 108 —12 54 15 —2.87
L.IPL 40 190 -36 —66 45 4.26
R.IPL 40 63 36 -72 45 2.93
ROI 4 R. MTG 21 307 57 -3 —24 —4.27
R. MFG/SFG 10/9 1436 3 30 -3 —4.27
R. PHG 36 88 30 -30 -9 —4.03
L. MTG 21 631 —51 —15 —12 —3.80
R. PCG 31 208 9 —54 27 -3.70
L. CER NA 68 —18 —-90 —42 —3.40
L. MFG/SFG 10/9 63 —24 33 45 —-3.09
L. MTG 22 66 —60 —63 24 —2.85
L.IPL 40 139 -33 —54 39 4.57
L. PCu 7 73 -9 —51 54 3.77
ROI 5 R. PCu 7 251 —18 —66 27 —4.31
L. MTG 21 73 —54 3 —15 -3.93
R. SFG 10 199 24 54 21 -3.71
L. SFG 10 124 —18 48 24 —3.59
L. MTG 21 118 —-54 -30 —12 —3.42
R. MTG 21 61 51 9 =27 -3.16
L. IPL 40 329 -36 —69 39 4.45
R. MFG 46 156 33 24 36 3.73
L. MFG 46 58 -36 27 21 3.71
R. CER NA 208 15 —84 —18 3.66
R. CER NA 68 36 —63 -30 2.77
ROI 6 R. PCG 31 180 3 —60 15 —3.84
L. ACG 32 38 -3 30 3 —3.44
L. MFG/SFG 10/9 70 —24 33 42 —-3.12
R.LG 18 100 12 —93 21 4.06
L. IPL 40 129 -39 —54 45 3.38
ROI7 L. SFG 10 1497 -21 51 21 —4.40
L. MTG 21 148 —48 -3 -30 —3.38
R. PCG 23 73 15 —-57 12 —3.37
L. AG 39 55 —45 —78 33 —-3.24
R. PHG 36 102 24 -36 —12 -3.16
L. PCu 7 49 3 —81 33 3.57

Statistical threshold was set at p < 0.05, corrected. ROIs, regions of interest; BA, Brodmann areas; MNI, Montreal Neurological Institute; PoCG,
postcentral gyrus; PrCG, precentral gyrus; MFG, middle frontal gyrus; IPL, inferior parietal lobule; CER, cerebellum; SFG, superior frontal
gyrus; PCu, precuneus; ACG, anterior cingulate gyrus; STG, superior temporal gyrus; MTG, middle temporal gyrus; PHG, parahippocampal
gyrus; PCG, posterior cingulate gyrus; LG, lingual gyrus; AG, angular gyrus; L, left; R, right; NA, not available.

forming the ‘scrubbing’ procedure on pre-processed ther statistical analysis of the scrubbed data revealed
images, a mean of 3.13% (range: 0-43.23%, 56 of that the majority of the previous results remained
the 70 individuals were scrubbed less than 5 frames) largely unchanged. However, for ROIs 4-7, our pre-

of volumes were discarded across all subjects. Fur- vious finding of reduced RSFC in the MPFC and
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Fig. 6. Correlations between MMSE score and the strength RSFC in PMC subregions. In the AD group, a significant positive correlation
(p<0.05, corrected) was found between MMSE score and the functional connectivity of the PMC subregions, including the RSFC between
the right SPG and ROI 1 (blue), the right dPFC and ROI 3 (red), the left ITG and ROI 4 (green), the left MPFC and ROI 4/ROI 6 (green),
the right MPFC and ROI 5/ROI 6 (green) and the vACC and ROI 7 (green). RSFC, resting-state functional connectivity; MMSE, Mini-Mental
State Examination; ROL region of interest; SPG, superior parietal gyrus; dPFC, dorsal prefrontal cortex; MPFC, middle prefrontal cortex; ITG,
inferior temporal gyrus; vACC, ventral anterior cingulate cortex; L, left; R, right.

LTC in the AD group was no longer significant after
being corrected for multiple comparisons, although the
trend remained after ‘scrubbing’. Additionally, we also
observed an AD-related reduction in RSFC between
the left parahippocampus and ROI 7 (data not shown).

DISCUSSION

Using R-fMRI data and a graph-based module detec-
tion algorithm, we subdivided the human PMC in each
hemisphere into seven subregions and identified three
distinct RSFC patterns. Importantly, we showed that
AD patients show differential disruption of the func-
tional connectivity patterns of these PMC subregions
and that several of the disruptions in RSFC were cor-
related with cognitive performance.

