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Abstract

The posteromedial cortex (PMC) is a key region involved in the development and pro-
gression of Alzheimer's disease (AD). Previous studies have demonstrated a heteroge-
nous functional architecture of the region that is composed of discrete functional
modules reflecting a complex pattern of functional connectivity. However, little is
understood about the mechanisms underpinning this complex network architecture
in neurodegenerative disease, and the differential vulnerability of connectivity-based
subdivisions in the PMC to AD pathogenesis. Using a data-driven approach, we
applied a constrained independent component analysis (ICA) on healthy adults from
the Human Connectome Project to characterise the local functional connectivity pat-
terns within the PMC, and its unique whole-brain functional connectivity. These dis-

tinct connectivity profiles were subsequently quantified in the Alzheimer's Disease
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Neuroimaging Initiative study, to examine functional connectivity differences in AD
patients and cognitively normal (CN) participants, as well as the entire AD pathologi-
cal spectrum. Our findings revealed decreased functional connectivity in the anterior
precuneus, dorsal posterior cingulate cortex (PCC), and the central precuneus in AD
patients compared to CN participants. Functional abnormalities in the dorsal PCC and
central precuneus were also related to amyloid burden and volumetric hippocampal
loss. Across the entire AD spectrum, functional connectivity of the central precuneus
was associated with disease severity and specific deficits in memory and executive
function. These findings provide new evidence showing that the PMC is selectively
impacted in AD, with prominent network failures of the dorsal PCC and central
precuneus underpinning the neurodegenerative and cognitive dysfunctions associ-

ated with the disease.
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1 | INTRODUCTION

Alzheimer's disease (AD) is a progressive neurodegenerative disorder
characterised by a decline in memory and cognitive functions. The dis-
ease is related to the pathological accumulation of aggregated amyloid
depositions and hyperphosphorylation of structural proteins which
lead to metabolic alterations, functional loss, and structural changes in
the brain. Convergent evidence across neuroscience disciplines sug-
gests that proteinopathies progress trans-synaptically along brain net-
works, with neuronal dysfunction topographically spreading from a
region of focal onset to non-adjacent regions in a predictable pattern
manifesting over several years (Greicius & Kimmel, 2012; Liu et al.,
2012). The location and distribution of pathogenic processes such as
the accumulation of amyloid deposits has been consistently mapped
to a network of heteromodal regions collectively known as the default
mode network (DMN; Buckner et al., 2005).

Some of the earliest and consistent pathological changes
observed in AD are evident in the posteromedial cortex (PMC)—an
integrated hub region important for episodic memory encoding and
retrieval (Greicius, Srivastava, Reiss, & Menon, 2004; K. Wang et al.,
2007). Large decrements in glucose metabolism of the PMC and a vul-
nerability to amyloid pathology are consistent early features of AD
which are known to manifest prior to the onset of clinical symptoms
(Minoshima et al., 1997; Mintun et al., 2006). In the later stages of AD
pathogenesis, a disruption to connections between the PMC and
large-scale memory and visual networks can also be observed
(H. Y. Zhang et al., 2009). This suggests that an accurate characterisa-
tion of PMC function is of vital importance to the understanding of
AD development and progression. However, little is known about the
pattern of PMC functional connectivity with distributed large-scale
brain networks across different stages of the AD pathological

spectrum.

Previous anatomical studies have demonstrated that the PMC con-
sists of highly diverse cytoarchitectonics and is functionally heteroge-
nous (Margulies et al, 2009; Parvizi, Van Hoesen, Buckwalter, &
Damasio, 2006; Vogt & Laureys, 2005). Yet, the PMC is often treated
as having a homogenous functional architecture in studies of the DMN,
despite its diverse patterns of functional connectivity (Y. Zhang et al.,
2014). Recent work characterising the functional architecture of the
PMC has shown that it consists of several different functional subdivi-
sions that are associated with multiple large-scale brain networks at
rest (Kernbach et al., 2018; Leech, Braga, & Sharp, 2012; S. Zhang & Li,
2012). In particular, the posterior cingulate cortex (PCC), which lies in
the medial part of the inferior parietal lobe, exhibits distinct cyto-
architectonics with functional separation into dorsal and ventral areas
(Leech, Kamourieh, Beckmann, & Sharp, 2011; Vogt, Vogt, & Laureys,
2006). This dorsal region of the PCC demonstrates strong connectivity
with the DMN and other large-scale networks, including the
frontoparietal network involved in executive control and the salience
network for attention, thus implicating its role in modulating global net-
work metastability (Hellyer, Scott, Shanahan, Sharp, & Leech, 2015;
Leech et al,, 2012). In contrast, the ventral region of the PCC is highly
integrated within the DMN, particularly with key medial prefrontal and
temporal nodes and is understood to be involved in internally directed
cognition, such as memory retrieval and planning (Dastjerdi et al., 2011,
Leech et al.,, 2012). As a result, studies have suggested that the PMC
plays a central associative role across a wide-spectrum of integrated
functions with evidence of its involvement in sensorimotor processing,
cognitive functioning, and the processing of visual information
(Hutchison, Culham, Flanagan, Everling, & Gallivan, 2015). However,
only a handful of studies have examined the different functional subdi-
visions of the PMC in AD (Cauda et al., 2010; Xia et al., 2014). Further-
more, no studies have addressed, to the best of our knowledge the

susceptibility of these subdivisions across the entire AD spectrum as
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well as the relationship between PMC subdivisions and other well-
established disease markers of AD pathology.

