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Abstract: Apathy is the commonest neuropsychiatric symptom in Alzheimer’s disease (AD). Previous
findings suggest that apathy is caused by a communication breakdown between functional neural
networks involved in motivational–affective processing. This study investigated the relationship
between white matter (WM) damage and apathy in AD. Sixty-one patients with apathy (AP-PT) and
61 without apathy (NA-PT) were identified from the Alzheimer’s Disease Neuroimaging Initiative
(ADNI) database and matched for cognitive status, age and education. Sixty-one cognitively unim-
paired (CU) participants were also included as controls. Data on cognitive performance, cerebrospinal
fluid biomarkers, brain/WM hyperintensity volumes and diffusion tensor imaging indices were
compared across groups. No neurocognitive differences were found between patient groups, but
the AP-PT group had more severe neuropsychiatric symptoms. Compared with CU participants,
only apathetic patients had deficits on the Clock Drawing Test. AP-PT had increased WM damage,
both macrostructurally, i.e., larger WM hyperintensity volume, and microstructurally, i.e., increased
radial/axial diffusivity and reduced fractional anisotropy in the fornix, cingulum, anterior thalamic
radiations and superior longitudinal and uncinate fasciculi. AP-PT showed signs of extensive WM
damage, especially in associative tracts in the frontal lobes, fornix and cingulum. Disruption in
structural connectivity might affect crucial functional inter-network communication, resulting in
motivational deficits and worse cognitive decline.

Keywords: Alzheimer’s disease; apathy; white matter

1. Introduction

Apathy is commonly defined as a deficit in self-initiated goal-directed behaviors.
However, this clinical label is also used to describe general loss of motivation/interest in
social and cognitive activities, as well as blunted affect [1]. This neuropsychiatric symptom
is the commonest in Alzheimer’s disease (AD), affecting about 50% of patients [2]. While
the prevalence estimates of this symptom are highly variable (between 3% and 50%) in mild
cognitive impairment (MCI) [3], apathy risk has been shown to increase as cognitive decline
progresses [4] and to be associated with AD dementia severity more strongly than mood
disorders [5]. The multiplicity of different definitions, operationalizations and assessment
approaches for apathy have caused difficulties with its detection in patients with AD
(and other neurodegenerative diseases). For these reasons, Miller et al. [6] sought expert
consensus and proposed new diagnostic criteria for apathy across neurocognitive diseases.
In brief, a patient who meets criteria for a diagnosis of a neurocognitive disorder, must
present with significant and protracted (at least 4 weeks) behavioral alterations. They must
display at least one of the following: (1) diminished initiative, (2) diminished interest or
(3) diminished emotional expression/responsiveness that cannot be exclusively explained
by other diseases and that must be causally linked to significant functional impairment.
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Setting more comprehensive and internationally recognized criteria represents a first
step to meeting clinical and research demands regarding diagnosis, effective treatment
design and the deeper elucidation of this symptom across neurocognitive disorders of
various etiologies. In fact, apathy is recognized as a marker of poor prognosis in people
with AD, such as greater functional impairment, higher odds of institutionalization and
increased mortality rates [7–9]. Moreover, apathy is also associated with faster and more
severe cognitive decline in non-demented older adults [10], and it is said to lead to a
sevenfold increase in the likelihood of progression from amnestic MCI to AD dementia [11].
Indeed, multiple studies have consistently highlighted greater executive function deficits
in apathetic patients with AD on tests of set-shifting, attention and verbal fluency [12–14],
as well as more severe closing-in errors in copying tasks, a phenomenon characterized by
the tendency to draw near to or on top of the drawing model often observed in patients
with dementia due to AD [15].

Recent investigations into AD biomarkers have shown that apathy severity is asso-
ciated with decreased cerebrospinal fluid (CSF) levels of amyloid beta (Aβ) but not with
concentrations of phosphorylated tau (p-tau) [16,17]. However, both high p-tau and low
Aβ CSF levels have been found to be significant predictors of increased probability of
apathy over time along the clinical AD continuum [18]. Consistently, positron emission to-
mography (PET) studies have reported that AD-related apathy is associated with increased
Aβ accumulation in the orbitofrontal cortex (OFC) bilaterally and in the left superior frontal
cortex [19] and increased p-tau accumulation in the left superior parietal cortex [20] and in
the right anterior cingulate (ACC) and dorsolateral prefrontal cortices (PFC) [21]. Higher
global brain levels of Aβ detected with PET have been found associated with increased
likelihood of developing apathy over time [22], as well as with greater apathy severity [23]
also in cognitively unimpaired older adults. This body of evidence appears to suggest
that this neuropsychiatric symptom may be an early clinical marker of AD pathological
changes. Indeed, a handful of post mortem investigations have found that apathy in patients
with AD is associated with higher neurofibrillary tangle counts primarily in the ACC,
while the contribution of pathological changes in other frontal and parietal regions remains
unclear [24–26].

An influential pathophysiological model has hypothesized that dysfunction in the ventro-
medial PFC may cause impaired action–outcome assessment that would, therefore, represent
the primary mechanism underlying AD-related apathy [27]. In detail, it has been suggested
that disruption in the communication between the ACC, OFC and basolateral amygdala
affects the transmission of a decision value signal to the nucleus accumbens. This defective
transmission results in altered dopamine signaling to fronto-striatal circuits responsible for
the execution of the most appropriate response. This model is supported by the findings
of several neuroimaging investigations that have found an excess of hypometabolism [28]
and structural alterations, i.e., greater gray matter (GM) volume loss, primarily in the ACC
of patients with AD and apathy [29], as also highlighted by a meta-analysis [30]. However,
different studies have reported apathy severity to be also associated with lower metabolism in
the posterior cingulate cortex [31] and with GM atrophy in the OFC and in the left insula [32].
Moreover, one recent study that focused on cognitive apathy has revealed an association with
atrophy in the right frontal pole and OFC, thalamus and putamen [33].

