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ARTICLE INFO ABSTRACT

Keywords: Background: Apathy, a common neuropsychiatric (NPS) in patients with mild cognitive impairment (MCI) and
Amotivation Alzheimer's disease (AD), is associated with structural and metabolic brain changes. However, functional con-
Neuropsychiatric symptoms nectivity changes across the brain in association with apathy remain unclear. In this study, graph theoretical

Frontoparietal network
Cingulo-opercular network
Dorsal anterior cingulate cortex

measures of integration and segregation from resting state functional connectivity in MCI and AD patients with
low depression scores, and healthy controls.

Methods: In MCI and AD patients with low depression scores, graph theoretical measures of integration and
segregation were derived from resting state functional connectivity in patients, which were compared between
those with apathy (NPS_A, n = 21) to those without NPS (NPS_None, n = 28) and those with NPS other than
apathy (NPS_NA, n = 38). Additionally, the same measures were compared between AD patients and healthy
controls (amyloid uptake below threshold levels).

Results: Altered whole brain global efficiency and reduced local efficiency were found in NPS_A compared to
NPS_None and NPS_NA. In similar contrasts, apathy was associated with increased participation coefficient in the
frontoparietal and cingulo-opercular template-based networks. A study-specific network definition also showed
similar results. In comparison, AD patients showed higher modularity compared to controls at the whole brain
level and higher participation coefficient in the ventral attention network.

Limitations: The severity and dimensions of apathy were not assessed.

Conclusions: Loss of segregation in the frontoparietal and cingulo-opercular network, which are involved in the
control of goal-directed behavior, was associated with apathy in MCI/AD. The results also suggest that network-
level changes in AD patients may underlie specific NPS.

CDR clinical dementia rating scale SN salience network

CON cingulo-opercular network

dACC dorsal anterior cingulate cortex 1. Introduction

FPN frontoparietal network

Ins-TPN insulo-temporoparietal network Apathy, characterized by a lack of interest in routine and new ac-
NPI Neuropsychiatric inventory tivities, and a flat emotional affect, (Robert et al., 2009) is a common
NPS Neuropsychiatric symptoms neuropsychiatric symptoms (NPS) associated with poor functional
NPS A  Neuropsychiatric symptoms with apathy outcomes in Alzheimer's disease (AD) (Geda et al., 2008; Onyike et al.,
NPS_NA Neuropsychiatric symptoms other than apathy 2007; Spalletta et al., 2010). These symptoms are thought to result from
NPS_NoneNeuropsychiatric symptoms absent disrupted fronto-subcortical circuits that underlie motivation and its
rs-fMRI  resting state functional magnetic resonance imaging transformation to action (Nobis and Husain, 2018; Starkstein and
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Brockman, 2018). Although structural and metabolic changes in the
dorsal anterior cingulate cortex, prefrontal cortex, basal ganglia, su-
perior and inferior temporal lobe, and lateral parietal lobe have been
associated with apathy, (Kos et al., 2016; Moretti et al., 2017;
Stella et al., 2014; Theleritis et al., 2014; Tumati et al., 2018) corre-
sponding changes in functional connectivity are understudied.

Graph theoretical analysis enables quantification of network struc-
ture of functional connections derived from resting state functional
imaging of the brain, which shows an optimum network structure
(Bullmore and Sporns, 2009). In AD, the segregated processing of in-
formation, measured using the modularity metric, (Brier et al., 2014;
Pereira et al., 2016) as well as the integration of information from
different modules or networks, measured with the path length metric,
are found to be increased (Dai et al., 2015; Deng et al., 2016;
Filippi et al., 2018; Liu et al., 2014). With respect to apathy in AD,
studies of functional networks are limited to analyses of selective large-
scale functional networks where a role for the frontoparietal network is
suggested (Joo et al., 2017; Munro et al., 2015). However, not all stu-
dies support this finding, (Balthazar et al., 2014) and to our knowledge,
topological changes associated with apathy have not been described.
Based on the literature, we hypothesized that graph theoretical mea-
sures of functional sub-networks such as the FPN and the salience
network would be altered in apathy. Further, these localized changes in
individual networks would result in altered graph theoretical measures
at the global level.