A few resting-state fMRI (rsfMRI) studies in AD have parcellated
the PMC to examine its intrinsic functional architecture, however
most have used a priori defined cortical seed regions to characterise
its complex functional neuroanatomy (Cauda et al., 2010; Dillen et al.,
2016; Margulies et al., 2009; Wu et al., 2016). Recent work has
highlighted the advantages of connectivity-based parcellation
methods for a more detailed insight into the organisation of regional
specialisation of brain regions (Eickhoff, Thirion, Varoquaux, & Bzdok,
2015; Thirion, Varoquaux, Dohmatob, & Poline, 2014).

Here, we used high-resolution rsfMRI data from the Human
Connectome Project (HCP) to fractionate the PMC into its subdivisions
using a constrained independent component analysis (ICA) method and
characterise its unique patterns of functional connectivity with large-
scale brain networks. Subsequently, these detailed maps of the PMC
were used to compare functional connectivity differences in AD using
the publicly available and widely phenotyped Alzheimer's Disease Neu-
roimaging Initiative (ADNI) study. Specifically, the aim of this study was
to examine functional connectivity changes in the different subdivisions
of the PMC across the AD spectrum (N = 155), ranging from cognitively
normal (CN) participants and participants with subjective memory com-
plaints (SMC) through to those with mild cognitive impairment (MCI),
and AD. WEe first characterised the functional connectivity of the PMC
by examining disease-specific changes in AD patients compared to CN
participants. The functional connectivity of PMC subdivisions that were
disrupted in AD were subsequently tested for their association with
amyloid burden and hippocampal volume measurements. Furthermore,
we hypothesised that brain networks of PMC subdivisions that were
strongly implicated in cognition would be associated with specific defi-
cits in memory and executive function.

2 | MATERIALS AND METHODS

For this study, data was obtained from HCP (Van Essen et al., 2012;
http://www.humanconnectome.org/) for defining PMC subdivisions
and their functional connectivity patterns in healthy unaffected young
adults. These detailed functional maps and results were later used to
assess functional connectivity patterns in AD patients and CN partici-
pants from the ADNI database (http://adni.loni.usc.edu/). For the pur-
poses of simplicity, we will describe these different datasets in the

same order as the workflow from our analysis pipeline.

2.1 | Human Connectome Project

2.1.1 | Dataand preprocessing

rsfMRI data for 100 unrelated healthy adult participants (age range:
22-36 years; 46 males) were obtained from the HCP S1200 data
release. Participants had no documented history of mental illness,

neurological disorder, or physical illness with known impact upon

brain functioning. This cohort of participants was selected such that
there were no related participants within the cohort due to concerns
over the heritability of neural features (Glahn et al., 2010). Data were
acquired on a Siemens Skyra 3T scanner housed at Washington Uni-
versity in St. Louis (TR = 720 ms, TE = 33.1 ms, spatial resolu-
tion = 2 x 2 x 2 mm®), collected in four separate 15-min runs on two
different days (two per day). Each rsfMRI run consisted of 1,200 vol-
umes which totalled to 4,800 volumes (over the four runs). Quality
assurance and quality control procedures of HCP for rsfMRI data have
been described previously (Marcus et al., 2013). The data we obtained
had been minimally preprocessed by HCP (Fischl, 2012; Glasser et al.,
2013; Jenkinson, Bannister, Brady, & Smith, 2002; Jenkinson,
Beckmann, Behrens, Woolrich, & Smith, 2012), as well as denoised to
remove non-neural spatiotemporal components (Griffanti et al., 2014;
Salimi-Khorshidi et al., 2014) and high-pass filtered (Satterthwaite
et al., 2013).

21.2 | Defining PMC functional subdivisions

A constrained ICA was performed using the minimally preprocessed
HCP datasets in the FMRIB Software Library (FSL; 5.0.11) using the
MELODIC tool (Beckmann, DelLuca, Devlin, & Smith, 2005). A tempo-
ral concatenation group ICA was constrained to extract components
within a PMC mask, defined a priori using the Harvard-Oxford proba-
bilistic atlas (Figure 1a). The PMC was constructed by selecting PCC
and precuneus regions with a voxel probability threshold greater than
20% signal intensity. rsfMRI data within the mask of the PMC were
spatially smoothed using an 8 mm full width at half maximum Gauss-
ian (FWHM) kernel following masking. In order to determine the ideal
number of ICA components to decompose the PMC into its distinct
functional subdivisions, we performed a reproducibility analysis to
assess the procedures trade-off between granularity and noise using
the mICA toolbox (Moher Alsady, Blessing, & Beissner, 2016). Repro-
ducibility analyses were performed for an ICA dimensionality range of
2-20 ICA components and showed that 10 ICA components were
best representative of the underlying HCP data. Consequently,
MELODIC was run to extract 10 ICA components for the PMC. Fur-
ther details regarding the reproducibility analysis are provided in the

Supporting Information Methods section.

2.1.3 | Characterising cortical functional
connectivity of PMC subdivisions

Functional connectivity analysis was performed using a variant of the
dual regression approach in FSL (Beckmann, Mackay, Filippini, &
Smith, 2009; Filippini et al., 2009). The dual regression approach was
primarily chosen to construct spatial maps that contain voxelwise
information about the spatial location and magnitude of functional
connectivity at the individual subject level with corresponding tempo-
ral dynamics contained within each PMC subdivision. Dual regression

is a tool that utilises individual ICA components as templates to
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Human Connectome Project healthy adults dataset (N=100)

Mask of posteromedial cortex
is applied to each rsfMRI
\ dataset

Dual Regression

Timecourses for each posteromedial
cortex subdivision are extracted at

FIGURE 1 A schematic
representation of the major steps
involved in the functional connectivity
analysis of the posteromedial cortex.
(a) An ICA approach was used to
fractionate subdivisions of the
posteromedial cortex (PMC) by