Considering that a functional disconnection across multiple networks, primarily in-
volving frontal cortices, is the central tenet of the model proposed by Guimaraes et al. [27],
more investigations have recently focused on assessing the relationship between the in-
tegrity of functional and structural connectivity and apathy in AD. In line with this model,
resting-state functional alterations have been found primarily in the salience and fronto-
parietal networks that have been reported to be less functionally segregated in patients
with AD and apathy compared with non-apathetic patients [34]. In particular, the in-
sular cortices appear to be less functionally connected and the dorsolateral PFC more
connected with fronto-parietal regions in apathetic older adults both with [35] and without
AD [36]. These findings seem to suggest that a combination of reduced salience processing
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and interoception, and increased fronto-parietal inhibition, consistent with the model by
Guimaraes et al. [27], may explain the emergence of apathetic symptoms.

Widespread microstructural white matter (WM) alterations, in particular higher frac-
tional anisotropy (FA) and lower mean diffusivity (MD), have also been reported to be
associated with apathy presence and severity in people with amnestic MCI and AD de-
mentia. These associations emerged more commonly in the cingulum [37,38], especially
the anterior section close to the ACC [39–41], the superior longitudinal fasciculus and
contiguous parietal WM areas [37,40,42,43], the corpus callosum [37,42–44], the anterior
thalamic radiations and the uncinate fasciculus [37,38,40,42]. These findings appear to
be far more heterogeneous than those from functional connectivity studies, but they are
in line with the observation that patients with AD and evidence of WM damage (e.g.,
hyperintensities) are more likely to present with apathy [45,46]. In fact, apathy severity has
been shown to be significantly associated with both greater global [47] and frontal WM hy-
perintensity (WMH) volume [48,49], but not when WM damage was assessed visually [50].
One voxel-lesion-symptom mapping study found that AD-related apathy was associated
with damage to the anterior thalamic radiations [51].

Although a few studies seem to suggest that alterations in multiple WM tracts, espe-
cially in the frontal lobes, may lead to apathetic symptoms in AD, the paucity of investiga-
tions and the highly variable findings prevent any conclusions on what brain structural
connections may be crucially involved in the genesis and/or persistence of this symptom.
For these reasons, the primary aim of this study was to assess the relationship between apa-
thy and WM damage by combining both macrostructural and microstructural analyses, in
participants across the clinical spectrum of AD. This relationship was investigated by com-
paring WM volumes and WMH volumes, as measures of WM macrostructural alterations,
and diffusion tensor imaging (DTI) indices, as measures of WM microstructural alterations,
between patients with AD with and without apathy and cognitively unimpaired older
adults. Considering the current literature, greater WM damage, especially microstructural
alterations in frontal areas, was expected in apathetic compared with non-apathetic patients.

Since AD is a neurodegenerative disease primarily characterized by loss of GM tissue
and gradual cognitive decline, a secondary aim of this study was to perform a set of
complementary analyses to compare GM volume and cognitive performance across groups.
Apathetic patients were expected to show greater GM loss, primarily in prefrontal and
subcortical areas, potentially paralleled by more severe deficits in executive tasks.

2. Materials and Methods
2.1. Participant Sample

Participants were selected from the Alzheimer’s Disease Neuroimaging Initiative
(ADNI) database (adni.loni.usc.edu, accessed on 1 October 2021). The 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 neu-
ropsychological assessment can be combined to measure the progression of mild cognitive
impairment (MCI) and early Alzheimer’s disease (AD). For up-to-date information, see
www.adni-info.org, accessed on 1 September 2022. The ADNI protocol was approved by
the institutional review board of each site and all participants provided informed consent.
This study performed secondary analyses on the ADNI dataset in compliance with the
Declaration of Helsinki and ethical approval was granted by the Research Committee of
Brunel University London (reference number 30422-TISS-Jul/2021-33453-2).

Initially, we screened all participants (n = 770) with an MRI assessment, including
images to assess macrostructural and microstructural WM damage, i.e., T1-weighted im-
ages, fluid-attenuated inversion recovery (FLAIR) images and DTI scans. We screened all
participants, independent of their diagnosis, who met the inclusion criteria based on the
availability of data regarding: (1) behavioral alterations assessed by means of the Neu-
ropsychiatric Inventory Questionnaire (NPI-Q) [52]; (2) severity of cognitive impairment
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assessed by means of the Clinical Dementia Rating (CDR) scale [53]; (3) global cognitive
status assessed by means of the Mini Mental State Examination (MMSE); and (4) cognitive
performance on a set of neuropsychological tests administered to the majority of ADNI
participants, i.e., the Logical Memory Test, the Clock Drawing Test, the Auditory Verbal
Learning Test, the Category Fluency Test (animals), the Trail Making Test and the Boston
Naming Test. Participants who were classified as cognitively unimpaired (CU) were ex-
cluded if they presented with an NPI-Q score > 0. Details of the clinical, neuropsychiatric
and cognitive assessments are available at http://adni.loni.usc.edu/methods, accessed on
1 September 2022.

After screening, a total of 224 participants met the inclusion criteria (i.e., had a compre-
hensive clinical assessment described above): 61 CU and 163 cognitively impaired (with a
clinical diagnosis of either MCI or dementia due to AD). Cognitively impaired participants
were classified as either apathetic (AP-PT, n = 77) or non-apathetic (NA-PT, n = 86), as
recorded by the NPI-Q. Given the limited information that can be extracted from the NPI-Q
data made available by ADNI, recently published diagnostic criteria for apathy in the
context of neurocognitive disorders [6] could not be implemented.

Finally, 61 participants were selected from each patient group to match as closely as
possible the CU group for age and education. The final sample used for this study included
183 participants divided into 3 groups: 2 patient groups, i.e., AP-PT (n = 61) and NA-PT
(n = 61), and a control group of CU participants (n = 61). Data on cerebrospinal fluid
(CSF) levels of biomarkers for AD, i.e., Aβ and p-tau as described in Toledo et al. (2013),
sampled as close as possible to clinical assessment were available for only a subgroup
of participants: 51/61 in the CU group, 53/61 in the NA-PT group and 58/61 in the AP-
PT group. Participants were classified as positive to either biomarkers by using cut-offs
calculated for the ADNI dataset: Aβ < 977 pg/mL and p-tau/Aβ ratio > 0.025 [54].