2. Materials and methods

Data used in this study were obtained from the Alzheimer's Disease
Neuroimaging Initiative (ADNI) database (http://adni.loni.usc.edu).
ADNI was launched in 2003 as a public-private partnership, led by
Principal Investigator Michael W. Weiner, MD. The primary goal of
ADNI has been to test whether serial magnetic resonance imaging
(MRI), positron emission tomography (PET), other biological markers,
and clinical and neuropsychological assessment can be combined to
measure the progression of mild cognitive impairment (MCI) and early
Alzheimer's disease (AD). Further information on subject recruitment
for this study can be found at http://www.adni-info.org. Institutional
review boards at each site approved the study. Written informed con-
sent was obtained from all subjects and study partners. Notably, only
those scoring less than 6 on the 15-item Geriatric Depression scale were
included. All study procedures are described in detail on the study
website  (http://adni.loni.usc.edu/methods/documents/, ADNI 2
Procedures Manual).

2.1. Subjects

In the present study, subjects with a baseline rs-fMRI scan from the
ADNI2 cohort were included. The analysis consisted of two parts. We
first assessed differences in graph metrics (detailed below) between AD
subjects (n = 26) and healthy controls (HC, n = 18), who were defined
as cognitively normal (according to ADNI inclusion criteria) and with
cortical amyloid tracer (AV-45) retention below 1.11 standardized up-
take value ratio (SUVR) (Landau et al., 2012). This comparison provides
a context to changes associated with apathy. Next, in a broader sample
(n = 87) of MCI as well as AD subjects, three sub-groups were defined —
those with i) apathy (NPS_A, n = 21), ii) without NPS (NPS_None,
n = 28), and iii) NPS other than apathy (NPS_NA, n = 38). NPS were
assessed with the Neuropsychiatric Inventory (NPI, described below).
The ADNI study specify permitted and excluded medications, details of
which are described in the document linked in Sec. 2. Subjects were
required to be on stable dosage of permitted medications for 4 weeks
prior to the intake screening. These data were retrieved from the ADNI
database for subjects in the current study and shown in SI Table 2.
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2.2. Assessments

At baseline, all subjects underwent neuropsychological tests in-
cluding the Mini Mental State Examination (MMSE), Clinical Dementia
Rating (CDR) assessment, and the 13-item Alzheimer's Disease
Assessment Scale (ADAS). The NPI is a validated and reliable instru-
ment assessing twelve NPS (Cummings et al., 1994). It is administered
to the study partner (known to the subject or preferably living with
him/her) in the absence of the subject and assesses the presence or
recent development of NPS in the preceding four weeks. To assess
apathy, study partners were asked the following: ‘Has the patient lost
interest in the world around him/her? Has he/she lost interest in doing
things or does he/she lack motivation for starting new activities? Is he/
she more difficult to engage in conversation or in doing chores? Is the
patient apathetic or indifferent?’ Subjects in this study were considered
apathetic if the study partner answered ‘yes’ in response to the above
questions. The present study utilized the diagnosis of apathy, and not
the severity of apathy symptoms. The NPI Apathy total score (severity:
3-point scale, & distress: 5-point scale) was 4.19 (2.6) (AD: 3.9 (2.64),
MCI: 4.45 (2.66)). No apathy-specific scales were available in the da-
tabase. Other NPS were similarly assessed with symptom-specific
questions. The NPS None group was defined by a total NPI score of
zero; the NPS_NA group was defined by a total NPI score greater than
zero and a NPI-apathy score of zero. In addition to the NPI, the study
partner was administered the Functional Assessment Questionnaire
(FAQ) (Pfeffer et al., 1982).

2.3. Image acquisition and processing

Subjects were scanned on 3.0 Tesla Philips MRI scanners at thirteen
sites. Echo-planar images with repetition time/echo time (TR/TE) of
3000/30 ms and flip angle (FA) of 80° were acquired in an interleaved
manner. Each scan consisted of 140 vol, with 48 slices, dimensions
64 X 64 and voxel size 3.31 X 3.31 x 3.31 mm. Structural images
with aresolution of 1 X 1 x 1.2 mm were acquired through the sagittal
plane, using a magnetization prepared rapid gradient echo (MPRAGE)
three-dimensional T1-weighted sequence with a TR 6.8 ms,
TE = 3.16 ms, and FA = 9°. Scans were acquired a maximum of 81
days prior to NPI assessment (mean (SD) = 18.6 (15.0) days).