ICA defines functionally distinct
subdivisions within posteromedial

The timecourses from each posteromedial cortex subdivision are regressed
against the whole-brain rsfMRI data generating voxelwise subject-specific whole-

constraining the analysis to voxels
within a pre-defined PMC mask in the
HCP dataset. (b) In the same HCP
dataset, a dual-regression analysis was
used to define the functional
connectivity patterns of each PMC
subdivision by correlating its activity

5 with voxels in the rest of the brain.

b (c) PMC subdivisions defined in the
HCP dataset were used to characterise
whole-brain functional connectivity of
brain networks identified in the ADNI
patient dataset (N = 155). This dataset
included cognitively normal

(CN) participants, participants with
subjective memory complaints (SMC),
early mild cognitive impairment (MClI)

cortex 4

-

\ the subject-level defined by the group brain maps of functional connectivity ; participants, late MCI participants, and
e Ifé ______________________________________________ -’ patients with Alzheimer's disease (AD).
¢ The brain networks shown here in
(c) were constrained to voxels of the
(©) ADNI patient rsfMRI dataset (N=155) same brain networks identified in the

’ Posteromedial cortex subdivisions
defined by HCP dataset

Subject-specific whole-brain networks are
generated across the entire disease spectrum to
N characterise differences in functional connectivity

identify the corresponding functional connectivity maps of each par-
ticipant (Nickerson, Smith, Ongiir, & Beckmann, 2017). In accordance
with previous work (Bonnelle et al., 2011; Leech et al., 2012; De
Simoni et al., 2018), dual regression was used in the present study to
obtain a voxelwise measure of functional connectivity between each
voxel in the brain and the decomposed ICA signal of the PMC. This
resulted in whole-brain networks of the PMC corresponding to the
subdivisions identified with ICA. To define the functional connectivity
patterns of each PMC subdivision in the HCP dataset using this vari-
ant of dual regression, a general-linear model was applied in two
steps. First, all unthresholded ICA spatial maps of the PMC subdivi-
sions were linearly regressed against whole-brain rsfMRI data (spatial
regression), resulting in subject-specific timecourses for each ICA spa-
tial map (i.e., each PMC subdivision). This step served to generate a

subject-specific timecourse for each spatial map of the ICA while

- e

""""""""" ~ HCP dataset, shown in (b)

e

& Yo

Wy

controlling for the variance explained by the other spatial maps. Sec-
ond, these timecourses were variance normalised and linearly
regressed against whole-brain rsfMRI data in a separate general-linear
model. In this step, timeseries were converted to subject-specific
whole-brain spatial maps of the corresponding ICA component
reflecting network coherence for each PMC subdivision (Figure 1b).
Group average maps were calculated using a general-linear model
(Figure 1c). To account for multiple comparisons, the TFCE method

was used (Smith & Nichols, 2009) with 5,000 permutations.

2.2 | ADNI patient dataset

Data used for this study was obtained from the ADNI database

(http://adni.loni.usc.edu/). ADNI is a multi-centre longitudinal
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biomarker study that has enrolled over 1,500 CN participants, peo-
ple with early or late stages of MCI, and patients with early AD
(www.adni-info.org). ADNI was launched in 2003 as a public-
Michael
W. Weiner, MD and was approved by the institutional review

private partnership, led by Principal Investigator
board and ethics committees of participating institutions. Written
informed consent was obtained according to the Declaration of
Helsinki from all participants or their next of kin. For up-to-date

information, see www.adni-info.org.

221 | Participants

All participants were downloaded from the ADNI-2 database (June
2018). Baseline scans were identified from all images that had under-
gone quality control implemented by the Mayo Clinic (N = 827; Jack
et al., 2015). We selected all first available scans for each participant
as their baseline scan (N = 225). Based on our inclusion criteria, sev-
eral participants were excluded (N = 53) to ensure that we only
retained data of a reasonable quality. This included any scans with
motion parameters exceeding 1.5 mm of translation and/or rotation
(N = 11), scans with an image quality rating >3 (image quality rated as:
1 = excellent; 2 = good; 3 = fair; 4 = poor; N = 36), presence of micro-
haemorrhages or cysts (N = 3), or any other uncertainties in diagnosis
(N = 3). Of the remaining 172 participants, if amyloid imaging or APOE

genotyping was unavailable (N = 17), these participants were not

included for further analysis. PET amyloid imaging was performed
using Florbetapir. A measure of amyloid burden was calculated from
frontal, cingulate, parietal, and temporal regions and was averaged
and divided by a whole cerebellum reference region to create a
standardised uptake value ratio. A threshold of 1.11 was used to
define amyloid positivity. This has been described in detail previously
(Landau et al., 2013). Hippocampal volumes were calculated
using FreeSurfer (version 6.0; http://surfer.nmr.mgh.harvard.edu/;
Fischl, 2012).

A full description of the structural and functional image
preprocessing steps for the ADNI study are provided in the
Supporting Information Methods section. The final dataset of partici-
pants used in this study is summarised in Table 1. A complete list of
participant scans used in this study is provided in Supporting Informa-
tion Table S1.

2.2.2 | Assessment of memory performance and
executive functioning

As a measure of memory performance, we used mini-mental-state
examination (MMSE) scores and the 11-item Alzheimer's disease
assessment scale-cognitive subscale (ADAS-Cog11) scores. Neuropsy-
chological measures of verbal memory and executive function
included Rey auditory verbal learning test (RAVLT) percentage forget-

ting scores and trail making test B scores, respectively.