Information on medical history and on medications commonly prescribed to patients
with AD and with potential effects on apathy severity, in particular acetylcholinesterase
inhibitors and antidepressants [5,41,55], was also extracted for all participants included in
this study.

2.2. MRI Pre-Processing

T1-weighted scans were re-oriented to the bi-commissural line and, subsequently, were
pre-processed using a standard voxel-based morphometry (VBM) pipeline run with Matlab
(Mathworks Inc., UK) and Statistical Parametric Mapping, version 12 (Wellcome Centre
for Human Neuroimaging, London, UK): (1) scans were segmented to obtain three tissue
maps, i.e., GM, WM and CSF; (2) GM and WM maps were normalized, i.e., warped and
modulated, using a standard ICBM template in the MNI space; (3) finally, normalized scans
were smoothed using an 8 mm Gaussian kernel. Global GM, WM and CSF volumes in ml
for each participant were calculated in SPM12 following the procedure by Malone et al. [56].
Total intracranial volume (TIV) was calculated as the sum of the 3 global tissue volumes.

FLAIR images were also re-oriented to the bi-commissural line in SPM12. Subse-
quently, the Lesion Segmentation Toolbox (LST) v1.2.3 [57] was used to segment WMHs
(i.e., lesions) by combining FLAIR and T1-weighted images [58]. The WMH segmentation
threshold was set at k = 0.3 to quantify the total WM hyperintensity volume in ml in closest
agreement with the gold standard lesion volume quantification procedure, i.e., manual
segmentation [57]. Individual lesion probability maps were also generated and visually
inspected to rule out misclassifications of lesion tissue. We preprocessed the WMH prob-
ability maps further by using a procedure suggested by the authors of the LST toolbox
(https://www.applied-statistics.de/lst.html, accessed on 1 June 2022) and adapted from
that of Mühlau et al. [59] to perform voxel-based analyses on WM lesions. First, the orienta-
tion of each individual map was checked and rectified in order to realign all images to the
bi-commissural line. Second, T1-weighted images were lesion-filled using the LST toolbox.
Third, lesion-filled T1-weighted images were segmented with SPM12, and deformation
fields were saved. Fourth, each WMH probability map was normalized by applying the
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deformation fields obtained by segmenting the corresponding T1-weighted image. Finally,
normalized maps were smoothed using a 6 mm Gaussian kernel.

DTI images underwent 3 preliminary pre-processing steps previously used [58] and
implemented using the FMRIB Software Library v6.0.4 (FSL, http://www.fmrib.ox.ac.uk/
fsl, accessed on 1 June 2022): (1) distortions caused by eddy currents and head motion were
corrected for using the Diffusion Toolbox; (2) voxels of non-brain tissue were excluded
by means of the Brain Extraction Tool and a 0.5 threshold was used to delineate the
brain outline; (3) the diffusion tensor model was fitted at each voxel to obtain individual
images for each DTI index of interest, i.e., FA, axial diffusivity (AxD) and mean diffusivity
(MD). Radial diffusivity (RD) images were calculated as the average of L2 and L3 images
automatically calculated by the diffusion tensor fitting.

The standard tract-based spatial statistics (TBSS) pipeline (http://fsl.fmrib.ox.ac.uk/
fsl/fslwiki/TBSS/UserGuide, accessed on 1 June 2022) was used to complete the pre-
processing of all the DTI index images. First, FA images were eroded to discard any
potential outliers remaining after the diffusion tensor fitting. Second, FA images were
non-linearly aligned to a standard template (FMRIB58_FA) and registered to the MNI152
standard space. Finally, a threshold of 0.2 was applied to the resulting 4D FA image to
exclude GM and CSF voxels. AxD, MD and RD images, instead, were pre-processed using
the “tbss_non_FA” script.

2.3. Statistical Analyses

Demographic, clinical and neural characteristics of the participant groups were com-
pared using either ANOVA, for normally distributed variables, or the Kruskal–Wallis
test, for non-normally distributed variables, and Bonferroni correction and Dwass–Steel–
Critchlow–Flinger test were used for pairwise post hoc comparisons, respectively. Differ-
ences in rates of participants who were positive for AD biomarkers and in sex distributions
were analyzed using the chi-square test. Analyses were carried out using SPSS version 26
(IBM, Chicago, IL, USA).

To address the primary aim of the study, three sets of voxel-based analyses were
carried out using an ANCOVA model and three pairwise post hoc comparison models on
WM maps, on WMH probability maps and on the four DTI indices. Moreover, three one-
sample t-tests were performed on WMH maps in each participant group individually, to
highlight areas of greater probability of macrostructural WM damage. All models included
sex, TIV and an NPI-Q difference score (NPI-Q total score—apathy score) as covariates
to control for potential differences across groups. WM and WMH VBM analyses were
performed with SPM12 (cluster-level FWE-corrected p < 0.05), while DTI analyses were
performed using the FSL tool “randomize” with 5000 permutations per model. Significant
results were reported using threshold-free cluster enhanced (TFCE) images [60]. To extract
peak and cluster data in MNI152 standard space, raw output images were masked with
significant (p < 0.05) voxels from TFCE images.

To address the second aim, analogously to the analyses performed for clinical and
demographic variables, we compared cognitive test scores across participant groups using
either ANOVA or the Kruskal–Wallis test. Additional ANCOVA and pairwise post hoc
VBM models were carried out on GM maps in SPM12 with the same covariates used in the
WM analyses.

3. Results
3.1. Demographic and Clinical Variables

Patient groups had similar levels of global cognitive impairment, as detected by both
CDR and MMSE total scores, and equivalent rates of positivity to both CSF biomarkers (i.e.,
Aβ and p-tau) (Table 1). Patients in the AP-PT group had mainly mild apathetic symptoms
(n = 48) and only a minority had either moderate (n = 11) or severe apathy (n = 2). The
AP-PT group included more men and had significantly higher NPI-Q scores (both total
and after subtracting the apathy severity score) than the other two groups. Indeed, ap-
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athetic patients were also more likely to present with other neuropsychiatric symptoms
(i.e., agitation, depression, anxiety, disinhibition, irritability, aberrant motor behaviors
and appetite problems) than non-apathetic patients (Supplementary materials—Table S1).
Consistently, the AP-PT group was more likely to present with a history of mental health
problems than the other participant groups (Supplementary materials—Table S2), although
no differences in rates of individual mental health diagnoses were observed between apa-
thetic and non-apathetic patients (Supplementary materials—Table S3). Indeed, apathetic
patients presented with a significantly higher prevalence of antidepressant use, as well as
of memantine, than the non-apathetic group (Supplementary materials—Table S4).