The resting state scan lasting seven minutes was acquired with
subjects asked to keep their eyes closed. An overview of the processing
steps are provided in Fig. 1. These consisted of (i) discarding the first
three volumes of the scan to achieve signal equilibrium; (ii) correction
for slice timing and intensity differences due to interleaved acquisition;
(iii) spatial realignment to the first volume using rigid body transfor-
mation to correct for head motion, and coregistration to the subject's
high resolution structural scan; (iv) intensity scaling to a mode value of
1000 (performed using fslmath in the FSL suite), and (v) normalization
to a study specific anatomical template created using DARTEL (Dif-
feomorphic Anatomical Registration through Exponentiated Lie Al-
gebra toolbox) and resampled to 3 mm isotropic voxels. Finally, data
were demeaned and detrended (linear) and the following parameters
were regressed out — (1) the global signal, (2) white matter, (3) cere-
brospinal fluid signal and (4) motion parameters from the realignment
step, and their first order derivatives. We chose to perform global signal
regression as it was shown to strongly reduce motion related artifacts
when combined with censoring of motion affected volumes and reduces
the need to censor volumes subsequent to the movement affected vo-
lume (Power et al., 2014). Next, temporal band pass filtering using an
eighth order Butterworth filter with zero phase was performed to retain
frequencies in the range of 0.009 to 0.08 Hz. Finally, data were spatially
smoothed with a 6 mm FWHM (full width half maximum) kernel.

Minimizing motion artifacts: To minimize motion-induced spurious
correlations (Power et al., 2014; Van Dijk et al., 2012), scans were
examined for excessive motion defined by framewise displacement (FD)
and standardized delta variations in signal intensity (DVARS). FD
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Subjects: HC=18 MCI=61

l

‘ Resting state scans |
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Preprocessing:

* Slice timing correction

* Realignment

* Intensity normalization to mode 1000

* Resampled at 3mm

* Censor and Interpolate motion-
contaminated volumes

AD=26

Statistical analyses:

* Group differences between HC vs
AD: AP vs No NPS and AP vs Non-
AP NPS determined

* Non-parametric permutation testing,
significance determined by TFCE
technique
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Structural scans
Segmentation

DARTEL template created

l

Functional connectivity processing:

* Normalization to DARTEL template

* Demean and detrending

* Regression of global signal, white matter
and CSF signal, and their first order
derivatives

* Filtering (0.009 — 0.08 Hz)

* Recensor interpolated data

* Smoothing (6mm FWHM)

Network definition:

* Timecourses from ROI (from Power et.
al. 2011)

* 264x264 correlation matrix

* Study specific masking (236 nodes
covered)

* Functional networks defined

* Network properties determined

Fig. 1. Overview of processing steps.

estimates head motion from one volume to next and is calculated as the
sum of the absolute displacement in translational and rotational mo-
tion. Rotational measures were transformed to millimeters by assuming
that the center of rotation was located 65 mm away from the affected
voxels. The DVARS measure determines changes in signal intensity
from one volume to the next and is calculated at the global level as the
root mean square of the temporal derivative of the time series at each
voxel. Volumes where FD exceeded 0.5 mm and DVARS exceeded 3
standard deviations (with first volume set at zero) were censored. If less
than five minutes of valid volumes (100 vol, 73% of the scan) remained
after censoring then those scans were excluded from further analysis
(n = 8). For remaining scans, censored volumes were replaced by spline
interpolation, and were re-censored after frequency filtering. On
average, 5.08% volumes in each scan were censored (AD 4.2%,
MCI = 4.29%, HC = 6.9%). These steps were performed prior to re-
gression of spurious signals and filtering. The interpolated scans were
re-censored prior to determining functional connectivity.