TABLE 1 Demographic characteristics and metadata of the ADNI rsfMRI dataset (N = 155)
CN (N =34) SMC (N = 24)
Baseline age (years) 75.3+6.3 71.9+53
Sex (male %) 14 (41) 10 (42)
Years of education 16.1+£20 16.7 2.9
APOE ¢4 carriers (%) 11 (32) 8(33)
CDR sum-of-boxes 0.06 +0.22P¢ 0.04 + 0.17P¢
MMSE 28.9 + 1.1>¢ 29.1+0.9>¢
ADAS-Cogl1 5.6 + 2.53P¢ 5.6 +2.35¢
RAVLT forgetting (%) 39.1+24.4°¢ 37.7 £22.4°¢
Trail making test B 89 + 64 80 + 42°¢
Amyloid Florbetapir SUVR® 1.15 £ 0.20° 1.13 £ 0.18¢
Hippocampal volume (ml)* 7.6 +0.84° 7.7 +1.1°
Framewise displacement 0.15 + 0.09 0.17 £ 0.09

EMCI (N = 43) LMCI (N = 31) AD (N = 23) P-value
711+69 71277 729 +7.7 062
17 (40) 20 (65) 12 (52) 20
158+ 28 16.6 +2.6 156+ 2.7 28
22 (51) 14 (45) 18 (78) .01
1.4 £ 1.0 1.7 £ 1.0%%¢ 4,5+ 1.27Pde <.001
283+ 1.7° 27.501155d0e 2213f=2)52:de <.001
7.8 £ 3.3 10.9 + 4.13cde 24.3 + 7.82bde <.001
54.7 £ 29.1° 67.6 = 25.9%%¢ 95.5 + 10.4>Pde <.001
100 + 48° 112 + 65° 209 + 86*Pde <.001
1.21 +0.21¢ 1.26 + 0.25¢ 1.45 +0.18>Pd <.001
7.4+09° 72+13 6.1+ 1.124¢ <.001
0.14 + 0.07 0.13 + 0.05 0.13 + 0.06 66

Note: Results are displayed as mean + SD. A Kruskal-Wallis rank sum test was used for comparison of group differences in continuous variables.
Categorical variables were inspected for group differences using a Fisher's exact test with p-values generated using 2000 Monte Carlo simulations.
Abbreviations: AD, Alzheimer's disease; ADAS-cogl11, 11-item Alzheimer's disease assessment scale-cognitive subscale; CDR, clinical dementia rating scale
sum-of-boxes; CN, cognitively normal; EMCI, early mild cognitive impairment; LMCI, late mild cognitive impairment; MMSE, mini-mental-state
examination; RAVLT, Rey auditory verbal learning test; SMC, subjective memory complaints; SUVR, standardised uptake value ratio.

2Significant compared to EMCI participants.
bSignificant compared to LMCI participants.
Significant compared to AD patients.
dSignificant compared to CN participants.
€Significant compared to SMC participants.

fFourteen subjects were not considered due to poor FreeSurfer segmentations (SMC = 3, EMCI = 1, LMCI = 7, AD = 3).
Fifteen subjects did not have available amyloid PET imaging (CN = 8, SMC = 2, LMCl = 4, AD = 1).
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2.2.3 | Examining PMC functional connectivity
patterns in AD patients and healthy controls

The 10 ICA spatial maps of the PMC subdivisions defined in the HCP
dataset were used to characterise whole-brain PMC functional con-
nectivity patterns in the ADNI dataset (N = 155). This was performed
using the same dual regression procedure described above. Whole-
brain maps of PMC functional connectivity were constrained to voxels
identified within the same corresponding whole-brain map from the
HCP cohort (Figure 1c). These functional maps were subsequently
transformed back to their original native space. This resulted in func-
tional maps that contained voxelwise information about the spatial
location and magnitude of functional connectivity at the individual
subject level (Filippini et al., 2009; D. T. Jones et al., 2016). The aver-
age beta of these spatial maps across all voxels was extracted as a
final measure of functional connectivity. This approach was preferred
over voxelwise statistical comparisons to avoid the potentially huge
multiple comparison penalty associated with comparing several PMC
networks across multiple groups. Summary metrics of these brain net-
works also provided the opportunity to extensively investigate their

relationship with disease markers of AD pathology.

224 | Statistical analysis
All subsequent analyses were performed using the R statistical soft-
ware environment (http://www.r-project.org; version 3.5.1; The R
Core Team, 2018). Conditions for meeting normality assumptions
were tested using QQ-plots, the distribution of residuals and the
absence of multicollinearity. A Kruskal-Wallis rank sum test was used
to compare continuous demographic and cognitive measures between
groups and pairwise group differences were inspected using a
pairwise Wilcoxon rank sum test with a Bonferroni adjustment. Cate-
gorical variables were compared using a Fisher's exact test. PMC brain
networks that were not normally distributed were transformed using
a Z-family of distributions (Chou, Polansky, & Mason, 1998; Johnson,
1949), after which no deviation from a normal distribution was
observed via a Shapiro-Wilk normality test.

PMC functional connectivity differences were assessed between
AD patients and healthy controls using a multivariate linear regres-
sion. Two different models were constructed: the first using age, sex,
years of education and framewise displacement as covariates and the
second additionally correcting for APOE ¢4 genotype. Statistical signif-
icance of regression models was assessed using Type |l multivariate
analysis of variance (MANOVA) tests and the Pillai test statistic. Next,
we tested the association of PMC brain networks found to be
disrupted in AD with amyloid burden and hippocampal volume. These
associations were tested using linear stepwise regression models in
the R MASS package (Venables & Ripley, 2002) Models included pre-
dictors such as age, sex, years of education, and APOE ¢4 genotype.
Stepwise model selection was performed using the Akaike Informa-
tion Criterion (AIC) using both backward and forward selection of pre-

dictors. For comparisons with hippocampal volume, intracranial

volume measurements were always included as a predictor in the final
model.