Although the AP-PT group had a marginally larger TIV than the CU group (p = 0.049),
comparable levels of global GM atrophy were highlighted in both patient groups, i.e.,
GMV/TIV values were significantly lower in both AP-PT (W = −6.54, p < 0.001) and NA-PT
(W = −3.51, p = 0.035) than in the CU group. However, no differences in global WM volume
were observed across groups, while global WM damage (i.e., WMHV/TIV values) was
significantly higher, when compared with the CU group, only in the apathetic patient group
(W = 4.07, p = 0.011; Figure 1).
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Table 1. Differences in demographic, clinical and neural characteristics across participant groups.
Values are means and standard deviations unless otherwise specified.

Characteristics AP-PT (n = 61) NA-PT (n = 61) CU (n = 61) F p

Age (years) 73.33 (6.97) 73.93 (8.47) 73.11 (6.26) 0.21 0.813
Education (years) a 16.00 (4) 16.00 (5) 16.00 (4) 1.27 b 0.529

Sex (F/M) c 17/44 * 29/32 33/28 9.27 d 0.010
CDR a 0.00 (0.5) * 0.50 (0) * 0.00 (0) 149.60 b <0.001

MMSE a 26.00 (4) * 26.00 (3) * 29.00 (2) 50.02 b <0.001
NPI-Q (total) a 6.00 (6) * 1.00 (2) * 0.00 (0) 132.16 b <0.001

NPI-Q total—Apathy score a 5.00 (6) * 1.00 (2) * 0.00 (0) 106.38 b <0.001
TIV (ml) 1500.58 (140.57) * 1452.82 (151.20) 1439.58 (123.10) 3.26 0.041

GMV/TIV a 0.39 (0.05) * 0.41 (0.07) * 0.43 (0.05) 20.34 b <0.001
WMV/TIV a 0.27 (0.03) 0.27 (0.02) 0.27 (0.02) 1.06 b 0.589

WMHV/TIV a 0.004 (0.006) * 0.003 (0.004) 0.001 (0.003) 8.27 b 0.016
Aβ (+/−) 41/17 * (n = 58) 32/21 * (n = 53) 12/39 (n = 51) 26.17 d <0.001

p-tau (+/−) 38/20 * (n = 58) 31/22 * (n = 53) 10/41 (n = 51) 25.87 d <0.001

Aβ: Amyloid beta, AP-PT: Patients with apathy, CDR: Clinical Dementia Rating scale, CU: Cognitively unimpaired,
F: Females, GMV: Gray matter volume, M: Males, MMSE: Mini Mental State Examination, NA-PT: Patients without
apathy, NPI-Q: Neuropsychiatric Inventory Questionnaire, p-tau: phosphorylated tau, TIV: Total intracranial volume,
WMHV: White matter hyperintensity volume, WMV: White matter volume. a Median (interquartile range). b Kruskal-
Wallis test. c Frequencies. d Chi-square test. * Patient groups significantly different from the CU group in pairwise
post hoc comparisons. In bold, significant difference between patient groups in pairwise post hoc comparisons.

3.2. Macrostructural and Microstructural WM Damage

No differences in voxel-based WM and WMH volumes were observed across groups
in either the ANCOVA or the pairwise post hoc model. Indeed, all groups showed very
similar patterns of WMH probability (Figure 2). However, the WMH maps generated by
means of a VBM one-sample t-test for each group individually showed clusters of posterior
WM lesions only in the patient groups. These appeared to be marginally larger in the
AP-PT group.

The DTI analyses revealed significant differences in FA, AxD and RD between the AP-
PT and CU groups (Table 2). Specifically, the AP-PT group presented with lower FA values
primarily in the fornix, anterior thalamic radiations and uncinate fasciculus bilaterally,
the left superior longitudinal fasciculus and right cingulum (temporal section), inferior
fronto-occipital and longitudinal fasciculi (Figure 3A). The AP-PT group also had higher
AxD values in the left superior longitudinal fasciculus (Figure 3B); and higher RD values in
the fornix (Figure 3C).

Table 2. Differences in DTI indices between AP-PT and CU groups (pFWE < 0.05).

p Cluster
Extent Side White Matter Tract t

MNI Coordinates
x y z

Fractional anisotropy: AP-PT < CU
0.035 3283 - Fornix 4.65 0 −4 13

- Fornix 4.31 0 5 7
- Fornix 4.28 0 2 10
L Uncinate fasciculus 4.20 −23 −1 −9
R ATR 4.20 14 −10 16
L ATR 4.20 −13 −5 16

0.040 1546 L SLF 3.91 −38 21 16
L SLF 3.84 −35 2 30
L SLF 3.82 −32 5 29
L SLF 3.60 −34 6 23
L SLF 3.52 −33 −17 38
L SLF 3.49 −33 −33 37
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Table 2. Cont.

p Cluster
Extent Side White Matter Tract t

MNI Coordinates
x y z

0.041 929 R IFOF 4.34 35 −11 −14
R IFOF 4.12 38 −9 −15
R ILF 3.42 37 −6 −22
R IFOF 3.35 34 −6 −13
R Uncinate fasciculus 3.24 30 7 −12
R ILF 3.20 41 −7 −36

0.045 177 R Cingulum (temporal) 5.03 22 −13 −28
R Cingulum (temporal) 4.21 29 −29 −17
R Cingulum (temporal) 3.96 29 −30 −15
R Cingulum (temporal) 3.71 30 −26 −19
R Cingulum (temporal) 3.66 25 −24 −20
R Cingulum (temporal) 3.66 26 −26 −20