Connectivity matrices: The mean time course of activity was ex-
tracted from 264 ROIs (Power et al., 2011). Any ROI with <50%
coverage in any subject was excluded (28 ROIs). The Pearson's corre-
lation coefficient between the time courses of each pair of ROI was
calculated, resulting in 236 X 236 connectivity matrix. Further details
for calculating connectivity matrices, graph theoretical measures and
network definition are given in SI Methods.

2.4. Network definition

Based on the modularity metric, seven functional networks were
defined in the current sample (SI Fig. 1A, method described in SI
Method). These were labeled as — visual network (VS, 52 nodes), so-
mato-motor network (SMN, 43 nodes), insulo-temporoparietal network
(Ins-TPN, 39 nodes), FPN (24 nodes), DMN (64 nodes), dorsal anterior
cingulate network (dACC, 6 nodes), and subcortical network (8 nodes).
Network assignment of each node for both network definitions are
given in SI Table 1. In addition, a standard network definition from
independent young healthy subjects was used (SI Fig. 1B, SI Methods &
SI Table 1) (Power et al., 2011). Both network definitions were used as
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the disease process may alter healthy network structures but definitions
may also be influenced by the parcellation method.

We assessed global efficiency where higher values reflect a more
integrated network. Measures of segregation were determined at the
nodal level with local efficiency, and for groups of nodes with clustering
coefficient. Higher values for both measures of segregated neural pro-
cessing indicate higher local density of edges. Segregation was also
assessed globally by modularity where higher values indicate increased
segregation. For each functional network in both definitions, mean
local efficiency representing intra-network density of edges and mean
participation coefficient where higher values indicate lower edges
within the network or higher inter-network edges (Rubinov and
Sporns, 2010).

2.5. Statistical analysis

Graph measures were determined over a range of network densities
by retaining 1% to 30% (in steps of 1%) of the strongest correlations in
the connectivity matrices. Differences in graph measures between (i)
HC and AD, (ii) NPS_None and NPS_A, and (iii) NPS_NA and NPS_A
were determined after controlling for age and gender. Significance of
the differences in network measures was non-parametrically tested by
randomly permuting group membership 5000 times for each compar-
ison (maintaining group sizes). A null distribution of group differences
for each comparison was computed at each threshold and tested for
significance, considered at p < .05 (two-sided), using threshold free
cluster enhancement (TFCE) (with default settings-E = 0, H 1
(Smith and Nichols, 2009).

All analyses were conducted in MATLAB 2014a (The MathWorks,
Inc., Natick, USA), unless noted otherwise, using custom in-house
scripts. Preprocessing steps (except intensity normalization) were per-
formed in SPM12b (http://www.fil.ion.ucl.ac.uk/spm/software/
spm12). SI Fig. 1 was created using BrainNet Viewer (http://www.
nitrc.org/projects/bnv/).
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Table. 1
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Sample characteristics of healthy control and AD, and MCI and AD subjects without any NPS (NPS_None), with NPS other than apathy (NPS_NA), and apathy (NPS_A).

28

HC AD NPS_None NPS_NA NPS_ A X P
n (female) 18 (11) 26 (12) 28 (12) 38 (21) 21 (5) 539 .07
n (AD) - - 4 12 10 6.38 .04
Age 73.13 (5.7) 72.87 (7.2) 71.22 (6.3) 71.29 (7.6) 75.27 (5.7) 518 .07
Education 16.56 (1.8) 15.88 (2.7) 16.18 (2.5) 16.16 (2.7) 15.76 (2.6) 0.41 .81
MMSE 28.61 (1.5) 22.35 (2.5) 26.75 (3.0) 26.05 (3.2) 25.48 (3.4) 238 .30
ADAS-13 9.28 (3.9) 35.58 (9.2) 19.71 (11.4) 20.08 (11.4) 25.57 (12.5) 401 .13
CDR-SB 0.03 (0.1) 4.40 (1.4) 1.64 (1.5) 2.49 (1.6) 3.57 (1.6) 18.62 <.01
FAQ 0.11 (0.5) 15.00 (7.8) 3.70 (6.9) 7.26 (7.9) 12.19 (6.0) 2212 <.01
Total NPI 0.61 (1.0) 9.23 (11.3) - 5.13 (5.2) 12.81 (11.1) 10.76 <.01”
Hippocampal volume (bilateral, 7029.2 (783.8) 6068.7 (1050.0) 7085.7 (1070.6) 6837.20 (1369.6) 6637.41 (933.0) 1.05 .59
mm?) (n = 23) (n = 23) (n = 36) (n =19)