To investigate the effect of PMC functional connectivity on cog-
nition, we applied linear regression models on all participants at differ-
ent stages of the AD pathological spectrum (N = 155; Table 1). Firstly,
we tested the relationship between specific PMC brain networks that
were found to be abnormal in AD with memory performance
(i.e., MMSE) and clinical measures of disease severity (i.e., ADAS-
Cog11). In additional models, we also compared disrupted PMC brain
networks with executive functioning, using RAVLT percentage forget-
ting scores, and verbal memory measured using trail making test B
scores. Regression models were constructed in a similar fashion as
described above.

All analyses were corrected for multiple comparisons using the
Bonferroni adjustment. Only results that survived multiple comparison

correction with an alpha threshold of o = 0.05 were reported in this

study.
3 | RESULTS
3.1 | ADNI demographics

A total of 155 participants were selected for this study, consisting of
CN participants (N = 34), participants with SMC (N = 24), early MCI
participants (N = 43), late MCI participants (N = 31), and patients with
AD (N = 23; Table 1). APOE ¢4 carriers were significantly greater in
proportion in AD patients, followed by early and late MCI participants
(p = .01). Overall, AD patients and MCI participants demonstrated
greater functional and cognitive impairments compared to CN partici-
pants on several clinical and neuropsychological tests (p = <.001). No
significant differences were observed for sex distribution, years of
education, and maximum framewise displacement of rsfMRI scans.
We also did not observe any significant correlations between

framewise displacement and PMC functional connectivity.

3.2 | PMC fractionation reveals distinct functional
subdivisions

The ICA analysis from the HCP cohort identified 10 functionally dis-
tinct and spatially overlapping subdivisions of the PMC. These subdi-
visions can be observed on a functional parcellation map of the PMC
shown in Figure 2a. Each PMC subdivision is also illustrated sepa-
rately in Figure 2b. To ensure that our PMC fractionation was repre-
sentative of the underlying HCP data and not an artefact of the
number of components chosen for ICA decomposition, we performed
a reproducibility analysis to select the ideal number of ICA compo-
nents for decomposing the PMC signal. Results of this analysis dem-
onstrated that 10 ICA components were ideal for fractionating the
PMC (see Supporting Information Figure S1).

As illustrated in Figure 2a,b, five subdivisions were found to be

located in the PCC, primarily in the ventral, dorsal, and anterior-dorsal
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(a)
- LeftVentral PCC (IC1)
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Right Ventral PCC (IC3)
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FIGURE 2 Subdivisions of the posteromedial cortex and their associated brain networks in the HCP cohort and ADNI patient dataset. (a) A
parcellation map showing the location of all subdivisions defined in the posteromedial cortex (PMC) using the HCP dataset. (b) The location of
each PMC subdivision is shown separately on the far left. Each subdivision (displayed as left and right medial hemispheres) is numbered by its ICA
component and highlighted as anatomically representing the posterior cingulate cortex (PCC) in red, precuneus in blue and the retrosplenial
cortex (RSC) in green. The whole-brain network (displayed as left lateral and right medial hemisphere) of the corresponding PMC subdivision is
shown for (c) the HCP dataset and (d) the ADNI patient dataset (N = 155). Warmer colours indicate areas of high functional connectivity. All maps
are thresholded at p < .05 and are family-wise-error corrected for multiple comparisons
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parts. Three subdivisions were located in the anterior, central and pos- found between the dorsal and ventral parts of the PMC (r = .113;
terior parts of the precuneus. Two subdivisions were found to be Figure 3a). This suggests that, despite some spatial overlap, the ICA
located in the RSC. Although PMC subdivisions shared a relatively low results produced maps of considerable granularity and spatial
spatial similarity overall (r = .06-.113), the highest spatial overlap was separation.
(a) (b) Posterior cingulate cortex

100 @ & g _) C }
£
;EL ( Precuneus
g
o
]
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w

0

(d) Retrosplenial cortex

2

FIGURE 3 A spatial overlay map of posteromedial cortex functional subdivisions and its corresponding brain networks. (a) The overlap
between all 10 subdivisions of the posteromedial cortex (PMC) is shown demonstrating the greatest overlap in the dorsal region of the posterior
cingulate cortex (PCC), the ventral PCC and parts of the retrosplenial cortex (RSC). Also shown are spatial overlay masks of all brain networks
originating from (b) the PCC, (c) the precuneus, and (d) the RSC. Maps are displayed as left and right lateral and medial hemispheres

TABLE 2 PMC functional

t Cohen's d P-value® P-value® - o . .
connectivity differences in AD patients

pcc and CN participants

Left ventral PCC (IC 1) -1.83 -.49 .07 .05

Central PCC (IC 2) -1.76 —.48 .08 .07

Right ventral PCC (IC 3) 0.13 .04 .90 .99

Dorsal PCC I (IC 7) -2.93 -.79 .004 .003

Dorsal PCC I (IC 10) -1.06 -.29 29 .36
Precuneus

Posterior precuneus (IC 5) —-1.45 -.39 .15 .35

Central precuneus (IC 6) -3.20 -.86 <.001 <.001

Anterior precuneus (IC 9) —2.68 -72 .008 .019
RSC

RSCI(IC 4) -0.68 -.18 .50 .69

RSCII(IC 8) 0.92 25 .36 .13

Note: Results have been corrected for multiple comparisons using the Bonferroni method.
Abbreviations: AD, Alzheimer's disease; CN, cognitively normal participants; IC, independent component;
PCC, posterior cingulate cortex; PMC, posteromedial cortex; RSC, retrosplenial cortex.

2Corrected for age, sex, years of education, and framewise displacement (MANOVA Pillai test

statistic = 0.321; p = .002).