0.050 117 L Forceps minor 3.03 −19 33 14
L Forceps minor 2.93 −15 26 20
L Forceps minor 2.92 −17 34 14
L Forceps minor 2.53 −16 32 21
L Forceps minor 2.52 −17 30 19
L Forceps minor 2.48 −16 30 22

0.047 82 R ILF 4.04 33 −1 −30
R ILF 3.56 31 3 −31
R Cingulum (temporal) 3.52 34 −5 −31
R ILF 3.17 32 0 −28
R ILF 2.87 30 0 −29
R Cingulum (temporal) 2.78 34 −3 −34

0.049 76 R Cingulum (temporal) 4.03 36 −17 −28
R Cingulum (temporal) 3.42 34 −19 −26
R Cingulum (temporal) 3.34 36 −12 −29
R Cingulum (temporal) 2.86 36 −20 −25
R Cingulum (temporal) 2.77 34 −9 −35
R Cingulum (temporal) 2.72 34 −9 −33

0.050 64 L ATR 3.06 −21 −50 36
L ATR 3.04 −22 −47 39
L ATR 3.01 −20 −52 36
L SLF 2.76 −23 −50 35

0.050 52 L Forceps minor 3.34 −11 28 −8
L Forceps minor 3.06 −12 28 −6
L Forceps minor 2.87 −12 30 −5
L Forceps minor 2.34 −15 35 −6

0.050 50 L Forceps minor 3.09 −13 45 −15
L Forceps minor 3.02 −14 43 −14
L Forceps minor 2.98 −15 42 −11

0.050 45 L SLF 3.15 −32 27 25
L SLF 2.87 −36 29 26
L SLF 2.82 −36 31 26
L SLF 2.76 −33 27 28
L SLF 2.66 −36 27 27

0.050 44 R Forceps minor 2.79 18 39 −4
R Forceps minor 2.65 19 37 −6
R Forceps minor 2.62 17 41 −8
R Forceps minor 2.57 17 37 −6

0.050 39 L Forceps minor 3.46 −28 39 17
L Forceps minor 3.26 −30 40 14
L Forceps minor 2.93 −30 39 18
L Forceps minor 2.80 −30 37 17
L Forceps minor 2.77 −30 37 15
L Forceps minor 2.56 −30 38 12

0.050 32 L SLF 3.37 −19 −52 54
L SLF 3.19 −18 −53 51
L SLF 3.00 −18 −49 46
L SLF 2.81 −18 −53 48

0.050 27 L Forceps major 3.92 −26 −56 21
L Forceps major 3.54 −23 −56 22

0.050 18 R Uncinate fasciculus 2.59 20 20 −13
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Table 2. Cont.

p Cluster
Extent Side White Matter Tract t

MNI Coordinates
x y z

0.050 15 L SLF 2.36 −31 10 43
L SLF 2.19 −31 6 44
L SLF 2.16 −31 8 43
L SLF 2.13 −31 7 46

Axial diffusivity: AP-PT > CU
0.040 661 L SLF 4.43 −25 −6 25

L SLF 4.03 −25 −6 19
L SLF 3.88 −28 −3 23
L SLF 3.82 −28 −7 24
L SLF 3.78 −24 −15 13
L SLF 3.48 −26 −13 16

Radial diffusivity: AP-PT > CU
0.040 16 - Fornix 4.58 0 −4 13

- Fornix 4.14 0 0 12
- Fornix 4.05 0 3 9

AP-PT: Patients with apathy, ATR: Anterior thalamic radiations, CU: Cognitively unimpaired, DTI: Diffusion
tensor imaging, ILF: Inferior longitudinal fasciculus, IFOF: Inferior fronto-occipital fasciculus, MNI: Montreal
Neurological Institute, NA-PT: Patients without apathy, SLF: Superior longitudinal fasciculus.
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Figure 3. Clusters of altered WM microstructural integrity in the AP-PT compared with the CU group:
(A) fractional anisotropy—AP-PT < CU; (B) axial diffusivity—AP-PT > CU; (C) radial diffusivity—
AP-PT > CU (the significant small cluster in the fornix is highlighted by the blue circle).

Since more apathetic patients used memantine and antidepressants than non-apathetic
patients, all AP-PT vs. NA-PT models were replicated including these variables as covari-
ates. No additional findings emerged.

3.3. Cognitive Performance and Regional GM Volume

Both patient groups presented with deficits in most cognitive tests compared with
the CU group. However, only apathetic patients showed significantly lower scores on the
Clock Drawing Test (both copy and drawing) compared with the CU group (Table 3).

VBM ANCOVA analysis of GM maps showed significant differences. Both patient
groups had similar patterns of GM atrophy to those of the CU group, primarily in bilat-
eral medial temporal areas. The two patient groups showed a trend of differential GM
atrophy of the cingulate gyrus: the anterior portion for apathetic patients, and the poste-
rior portion for the non-apathetic group (Supplementary materials—Figure S1). In line
with global GM volume analysis, no significant differences in voxel-based regional GM
volumes emerged between AP-PT and NA-PT groups. The results were replicated after
including the use of memantine and antidepressants as additional covariates in the AP-PT
vs. NA-PT comparison.
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Table 3. Differences in cognitive performance across participant groups. Values are means and
standard deviations unless otherwise specified.