Amyloid uptake (AV45) 1.02 (0.04) 1.47 (0.2) (n = 25) 1.22 (0.2) 1.31 (0.2) (n = 37) 1.39 (0.3) 6.21 .04
FDG-PET 6.79 (0.4) 5.24 (0.7) 6.17 (0.9) 6.02 (0.7) 5.64 (0.6) 8.37 .02

$ XZ statistic for Kruskal-Wallis test (two-tailed)

# comparison between NPS_NA and NPS_A groups; AV45: Amyloid binding ligand, values in Standardized Uptake Value Ratio (SUVR); FDG-PET: Glucose me-
tabolism, values in SUVR; ADAS-13: Alzheimer's Disease Assessment Scale-13 item; FAQ: Functional Assessment Questionnaire; CDR-SB: Clinical Dementia Rating

scale-sum of boxes; NPI: Neuropsychiatric Inventory score
3. Results
3.1. Sample characteristics

Table 1 presents demographic, neuropsychological and neu-
ropsychiatric assessments, and imaging characteristics of HC and AD,
and MCI and AD subjects with NPS_None, NPS_NA, and NPS_A groups.
The NPS_A group showed a worse neuropsychological and AD-related
biomarker profile compared to NPS None and NPS_NA groups. The
NPS_A group had significantly higher CDR scores, reduced functional
abilities and a higher total neuropsychiatric burden along with higher
cerebral amyloid deposition and lower cerebral glucose metabolism.

3.2. Whole brain topological properties

In the AD group, modularity was significantly higher compared to
HC in binary (1-20% network density) and weighted graphs (1-30%
network density) (Fig. 2). No significant differences were found be-
tween HC and AD in other global graph metrics. Subjects with apathy
showed lower local efficiency compared to NPS None and NPS_NA
groups in binary (8-24% & 9-30% network density, respectively) and
weighted graphs (5-30% & 1-30% network density, respectively).
Global efficiency also differed between the groups. However, compared
to the NPS_None and NPS_NA groups, global efficiency was lower in the
NPS_A group in weighted graphs (10-30% & 9-30% network density,
respectively), but higher in binary graphs (5-30% & 2-30% network
density, respectively). Clustering coefficient was reduced in the NPS_A
group as compared to the NPS_NA group in binary (5-30% network
density) and weighted (1-30% network density) graphs. The NPS_A
group also showed lower modularity compared to the NPS_NA group
but only over a narrow range of network densities in binary graphs
(11-13 and 16-22%).

3.3. Group differences in functional brain networks

In study-specific networks (Fig. 3), compared to the HC group, the
AD group showed significantly reduced local efficiency in the dACC
network in binary and weighted graphs (4-28% and 5-30% network
density, respectively) and higher participation coefficient in the Ins-
TPN (binary: 3-30%, weighted: 4-30%). No further differences were
found between HC and AD in other networks. Participation coefficient
in the NPS_A group was higher in the FPN compared to the NPS_NA
group (binary: 3-30%, weighted: 3-30%) and in the dACC network
compared to the NPS None group (binary: 20, 27-30%, weighted:
8-30%) and the NPS_NA group (binary: 3-30%, weighted: 3-30%). The

NPS_None group also showed higher local efficiency in the subcortical
network (binary: 3-30%, weighted: 3-30%) (SI Fig. 2) and lower par-
ticipation coefficient in the somatomotor network (binary: 3-30%,
weighted: 4-30%) compared to the NPS_A group (SI Fig. 3). Partici-
pation coefficient in the subcortical network was lower in the NPS_NA
group compared to NPS_A group (binary: 2-24%, weighted: 2-29%) (SI
Fig. 3).