PCorrected for age, sex, years of education, APOE 4 genotype, and framewise displacement (MANOVA
Pillai test statistic = 0.329; p = .002).
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FIGURE 4 The relationship of the
central precuneus and dorsal PCC
networks with amyloid burden and °
hippocampal volume. Results are
displayed for AD patients (N = 23) and
CN participants (N = 34) in the ADNI
dataset. Functional connectivity of

(a) the central precuneus network, and
(b) the dorsal PCC plotted versus PET
Florbetapir measures of amyloid
burden. Similar plots are illustrated for
(c) the central precuneus network, and
(d) the dorsal PCC network against
FreeSurfer derived measures of
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3.3 | Functional subdivisions of the PMC are We further generated spatial overlay masks of all the brain net-

connected to several distinct brain networks

Next, we investigated whether signals from the different PMC subdi-
visions correlated with activity in the rest of the brain. Subdivisions of
the PMC and their associated brain networks are shown in Figure 2.
Our findings showed a complex functional heterogeneity of the PMC
where different subdivisions were found to be associated with several
distinct brain networks (Figure 2c,d). The three subdivisions (IC5, IC6
and 1C9) located within the precuneus revealed a distributed pattern
of functional connectivity and included areas such as the frontal pole,
supramarginal gyrus, temporal gyrus, occipital cortex, and occipital
fusiform gyrus. For the five subdivisions of the PCC (IC1, IC2, IC3, IC7
and 1C10), we found a more organised pattern of functional connec-
tivity. Functional networks associated with IC1, IC2 and IC3 of the
PCC were more DMN-like in appearance, whereas IC3 and IC7 resem-
bled salience and frontoparietal networks covering parts of the
inferior parietal regions, dorsolateral prefrontal cortex and pre-
supplementary motor area. For the RSC, the two subdivisions (IC4

and IC8) showed similar patterns of functional connectivity.

works arising from the precuneus (Figure 3b), the PCC (Figure 3c), and
the RSC (Figure 3d). These were not used to compare functional con-
nectivity differences in our study, but rather to show areas of the
brain that were functionally common within anatomical regions of
the PMC. Overlay masks of the precuneus reveal that more areas of
the brain are functionally correlated with its different functional sub-
divisions. For the precuneus and RSC, overlay masks appear to be
topographically similar to the DMN.

3.4 | Functional connectivity of the PMC is
reduced in AD

We compared the functional connectivity differences in PMC activity
between AD patients (N = 23) and CN participants (N = 34). Results are
described from two models, one corrected for age, sex, years of educa-
tion and framewise displacement and the second additionally correcting
for APOE €4 genotype. These results are shown in Table 2. Compari-
sons were performed for the functional connectivity of all PMC
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FIGURE 5 Functional connectivity of the central precuneus brain network is related to memory deficits and executive dysfunction across the
Alzheimer's disease spectrum (N = 155). (a) Spatial map of the central precuneus “cognitive/associative” whole-brain network is displayed on left
lateral and right medial hemispheres. Functional connectivity of this network is plotted against (b) the 11-item Alzheimer's disease assessment
scale-cognitive subscale (ADAS-cog11) scores, (c) mini-mental-state examination (MMSE) scores, (d) trail making test B scores and (e) Rey
auditory verbal learning test (RAVLT) forgetting scores expressed as percentages. The density distribution as marginal plots are displayed for
cognitive variables in green and functional connectivity Z-scores in red. Regression lines are shown in blue with 95% Cls (grey bands). Results
displayed inset are from linear regression models. Age, gender, years of education and APOE ¢4 genotype were considered as covariates in a
stepwise fashion using Akaike Information Criterion minimisation. CN, cognitively normal; SMC, subjective memory complaints; EMCI, early mild
cognitive impairment; LMCI, late mild cognitive impairment; AD, Alzheimer's disease
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subdivisions as no a priori hypotheses about specific network changes
were postulated. The overall multivariate regression model was statisti-
cally significant (Pillai test statistic = 0.32; p = .002) and remained signif-
icant when additionally correcting for APOE ¢4 genotype.

Functional networks associated with two PCC subdivisions dem-
onstrated reduced functional connectivity patterns compared to CN
participants. This included the brain network of the left ventral PCC
(IC3; t = —1.83; Cohen's d = —49; p = .05) and the dorsal PCC
(t = —=2.93; Cohen's d = —.79; p = .003). For the precuneus, functional
networks of the central precuneus subdivision (t = —3.20; Cohen's
d = —-.86; P = <.001) and the anterior precuneus subdivision
(t = —2.68; Cohen's d = —.72; p = .019) were significantly reduced in
AD patients. No functional connectivity differences were observed
for subdivisions of the RSC. We also did not find any significant
increases in functional connectivity. Linear regression analyses were
performed using these brain networks that were disrupted in AD
patients to determine their association with amyloid burden and hip-
pocampal volume. Results revealed that decreased functional connec-
tivity of the dorsal PCC, and central precuneus were associated with
greater levels of amyloid burden and lower hippocampal volumes
(Figure 4).

3.5 | Central precuneus functional connectivity is
associated with clinical disease progression, memory
deficits and executive dysfunction

The central precuneus was strongly decreased in AD patients and has
been previously implicated to play an integrated cognitive/associative
role in the brain (Margulies et al., 2009). Therefore, we sought to
determine whether aberrant functional connectivity of this PMC sub-
division would be associated with disease severity and specific deficits
in memory. Since no prior hypotheses were established regarding the
different pathophysiological profiles of AD, we did not stratify partici-
pants on the basis of amyloid status (i.e., amyloid positive vs. amyloid
negative). Instead, participants across the entire disease spectrum
were included (N = 155; Table 1), ranging from CN participants and
participants with SMC, through to participants with early and late
stages of MCI, and finally patients diagnosed with AD.