Functional connectivity of the PMC subregions

The distributions of the seven PMC subregions were
compatible with cytoarchitectonic maps: ROI 1 corre-

sponds to SL; ROI 2 to 7A, 7P, and 7M; ROI 3 to
5M [59]; ROIs 4 and 5 to Brodmann Area (BA) 31;
and ROIs 6 and 7 to BA 23 [60]. Furthermore, three
distinct RSFC patterns were classified as being func-
tionally connected with the sensorimotor cortex, DAN;
and DMN, which are largely consistent with previous
R-fMRI studies in young adults [26, 28, 29].

The anterior dorsal zone of the PMC (ROI 1) is
functionally connected with the sensorimotor cortex.
Tracing studies in monkeys suggest that the caudal
and medial portions of the superior parietal lobule
(PEc) show anatomical connectivity primarily with
the somatomotor-associated cortices [61, 62]. dMRI
study in humans has also shown anatomical connec-
tions between the PCu and the sensorimotor cortex
[19]. Functionally, the anterior dorsal zone of the PMC
is involved in motor imagery [13] and spatially guided
[63] tasks. Functional connectivity between this zone
and the primary motor cortex was also observed using
R-fMRI [64, 65]. Thus, our results confirmed these
previous findings.
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Fig. 7. The effects of GM volume loss on the functional results. A) The between-group differences in GM volume with a threshold of p <0.05,
FDR-corrected. The GM volume was corrected during the between-group comparisons of RSFC by adding it as an additional covariate in the
GLM analysis. Conjunction maps of the between-group differences in RSFC of (A) the anterior dorsal zone (ROI 1), (B) the posterior and
medial dorsal zone (ROIs 2-3) and (C) the central and ventral zone (ROIs 4-7) after GM volume correction.

The posterior and medial dorsal portion of the PMC
(ROIs 2 and 3) is primarily functionally connected with
the FEF, dPFC and IPS. In monkeys, the medial part
of the parietal area (PGm) has anatomical connections
with the dPFC [66] and the posterior inferior parietal
cortex [23]. In humans, the dPFC and IPS along with
the posterior dorsal PCu have been identified as com-
ponents of the DAN, which is associated with executive
processing [67, 68]. Notably, the ROI 3 is additionally
connected with the MPFC and IPL, which belong to the
DMN. Interestingly, Zhang and colleagues [26] found
similar results: the medial zone of PMC (cluster 4 in
that study) exhibited RSFC with both the DAN and
DMN regions. Collectively, these results suggest the
ROI 3 a transitive zone between the dorsal and ventral
PCu, and may play a ‘bridge’ role connecting the DAN
and DMN.

The central (i.e., ventral PCu) and ventral zones of
the PMC (ROIs 4-7) showed significant functional

connectivity with DMN regions. Tract-tracing stud-
ies in monkeys have demonstrated that the central
and ventral PMC (area 23) are anatomically connected
with the MPFC [69], IPL [70] and MTL [71]. Using
human dMRI data, Greicius et al. [72] demonstrated
that the rostral portion of the PMC is anatomically
connected with the MPFC while the caudal portion
of the PMC is anatomically connected with the MTL.
Moreover, many R-fMRI studies have consistently
observed that the PCC exhibits functional connections
with the MPFC, LTC, IPL and MTL [17, 73], which are
well-known components of the DMN [12]. Recently,
Buckner et al. [74] suggested that the ventral PMC,
instead of the dorsal PCu, is part of the DMN. This
finding was supported by a later PET study in which
decreased cerebral blood flow in the PCC, but not dor-
sal PCu, was observed when subjects performing a
spatial working memory task [75]. Our findings are
highly consistent with these previous studies. Notably,
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the RSFC patterns for this zone are not exactly the
same: the ROIs 4 and 6 showed larger spatial extent
in the MPFC, while the ROI 7 was more closely con-
nected with the MTL. This finding is largely consistent
with anatomical connectivity studies of the human
PMC [72].

In the present study, we did not observe significant
connections between PMC subregions and visual cor-
tex, which conflicts with the results of previous studies
[27-29]. Two potential factors might explain the
discrepancy: i) the image pre-processing and parcella-
tion methods were different between previous studies
and our work; and ii) the cortical morphology and/or
connectivity of the PMC may be affected by aging,
since the mean age of the participants in our study is
much older than those in previous studies.