In network definitions by Power et al. (2011) (Fig. 4), participation
coefficient was higher in the ventral attention network in AD compared
to HC (binary: 4-30%, weighted: 7-30%). No other significant differ-
ences were found between HC and AD in any network. Compared to the
NPS_None and NPS_NA group, the NPS_A group showed higher parti-
cipation coefficient in the FPN (binary: 5-30%, weighted: 5-30% &
binary: 2-30%, weighted: 2-30%, respectively), cingulo-opercular
network (CON) (binary: 5-30%, weighted: 6-30% & binary: 7-30%,
weighted: 7-30%, respectively), and salience network (binary: 8-30%,
weighted: 8-30% & binary: 13-17, 19-20%, weighted: 13-16, 19%,
respectively). The NPS_A group showed higher local efficiency than the
NPS_NA group in the DAN (binary: 1-30%, weighted: 1-30%) (SI
Fig. 4). Further, the NPS_None group showed higher local efficiency in
the subcortical network (binary: 20-27%, weighted: 16-30%) (SI
Figure 5) and lower participation coefficient in the somatomotor net-
work (binary: 3-30%, weighted: 3-30%) than in the NPS_A group (SI
Figure 6). Finally, the NPS_NA group showed higher local efficiency
(binary: 11-25%, weighted: 4-30%) (SI Fig. 4) and lower participation
coefficient (binary: 8-10%, weighted: 6-29%) (SI Figure 6) in the DMN
as compared to the NPS_A group.

We also considered whether graph theoretical measures differed
between AD with apathy (n = 10) and MCI with apathy (n = 11). The
AD apathy group showed lower global efficiency, and lower local effi-
ciency in the DMN and salience network than in the MCI apathy group.
Given the small sample size, the results are exploratory in nature and
are described in the supplementary results.

4. Discussion

This study aimed to determine the topological properties of func-
tional brain networks associated with apathy in MCI and AD. Subjects
with apathy were more likely to have AD, have higher scores on the
CDR (sum of boxes), NPI and FAQ, higher global amyloid deposition,
and lower cortical glucose metabolism compared to those without any
NPS and those with NPS other than apathy. The topological measures in
the AD group showed increased modularity as compared to the HC
group while global efficiency, local efficiency, and clustering coefficient
did not differ. In AD/MCI patients with apathy, global mean local
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efficiency and clustering coefficient were lower than in the NPS_None
and NPS_NA groups, suggesting that segregation of neural processing
may be affected. Global efficiency was also altered in the NPS_A group,
as compared to the NPS_None and NPS_NA groups. Fig. 2A shows that
values of global efficiency in the apathy group were similar to the AD
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Fig. 2. Whole brain graph theoretical mea-
sures. The figures show the binary (left) and
weighted (right) global efficiency (A), mean
local efficiency (B), modularity (C) and clus-
tering coefficient (D) (y-axis) over increasing
network densities (x-axis), after adjustment for
age and gender, for each group. Each hash (#)
symbol (aligned to the x-axis) indicates a sig-
nificant difference at each network density
with the color indicating the groups compared.
Dark blue (#) indicates significance for HC vs
AD. Light blue (#) indicates significance for
NPS_NA vs NPS_A. Light green (#) indicates
significance for NPS_None vs NPS_A. In those
with AD compared to HC, modularity was
higher (C) suggesting increased segregation of
networks. In NPS_A, local density of connec-
tions are lower as suggested by lower local
efficiency (B) and clustering coefficient (D)
whereas global efficiency in the AD and NPS_A
groups are highly similar (A). (For interpreta-
tion of the references to color in this figure
legend, the reader is referred to the web ver-
sion of this article.)

group. Together, these results suggest that apathy may be associated
with reduced nodal density of functional connections. The findings
from network level analysis in both network definitions converge upon
the FPN where participation coefficient was higher while local effi-
ciency was similar in NPS_A compared to the NPS_None and NPS_NA
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groups. This suggests that reduced segregation of the FPN is associated
with apathy in AD. Similar findings for the CON also suggest reduced
segregation of this network in association with apathy. Finally, findings
for the dACC were indicative of increased segregation in this network in