Characteristics AP-PT (n = 61) NA-PT (n = 61) CU (n = 61) F p

CDT—drawing a 5.00 (1) * 5.00 (1) 5.00 (1) 5.66 b 0.059
CDT—copy a 5.00 (1) * 5.00 (0) 5.00 (0) 9.47 b 0.009

LMT—IR 7.69 (4.41) (n = 58) * 7.90 (4.06) * 13.90 (3.05) 50.04 <0.001
LMT—DR a 4.50 (9) * (n = 58) 6.00 (8) * 12.00 (5) 71.57 b <0.001
AVLT—IR 29.00 (10.37) * 30.13 (8.04) * 44.85 (10.03) 52.44 <0.001

AVLT—DR a 0.00 (4) * 2.00 (4) * 8.00 (5) 59.99 b <0.001
CFT-A (total) 14.31 (5.26) * 15.26 (4.71) * 20.90 (4.90) 31.42 <0.001

CFT-A (perseverations) a 0.00 (1) 0.00 (1) 0.00 (1) 2.49 b 0.288
CFT-A (intrusions) a 0.00 (0) 0.00 (0) 0.00 (0) 0.52 b 0.769

TMT-A (sec) a 41.00 (25) * 40.00 (18) * 34.00 (13) 17.44 b <0.001
TMT-B (sec) a 116.00 (137) * (n = 59) 120 (114) * 76.00 (32) 30.33 b <0.001
BNT (total) a 27.00 (6) * 26.00 (4) * 29.00 (3) 17.94 b <0.001

AP-PT: Patients with apathy, AVLT: Auditory Verbal Learning Test, BNT: Boston Naming Test, CDT: Clock Drawing
Test, CFT-A: Category Fluency Test—animals, CU: Cognitively unimpaired, DR: Delayed recall, IR: Immediate
recall, LMT: Logical Memory Test, NA-PT: Patients without apathy, TMT—A/B: Trail Making Test—part A/part
B. a Median (interquartile range). b Kruskal-Wallis test. * Patient groups significantly different from the CU group
in pairwise post hoc comparisons.

4. Discussion

In this study, patients with MCI/dementia due to AD and apathy presented with
a cognitive and neural profile similar to patients without apathy. However, those with
apathy had a generally more compromised behavioral profile and were more likely to have
a medical history of psychiatric conditions as well as to use antidepressants. Moreover,
when comparing patient groups with a control group of matched CU older adults, only the
AP-PT group presented with greater deficits on the Clock Drawing Test, larger global WM
hyperintensity volume (i.e., macrostructural WM alterations) and alterations in DTI indices
(i.e., WM microstructural damage).

DTI analyses showed that WM tracts connecting frontal and limbic areas were particu-
larly affected in the AP-PT group. Both decreased FA and increased RD were found in the
fornix of apathetic patients. This is in line with previous observations linking alterations in
FA and MD in this fiber bundle with apathy in amnestic MCI [38], small vessel disease [61]
and stroke [62]. The fornix primarily connects structures involved in episodic memory
functions (i.e., the hippocampus and mamillary bodies), that are particularly affected in
AD. This seems to suggest that the AP-PT group may show signs of more severe, although
subtle, AD-related neuropathological alterations.

Although both patient groups were matched for severity of cognitive deficits across
all tests, only the AP-PT group had worse cognitive performance on the Clock Drawing
Test (both copy and drawing) than CU older adults. This test is considered to be a good
screening tool for moderate/severe dementia [63], and our findings fit with the observation
that apathy is associated with greater cognitive decline in this clinical population [11].
Our results are consistent with the notion that apathetic patients have more severe WM
damage, as greater WM lesion volume [64] and hippocampal atrophy [65] have been found
associated with increased Clock Drawing Test deficits in patients with AD.

Alterations were observed in both the anterior (higher voxel-based WM hyperintensity
volume) and posterior-temporal (decreased FA) sections of the right cingulum in the AP-
PT group. This WM tract is the one most consistently found associated with apathy in
AD [37–41]. The cingulum is a complex associative WM tract that comprises multiple fibers
connecting medial portions of various frontal, parietal and temporal cortices. Structural
alterations in this tract have been reported in a wide variety of neurological and psychiatric
conditions, as well as in association with apathetic symptoms [1,66]. The cingulum may
indeed support multiple functions, related primarily to emotion/motivation processing in
the anterior portion and to memory in the posterior section [66]. Therefore, the different
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cingulum microstructural alterations observed in apathetic patients may result in multiple
aspects of motivational depletion, such as lack of interest or emotional reactivity. These
were not assessed separately in this study.

Decreased FA was also observed in the apathetic group in the anterior thalamic ra-
diations bilaterally and in the left SLF and forceps minor. All of these tracts connect
different portions of the frontal lobes either to other frontal areas or to parietal and thala-
mic regions and support a range of cognitive control [67] and attentional functions [68].
Therefore, damage to these tracts may play a role in affecting decision-making and re-
sponse selection processes that may contribute to a significant reduction in self-initiated
goal-directed actions consistent with a state of apathy, as suggested by the model proposed
by Guimaraes et al. [27]. This finding is consistent with previous observations reporting
functional alterations in fronto-parietal networks [34–36] that have been interpreted as
signs of enhanced cortical inhibition.

Moreover, the bilateral uncinate and inferior fronto-occipital fasciculi that connect
frontal areas to the anterior temporal and occipital cortices [69], respectively, were also
altered in the apathetic patients in this study, consistent with previous reports [37,38,42,61].
Considering the involvement of these WM tracts in emotional and attentional processes [69],
these findings seem to support a conceptualization of apathy as a complex symptom un-
derpinned by the potential combination of cognitive–emotional dysfunctions. Alterations
observed in both the uncinate and inferior fronto-occipital fasciculi may also be consistent
with a disruption to insular connections, since a previous study found a substantial overlap
between these associative tracts and structural connections of three insular sub-regions [70].
The insula, in particular the left one, has been found to be more atrophic [32] and its
functional connectivity with fronto-parietal circuits to be altered in apathetic patients with
AD [35] and cognitively unimpaired older adults [36]. The insula is part of the salience
network together with the ACC, an area considered to be particularly involved in moti-
vation regulation [55]. Therefore, WM damage causing alterations in the communication
between this network and fronto-parietal and thalamic areas, potentially mediated by the
dopaminergic system [27], may increase the risk of apathy in this clinical population.

The findings of this study showed that the emergence of apathy in patients with AD
appears to be primarily associated with an excess of WM damage, rather than of GM
atrophy. Disruption to multiple WM tracts supporting the communication between medial
(i.e., ACC) and dorsal PFC areas with the thalamus, parietal and temporal cortices may be
playing a crucial role in driving deficits in goal-directed behaviors. Although no differences
in either WM or GM were found between patient groups, only the apathetic patients
presented with signs of extensive WM alterations when compared with CU older adults.
The lack of significant differences in WM integrity between apathetic and non-apathetic
patients is possibly due to the higher degree of variability observed in WM damage in the
NA-PT (see Figure 1 that shows several outliers in the non-apathetic group) that may have
masked potential between-group differences.