Results showed that weaker functional connectivity of the central
precuneus was significantly associated with increasing disease sever-
ity measured using ADAS-cogll scores (Adj. RZ = .22; p = <.001;
Figure 5b). Weaker functional connectivity of the central precuneus
was also significantly associated with lower MMSE scores (Adj.
R%=21; p = <.001; Figure 5c). A similar association was also observed
with a measure of executive function, where lower central precuneus
connectivity was significantly related to higher trail making test B
scores (Figure 5d). A linear reduction in central precuneus functional
connectivity was also associated with a linear increase in RAVLT per-
centage forgetting scores, suggesting that abnormal connectivity in
the central precuneus network is also associated with verbal memory

deficits (Figure 5e).

4 | DISCUSSION

In the current study, we used a data-driven approach to fractionate
the PMC in the HCP dataset and assess how its distinct patterns of
functional connectivity may be selectively vulnerable to network dys-
function in AD using the ADNI rsfMRI dataset. Using rsfMRI and mul-
tivariate analysis techniques a number of interesting findings emerged
from this study. Firstly, the PMC was found to be functionally hetero-
geneous revealing a complex network architecture composed of dis-
crete functional modules and distinct patterns of connectivity to
widespread brain regions. Secondly, functional connectivity was not
uniformly affected in AD, but rather selectively impacted the dorsal
PCC and central precuneus, resulting in network failures that were
associated with amyloid burden and volumetric hippocampal loss.
Since the central precuneus has been previously implicated as an inte-
grative hub for higher-order cognitive processing, we investigated its
patterns of functional connectivity across the AD pathological
spectrum—defined here as a scale ranging from CN participants and
participants with SMC, through to those with different stages of MClI,
and patients diagnosed with AD. This investigation revealed that
diminished functional connectivity of the central precuneus was
related to clinical disease severity, as well as specific deficits in mem-
ory and executive function, showing that network aberrations in this
region may underlie specific cognitive abnormalities in AD.

4.1 | PMC possesses distinct functional modules
with independent contributions from distributed
networks

Previous evidence suggests that the PMC represents a critical gate-
way for information processing, acting as an interconnecting hub for
converging information across segregated processing pathways
(Parvizi et al., 2006; Vogt & Laureys, 2005). Functional connectivity
analyses reveal that the PMC has a complex functional organisation
and is highly functionally heterogenous (Dastjerdi et al., 2011; Mar-
gulies et al., 2009). It is also cytoarchitectonically distinct, with func-
tional dissociation into a dorsal region showing strong connectivity
patterns with multiple intrinsic networks and a ventral region that is
highly integrated with the DMN at rest (Leech et al., 2011). Our work
using two independent datasets to investigate the functional architec-
ture of the PMC is consistent with these findings, showing that dis-
crete functional modules of the PMC are associated with multiple
large-scale networks. More importantly, our parcellations show that
the PCC possesses an extensive pattern of functional connectivity
converging information across several networks involved in atten-
tional control and cognition. The precuneus was also found to be
highly functionally subspecialised with discrete subdivisions demarcat-
ing a broadly anterior-posterior functional divergence (S. Zhang & Li,
2012). This is consistent with previous anatomical and rsfMRI
connectivity-based parcellation studies of the precuneus demonstrat-

ing discrete functional roles for an anterior subdivision (executive), a
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central subdivision (cognitive/associative), and a posterior subdivision
(visual information processing; Margulies et al., 2009). Finally, the RSC
was delineated into two subdivisions underpinning a core network of
brain regions known to be involved in a broad range of cognitive func-
tions, including episodic memory, as well as navigation and future
planning (Vann, Aggleton, & Maguire, 2009). Despite the complex
functional organisation and high metabolic demands of the PMC, it is
abnormally and preferentially affected by underlying neurodegenera-
tive pathologies (Buckner et al, 2009; Seeley, Crawford, Zhou,
Miller, & Greicius, 2009). However, little is known about how the dis-
tinct connectivity profiles of such a functionally heterogeneous asso-
ciation hub contribute to the network failures widely reported in AD.

4.2 | Functional connectivity of the PMC is
selectively impacted in AD

Having demonstrated that neural signals within the PMC are function-
ally discrete that reflect independent contributions from different net-
works, we next sought to determine the functional connectivity
differences in AD using the ADNI dataset. For the PCC, we observed
decreased functional connectivity patterns in the left ventral PCC and
dorsal PCC subdivisions in AD patients compared to CN participants.
Disruption of the ventral PCC network is consistent with previous
studies showing a progressive breakdown of connections with the
PCC and hippocampus in AD (Villain et al., 2010; Zhou et al., 2008),
and previous findings highlighting the relationship between cingulum
bundle atrophy and subsequent PCC hypometabolism (Villain et al.,
2008). Moreover, these functional disruptions have been described in
relation to an early and restricted involvement of the ventral PCC net-
work, followed by subsequent cascades to the dorsal PCC at the AD
dementia stage (Mutlu et al., 2016). However, we found the functional
connectivity of the dorsal PCC was more prominently affected in AD,
which is in accordance with a recent study showing that functional
connectivity alterations originated in the dorsal PCC and later
expanded to the ventral PCC region in severe AD cases (Wu et al.,
2016). Recent work has also shown the dorsal PCC to be an integra-
tive nexus of cortical connectivity responsible for modulating cogni-
tive control processes (Leech et al., 2012). It is therefore plausible that
the integrative network architecture, synchronous neural activity and
region-specific high information processing loads of the dorsal PCC
may partly explain early episodic memory deficits in AD.