patients
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Fig. 3. Graph theoretical properties in current
sample networks. The figures show the binary
(left) and weighted (right) mean local effi-
ciency (y-axis) in the dACC (A), and mean
participation coefficient (y-axis) over
creasing network densities (x-axis) in the dACC
(B), Insulo-temporoparietal network (C), and
frontoparietal network (D), after adjustment
for age and gender, for each group. Each hash
(#) symbol (aligned to the x-axis) indicates a
significant difference at each network density
with the color indicating the groups compared.
Dark blue (#) indicates significance for HC vs
AD. Light blue (#) indicates significance for
NPS_NA vs NPS_A. Light green (#) indicates
significance for NPS None vs NPS_A. The
NPS_A group shows similar changes as the AD
group in local efficiency in dACC (A) and par-
ticipation coefficient in the insulo-tempor-
oparietal network (C). However, participation
coefficient of the dACC (B) in the NPS_A group
and AD diverge. Taking (A) and (B) together
suggests that inter-network edges in NPS_A are
lost to a greater extent than in AD. In contrast,
changes in FPN in form of increased partici-
pation coefficient may be specific to the NPS_A
group. (For interpretation of the references to
color in this figure legend, the reader is re-
ferred to the web version of this article.)

in-

Symptoms of apathy are proposed to arise from deficits in neural
circuits linking the frontal cortex to the basal ganglia (Levy and
Dubois, 2006). As noted above, apathy in MCI and AD patients was not
only associated with fronto-subcortical circuits but also with broader

regions of the association cortex (Kos et al., 2016; Stella et al., 2014;
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Theleritis et al.,

Dubois,

2006; Robert et al.,

2014). The findings of the present study extend this
knowledge, showing that functional connectivity of the FPN and CON is
altered in apathy. It is noteworthy that these networks have been im-
plicated in the control of goal-directed action, (Dosenbach et al., 2007)
as goal-directed behavior is proposed to be reduced in apathy (Levy and
2009). Each of these networks are
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Fig.. 4. Group difference in independently-de-
fined networks. The figures show the binary
(left) and weighted (right) mean participation
coefficient (y-axis) over increasing network
densities (x-axis) in the ventral attention net-
work (A), frontoparietal network (B), cingulo-
opercular network (C), and salience network
(D), after adjustment for age and gender, for
each group. Each hash (#) symbol (aligned to
the x-axis) indicates a significant difference at
each network density with the color indicating
the groups compared. Dark blue (#) indicates
significance for HC vs AD. Light blue (#) in-
dicates significance for NPS_NA vs NPS_A.
Light green (#) indicates significance for
NPS_None vs NPS_A. Increased participation
coefficient in the frontoparietal network (B)
and cingulo-opercular network (C) was present
to a greater extent in the NPS_A group whereas
all patient groups show similarly increased
participation coefficient in the ventral atten-
tion network (A). In the salience network (D),
the NPS_None group shows lower participation
coefficient, which may indicate compensatory
changes that preserve function. (For inter-
pretation of the references to color in this
figure legend, the reader is referred to the web
version of this article.)

suggested to support distinct aspects of task execution. Whereas the
FPN is associated with rapid and adaptive execution of tasks, the CON is
associated with the maintenance of sustained attention and stable task-
representations (Dosenbach et al.,
Seeley et al., 2009). Based on the suggested cognitive functions of these
networks, the current findings indicate that patients with apathy may

2007; Sadaghiani et al., 2010;
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be impaired in encoding as well as executing goal-directed behavior
(Tumati et al., 2019). This interpretation is consistent with symptoms of
apathy such as needing to be told what to do or difficulty in initiating
actions. As both networks were associated with apathy, it may be
possible that dysfunction in each network produces symptoms of
apathy, forming distinct neural routes.