Patients with apathy were more likely to present with other neuropsychiatric symp-
toms, have a history of psychiatric problems and use antidepressants. In fact, depression
has a high rate of comorbidity with apathy, although the two symptoms can present
separately [71]. All analyses were covaried for an index of severity of neuropsychiatric
symptoms other than apathy (NPI-Q total—apathy severity) and, thus, it could be reason-
ably argued that all significant results are genuinely associated with apathy. Moreover,
the direct comparison between patient groups showed no significant differences in any
neuroimaging outcome measure, even when all analyses were replicated including the use
of memantine and antidepressants as covariates. Previous studies have also found that
decreased FA in the cingulum [41] and hypometabolism in ACC/OFC and thalamus [28]
were associated with apathy in AD independently of depression and medications with a
possible impact on apathetic symptoms.

Although this study represents, to the best of our knowledge, one of the largest inves-
tigations into the neural correlates of apathy in AD, a few limitations must be mentioned.
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First, apathy in this sample was assessed using only available NPI-Q data that offer limited
information on the duration of symptoms (answers to the NPI-Q refer to the previous
month only) and, therefore, prevented the implementation of the diagnostic criteria pro-
posed by Miller and colleagues [6]. A potential strategy to overcome this limitation in
future studies using public datasets like ADNI could be to focus on patients presenting
with apathy in at least two consecutive assessments (6 to 12 months apart). However, this
may lead to a substantial decrease in the sample size and may not ensure that patients
presenting with apathy at two consecutive time points had apathy for the whole or most of
the time in between assessments. Second, data on biomarkers for AD were missing for a
few participants. However, both patient groups were significantly more likely to be positive
for both Aβ and p-tau than CU, as expected in samples of patients with MCI/dementia
due to AD.

5. Conclusions

Apathy in AD appears to be primarily associated with WM damage, mainly in frontal
and limbic WM tracts. Patients with AD and apathy tend to have consistently larger
volumes of WM hyperintensities and more alterations in WM microstructure, i.e., lower FA
and higher AxD and RD. The cause of these WM alterations remains unclear; for instance,
the apathetic patients in this study were not more likely to have a history of cardiovascular
risk factors than the non-apathetic patients. Further investigations are needed to clarify the
complex interplay between biological mechanisms (e.g., AD biomarkers, brain metabolism,
structural and functional alterations) implicated in apathy across the AD continuum to
support the development of effective intervention strategies [71].
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//www.mdpi.com/article/10.3390/brainsci12101383/s1, Figure S1: Significant regional GM volume
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group; Table S1: Differences in the prevalence of individual neuropsychiatric symptoms (other than
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(proportions); Table S4: Differences in the prevalence of medications with a potential impact on apathy
across participant groups (Chi-square test). All values are frequencies (proportions); Abbreviation list.

Author Contributions: Conceptualization, R.M. and A.V.; methodology, R.M. and A.V.; formal
analysis, R.M.; writing—original draft preparation, R.M.; writing—review and editing, S.A.J. and
A.V.; visualization, R.M.; supervision, A.V. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The institutional review boards of each site involved in
ADNI approved the study protocol. This study was conducted in compliance with the Declaration
of Helsinki, and approval for secondary analyses of the ADNI dataset was granted by the Research
Committee of Brunel University of London (reference number 30422-TISS-Jul/2021-33453-2).

Informed Consent Statement: All participants provided written informed consent to take part in
ADNI and to sharing their data with the scientific community, that includes also publications.

Data Availability Statement: All ADNI data are made publicly available upon request.

Acknowledgments: Data collection and sharing for this project was funded by the Alzheimer’s Dis-
ease Neuroimaging Initiative (ADNI) (National Institutes of Health Grant U01 AG024904) and DOD
ADNI (Department of Defense award number W81XWH-12-2-0012). ADNI is funded by the National
Institute on Aging, the National Institute of Biomedical Imaging and Bioengineering, and through
generous contributions from the following: AbbVie, Alzheimer’s Association; Alzheimer’s Drug
Discovery Foundation; Araclon Biotech; BioClinica, Inc.; Biogen; Bristol-Myers Squibb Company;
CereSpir, Inc.; Cogstate; Eisai Inc.; Elan Pharmaceuticals, Inc.; Eli Lilly and Company; EuroImmun;

https://www.mdpi.com/article/10.3390/brainsci12101383/s1
https://www.mdpi.com/article/10.3390/brainsci12101383/s1


Brain Sci. 2022, 12, 1383 14 of 17

F. Hoffmann-La Roche Ltd. and its affiliated company Genentech, Inc.; Fujirebio; GE Healthcare;
IXICO Ltd.; Janssen Alzheimer Immunotherapy Research & Development, LLC.; Johnson & John-
son Pharmaceutical Research & Development LLC.; Lumosity; Lundbeck; Merck & Co., Inc.; Meso
Scale Diagnostics, LLC.; NeuroRx Research; Neurotrack Technologies; Novartis Pharmaceuticals
Corporation; Pfizer Inc.; Piramal Imaging; Servier; Takeda Pharmaceutical Company; and Transition
Therapeutics. The Canadian Institutes of Health Research is providing funds to support ADNI
clinical sites in Canada. Private sector contributions are facilitated by the Foundation for the National
Institutes of Health (www.fnih.org). The grantee organization is the Northern California Institute
for Research and Education, and the study is coordinated by the Alzheimer’s Therapeutic Research
Institute at the University of Southern California. ADNI data are disseminated by the Laboratory for
Neuro Imaging at the University of Southern California. RM acknowledges the support by a research
fellowship from the Alzheimer’s Association.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Le Heron, C.; Apps, M.A.J.; Husain, M. The anatomy of apathy: A neurocognitive framework for amotivated behaviour.