For the precuneus, we also observed functional connectivity
decreases for the anterior and central subdivisions in AD patients.
Altered precuneus functional connectivity has been extensively
reported in AD (Binnewijzend et al., 2012; Damoiseaux, Prater,
Miller, & Greicius, 2012; L. Wang et al., 2006). The precuneus has also
been implicated in high-level cognitive functions including episodic
memory retrieval (Cavanna & Trimble, 2006; S. Zhang & Li, 2012) and
previous neuroimaging findings have found disruptions of the
precuneus to be associated with memory dysfunctions and visuospa-
tial abnormalities in AD (D. Jones et al., 2011; Karas et al., 2007). It
has been suggested that these abnormalities may underpin a

precuneus-hippocampal disconnection, and functional reductions in
connected regions to the anterior cingulate (Sheline et al., 2010).
Taken together, our findings concur with previous studies showing
that different subregions of the PMC exhibit a differential vulnerabil-
ity to AD (Petrella, Prince, Wang, Hellegers, & Doraiswamy, 2007; Wu
et al.,, 2016; Xia et al., 2014).

The PMC is known to be one of the earlier regions to be preferen-
tially affected by the neurodegenerative mechanisms in AD (Buckner
et al., 2005; Klunk et al., 2004). Network failures in the dorsal PCC and
central precuneus were found to be strongly associated with amyloid
burden and volumetric hippocampal loss. Evidence suggests that neuro-
degenerative diseases may preferentially target functional networks of
highly integrated association regions causing proteinopathies to topo-
graphically spread across synaptic convergence zones (Raj, Kuceyeski, &
Weiner, 2012; Seeley et al., 2009; Warren et al., 2013). Furthermore,
neurodegeneration in hippocampal regions has been postulated to dis-
rupt network homeostasis (Jones et al., 2016) and a preferential accu-
mulation of amyloid in hub regions has been linked to the
disintegration of the DMN (Mormino et al., 2011; Palmqvist et al,
2017). However, there still remains a considerable debate as to
whether widespread network dysfunctions in highly integrated regions
play an aetiological role in the pathogenic spread of disease pathology
or whether such aberrant network processes are secondary to degener-
ative insults (Jacobs et al., 2018).

4.3 | Diminished functional connectivity of the
central precuneus is associated with cognitive
abnormalities across the AD spectrum

Despite the importance of the precuneus as a nexus for memory func-
tion in AD, it is relatively unknown how its underlying network prop-
erties become affected by AD and progress during different stages of
the pathophysiological spectrum. Our findings demonstrate that the
strength of functional connectivity in the central precuneus subdivi-
sion is associated with clinical measures of disease progression across
the AD spectrum, suggesting that functional abnormalities in this
region may be apparent prior to clinical symptoms. Previously,
research has also shown that DMN abnormalities are widely evident
in MCI patients and can be used to distinguish some that undergo
cognitive decline and conversion to AD from those that remain clini-
cally stable (Petrella, Sheldon, Prince, Calhoun, & Doraiswamy, 2011).
Abnormal functional connectivity of the precuneus has also been
reported in CN persons with elevated levels of amyloid (Drzezga
et al,, 2011), as well as CN APOE ¢4 carriers without preclinical amy-
loid deposition (Sheline et al., 2010). We further show that reduced
functional connectivity of the central precuneus is related to memory
and executive abnormalities across the AD spectrum. This finding may
suggest that cascading network failures in the central precuneus
underpin the cognitive manifestations caused by the chronic effects
of AD. A number of prior neuroimaging studies have also shown
heightened activation of the precuneus during episodic and autobio-

graphical memory tasks providing critical insights into the networks
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involvement in regulating cognition (Bzdok et al., 2015; Cavanna &
Trimble, 2006; Margulies et al., 2009).

44 | Limitations and future directions

In light of several interesting findings from this study, some potential
limitations should be taken into consideration. In the ADNI dataset,
rsfMRI scans are known to contain “pencilling” artefacts in part of the
left lateral frontal lobe and have been observed to decrease functional
connectivity in that region (Jones et al., 2016). Since we were uncertain
as to how this may affect our analysis, we took all necessary precau-
tions to avoid this region in our functional connectivity comparisons.
Inherent limitations in fMRI scans obtained from the ADNI dataset
could also be explained by the multi-centre design of the study.
Although considerable efforts in ADNI were taken to harmonise acqui-
sition protocols across different study sites, we cannot exclude the pos-
sibility that some differences in acquisition may have remained.

Future explorations should also consider the recently described
Human Connectome Project in Aging (HCP-A) to elucidate how the func-
tional connectivity of posterior midline regions of the cortex vary from the
spectrum of normal ageing and neurodegenerative disease (Bookheimer
et al,, 2019). It may also be argued that a finer and more detailed organisa-
tion of the PMC can be unravelled when intrinsic connectivity is studied
within an individual (Laumann et al., 2015). Recent evidence has suggested
that the DMN comprises multiple parallel interdigitated networks that
show specialisation across juxtaposed regions (Braga & Buckner, 2017).
Future studies aiming to understand how these networks are modulated
to control information processing may provide general insights into cogni-

tive control and their dysfunction in neurodegenerative illnesses.

5 | CONCLUSION

The functional organisation of the PMC uncovers distinct functional
forms in local patterns of connectivity that are coupled to multiple
large distributed networks in the brain. Analysing the connectivity
profiles of these networks in AD reveals selective and prominent net-
work disruptions of the dorsal PCC and central precuneus whose
functional connectivity patterns are linked with amyloid burden and
volumetric hippocampal loss. Across the entire AD pathological spec-
trum, diminished functional connectivity of the central precuneus is
associated with disease severity and specific cognitive impairments,
highlighting the relationship between network disintegration in this
region and subsequent cognitive manifestations. Our findings accen-
tuate the importance of a differential functional vulnerability of the
PMC, showing that distinct functional abnormalities in this hub region
are related to the pathological and cognitive manifestations of AD.
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