Recent studies have found that apathy in aMCI patients was asso-
ciated with reduced connectivity in the FPN (Joo et al., 2017;
Moretti et al., 2017; Munro et al., 2015). Results of the current study
support this finding, and additionally, functional changes in the CON
are consistent with previous studies associating structural, functional,
and metabolic changes in the dACC and temporo-parietal lobe with
apathy (Kos et al., 2016; Stella et al., 2014; Tumati et al., 2018;
Yeh et al., 2018). The current results are also likely to be more robust as
compared to previous studies of functional connectivity in apathy due
to differences in methodology. First, functional connectivity was as-
sessed in the whole brain, and in a seven as well as ten functional
network parcellation providing a fine-grained analysis as opposed to
the evaluation of selective ROIs limited to three to four functional
networks in past studies (Balthazar et al., 2014; Munro et al., 2015).
Second, as NPS are often comorbid especially with increasing severity
of AD, (Forrester et al., 2016) associating brain changes to a specific
NPS is challenging. In the current study, a novel approach was used:
contrasting graph measures in patients with apathy to patients without
NPS (NPS_None) and those with NPS other than apathy (NPS_NA). Only
significant changes in a graph measure in both comparisons were
considered to be specific to apathy. Finally, studies of apathy may be
confounded by comorbid depression as the clinical picture of the two
symptoms may be similar (Palmer et al., 2010; Starkstein et al., 2005).
As subjects with a moderate-to-high depression score at baseline (GDS
> 5) were excluded in the parent ADNI study, from which the current
sample is drawn, comorbid depression is unlikely to affect the results.
Together, these factors improve the specificity of the detected brain
changes in association with apathy as compared to past studies.

Besides network-level topological alterations, apathy was also as-
sociated with changes in global graph measures. The changes in local
efficiency and global efficiency suggest that apathy is associated with
reduced global integration whereas the modularity metric indicates that
segregation or the overall community structure of networks, is not af-
fected in apathy. The current results also suggest that NPS may be as-
sociated with specific topological changes in AD. For example, global
efficiency (Fig. 2A) and local efficiency of dACC (Fig. 3A) were highly
similar in AD and NPS_A groups. Correspondingly, all patient groups
(AD, NPS_A, NPS None & NPS_NA) showed similar participation coef-
ficient of the ventral attention network (Fig. 4A) and insulo-tempor-
oparietal network (Fig. 3C) whereas participation coefficient of the
somatomotor network was lower only in the NPS None group (SI
Fig. 3). Studies of topology indicate that an increase in modularity and
path length (reduced efficiency) occur in MCI and AD (Brier et al.,
2014; Dai et al., 2015; Deng et al., 2016; Liu et al., 2014). Considering
the current results, further investigation of functional brain changes
associated with NPS are warranted to determine their role in network
dysfunction in AD. Moreover, the disease state (MCI versus AD) may
also be associated with specific network dysfunction as indicated by our
exploratory findings. Whether such subject characteristics, including
gender, are related to network changes in apathy remain a relevant
topic for future study.

4.1. Limitations

As noted above, apathy is associated with an increased risk of AD
and identifying the neural changes specific to apathy is challenging.
Our novel approach of comparing subjects in the NPS_A, NPS_NA, and
NPS_None partially addresses this issue. Secondly, because apathy was
diagnosed with the NPI, we were unable to investigate its severity and
its proposed sub-types that may have distinct neural mechanisms
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(Levy and Dubois, 2006). Future studies may investigate if there are
multiple routes to apathy in AD. However, the ADNI is a well char-
acterized dataset and the NPI is a widely used measure of apathy, and
hence, these results provide the basis for further investigations. Graph
theoretical measures are sensitive to methodological procedures, which
have been suggested to result in differences between studies
(Tijms et al., 2013). In this study for example, NPS_A was associated
with higher GE in binary graphs but reduced GE in weighted graphs.
Such results highlight the complexity of graph measures and inter-
preting such findings may be challenging (De Vico Fallani et al., 2014;
Kuang et al., 2019). Processing steps such as ignoring negative corre-
lations in building graphs or the use of global signal regression may also
affect results. Therefore, replication of findings in an independent
sample is essential. Furthermore, the organization of brain networks is
affected by variables such as age and disease. By using functional net-
works defined in a healthy independent sample and in the study
sample, we aimed to minimize such effects. Nevertheless, methodolo-
gical differences in defining the network structures need to be con-
sidered.

In summary, the results of the current study in a sample of MCI and
AD subjects without comorbid depression suggest that apathy in AD is
associated with increased segregation of the frontoparietal network and
the cingulo-opercular network. Further, the dACC shows a marked re-
duction in efficiency and increased segregation in association with
apathy. Finally, global changes suggest that localized loss of functional
connections may contribute to the development of apathy.
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