Disrupted functional connectivity of PMC
subregions in AD

The anterior dorsal zone of the PMC (ROI 1)
exhibited reduced functional connectivity with the
sensorimotor cortex in AD. Previous structural MRI
studies have demonstrated a gradual loss of GM in
primary sensorimotor cortex that mirrors the progres-
sion of AD severity, suggesting that the structural
impairment of the sensorimotor cortex is related to
the progression of AD [76]. Furthermore, task-related
fMRI studies have reported reduced activation in the
SMA and premotor cortex in AD when performing
motor-related tasks [77, 78]. Using a transcranial mag-
netic stimulation paradigm, a recent study showed
altered functional connectivity between the posterior
parietal cortex and M1 in AD [79]. Combined with
these findings, we suggest that, even with clinically
subtle motor impairment, the function of the sensori-
motor system may be impaired in patients with AD.

The posterior and medial dorsal zones of the PMC
(ROIs 2-3) showed reduced functional connectivity
with the FEF, dPFC, and MPFC/vACC in AD. The
FEF and dPFC are components of the DAN, which is
involved in voluntary orienting functions. Our findings
are in line with previous R-fMRI studies using inde-
pendent component analysis, which revealed disrupted
functional connectivity of the DAN in AD patients [80]
and individuals at high risk for AD [81], suggesting
that ‘top-down’ attentional processing mechanisms are
impaired in AD. Reduced RSFC was found specifically
between ROI 3 and the dPFC and MPFC/vACC, which
belong to the DAN and the DMN, respectively. Such
a disrupted connectivity pattern might suggest an AD-
related decline in the integration of the attention pro-

cessing [67] and the episodic memory processing [7].
Additionally, we noticed increased RSFC between ROI
3 and the IPS bilaterally. Previous studies have found
increased fMRI activation in the IPS region in people
with AD risk factors when performing a task to dis-
tinguish famous names from unfamiliar names, which
was considered a compensatory brain response to sup-
port task performance [82]. Thus, the increased RSFC
of the IPS may suggest a functional hyper-connectivity
at baseline underlying task performances in AD.

The central and ventral zones of the PMC (ROIs
4-7) showed reduced RSFC with the DMN regions in
AD. The DMN, which is related to episodic memory
processing [7], is closely associated with the patho-
physiology of AD. PET studies have revealed excess
A accumulation within the DMN regions in AD [21,
83]. Meanwhile, the AD-related GM atrophy is primar-
ily located within these regions [84, 85], and dMRI
studies demonstrated reduced fibers connecting the
hippocampus and PCC in AD [8]. Functionally, many
studies have demonstrated disrupted functional con-
nectivity among various DMN regions in AD [5, 7, 86].
Our findings provide further evidence for the discon-
nection of the DMN in AD. Additionally, we observed
increased RSFC between the left IPL near IPS and
ROIs 4-6 and between the bilateral dIPFC and ROI 5.
A previous fMRI study using eye movement paradigm
demonstrated a left-dominant parietal activation pat-
tern, suggesting a functional lateralization of the left
lateral parietal lobe in AD [87]. Recent R-fMRI stud-
ies have revealed increased RSFC between the dIPFC
and the PCC in AD [86]. Combined with our findings,
these increased functional connections might reflect
a compensatory recruitment of cognitive resources to
maintain task or baseline performance.

Further considerations

Several issues need to be addressed. First, we col-
lected the R-fMRI data from AD patients. Recent
studies have paid greater attention to individuals at
a high risk for AD, including amnestic mild cog-
nitive impairment [88, 89] and ApoE4 carriers [90,
91]. Investigating these populations would provide
predictive insight into the pathophysiology of AD
and valuable biomarkers for early clinical diagnosis
and intervention. Second, a longitudinal design from
MCI-to-AD would be crucial to elucidate dynamic
RSFC patterns of PMC subregions. Such an approach
might provide predictive insights into understand-
ing the pathophysiological mechanism and disease
diagnosis of AD. Third, we employed R-fMRI data
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for the connectivity analysis. R-fMRI is a promising
technique for measuring spontaneous brain activity;
however, it lacks direct observation of anatomical
connections. Future studies combining R-fMRI and
dMRI data would be helpful to reveal the structural
substrates underlying the functional deficits in AD.
Finally, we showed that the functional connectiv-
ity changes of PMC subregions were correlated with
MMSE score in the AD patients. Notably, the MMSE
is acomprehensive cognitive evaluation of AD, lacking
detailed testing on specific performance. Thus, recruit-
ing more neuropsychological and cognitive tests would
be important to assess the PMC subregion-behavior
associations.
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