Neuropsychologia 2018, 118, 54–67. [CrossRef] [PubMed]
2. Zhao, Q.; Tan, L.; Wang, H.; Jiang, T.; Tan, M.; Tan, L.; Xu, W.; Li, J.; Wang, J.; Lai, T.; et al. The prevalence of neuropsychiatric

symptoms in Alzheimer’s disease: Systematic review and meta-analysis. J. Affect. Disord. 2016, 190, 264–271. [CrossRef]
3. Sherman, C.; Liu, C.S.; Herrmann, N.; Lanctôt, K.L. Prevalence, neurobiology, and treatments for apathy in prodromal dementia.

Int. Psychogeriatr. 2018, 30, 177–184. [CrossRef]
4. Leung, D.K.Y.; Chan, W.C.; Spector, A.; Wong, G.H.Y. Prevalence of depression, anxiety, and apathy symptoms across dementia

stages: A systematic review and meta-analysis. Int. J. Geriatr. Psychiatry 2021, 36, 1330–1344. [CrossRef] [PubMed]
5. Landes, A.M.; Sperry, S.D.; Strauss, M.E. Prevalence of apathy, dysphoria, and depression in relation to dementia severity in

Alzheimer’s disease. J. Neuropsychiatry Clin. Neurosci. 2005, 17, 342–349. [CrossRef] [PubMed]
6. Miller, D.S.; Robert, P.; Ereshefsky, L.; Adler, L.; Bateman, D.; Cummings, J.; DeKosky, S.T.; Fischer, C.E.; Husain, M.; Ismail, Z.; et al.

Diagnostic criteria for apathy in neurocognitive disorders. Alzheimer’s Dement. 2021, 17, 1892–1904. [CrossRef] [PubMed]
7. Spalletta, G.; Long, J.D.; Robinson, R.G.; Trequattrini, A.; Pizzoli, S.; Caltagirone, C.; Orfei, M.D. Longitudinal Neuropsychiatric

Predictors of Death in Alzheimer’s Disease. J. Alzheimer’s Dis. 2015, 48, 627–636. [CrossRef]
8. You, S.C.; Walsh, C.M.; Chiodo, L.A.; Ketelle, R.; Miller, B.L.; Kramer, J.H. Neuropsychiatric Symptoms Predict Functional Status

in Alzheimer’s Disease. J. Alzheimer’s Dis. 2015, 48, 863–869. [CrossRef]
9. van der Linde, R.M.; Matthews, F.E.; Dening, T.; Brayne, C. Patterns and persistence of behavioural and psychological symptoms

in those with cognitive impairment: The importance of apathy. Int. J. Geriatr. Psychiatry 2017, 32, 306–315. [CrossRef] [PubMed]
10. Sun, L.; Li, W.; Li, G.; Xiao, S. Prefrontal Aβ pathology influencing the pathway from apathy to cognitive decline in non-dementia

elderly. Transl. Psychiatry 2021, 11, 534. [CrossRef]
11. Palmer, K.; Di Iulio, F.; Varsi, A.E.; Gianni, W.; Sancesario, G.; Caltagirone, C.; Spalletta, G. Neuropsychiatric predictors of

progression from amnestic-mild cognitive impairment to Alzheimer’s disease: The role of depression and apathy. J. Alzheimer’s
Dis. 2010, 20, 175–183. [CrossRef] [PubMed]

12. Perri, R.; Turchetta, C.S.; Caruso, G.; Fadda, L.; Caltagirone, C.; Carlesimo, G.A. Neuropsychological correlates of cognitive,
emotional-affective and auto-activation apathy in Alzheimer’s disease. Neuropsychologia 2018, 118, 12–21. [CrossRef] [PubMed]

13. Drijgers, R.L.; Verhey, F.R.J.; Leentjens, A.F.G.; Köhler, S.; Aalten, P. Neuropsychological correlates of apathy in mild cognitive
impairment and Alzheimer’s disease: The role of executive functioning. Int. Psychogeriatr. 2011, 23, 1327–1333. [CrossRef]
[PubMed]

14. McPherson, S.; Fairbanks, L.; Tiken, S.; Cummings, J.L.; Back-Madruga, C. Apathy and executive function in Alzheimer’s disease.
J. Int. Neuropsychol. Soc. 2002, 8, 373–381. [CrossRef] [PubMed]

15. Grossi, D.; de Lucia, N.; Trojano, L. Closing-in is related to apathy in Alzheimer’s disease patients. J. Alzheimer’s Dis. 2015, 43,
849–855. [CrossRef]

16. Banning, L.C.P.; Ramakers, I.H.G.B.; Köhler, S.; Bron, E.E.; Verhey, F.R.J.; de Deyn, P.P.; Claassen, J.A.H.R.; Koek, H.L.; Middelkoop,
H.A.M.; van der Flier, W.M.; et al. The Association between Biomarkers and Neuropsychiatric Symptoms across the Alzheimer’s
Disease Spectrum. Am. J. Geriatr. Psychiatry 2020, 28, 735–744. [CrossRef]

17. Vergallo, A.; Giampietri, L.; Pagni, C.; Giorgi, F.S.; Nicoletti, V.; Miccoli, M.; Libertini, P.; Petrozzi, L.; Bonuccelli, U.; Tognoni, G.
Association Between CSF Beta-Amyloid and Apathy in Early-Stage Alzheimer Disease. J. Geriatr. Psychiatry Neurol. 2019, 32,
164–169. [CrossRef]

18. Banning, L.C.P.; Ramakers, I.H.G.B.; Rosenberg, P.B.; Lyketsos, C.G.; Leoutsakos, J.S. Alzheimer’s disease biomarkers as predictors
of trajectories of depression and apathy in cognitively normal individuals, mild cognitive impairment, and Alzheimer’s disease
dementia. Int. J. Geriatr. Psychiatry 2021, 36, 224–234. [CrossRef]

www.fnih.org
http://doi.org/10.1016/j.neuropsychologia.2017.07.003
http://www.ncbi.nlm.nih.gov/pubmed/28689673
http://doi.org/10.1016/j.jad.2015.09.069
http://doi.org/10.1017/S1041610217000527
http://doi.org/10.1002/gps.5556
http://www.ncbi.nlm.nih.gov/pubmed/33905138
http://doi.org/10.1176/jnp.17.3.342
http://www.ncbi.nlm.nih.gov/pubmed/16179656
http://doi.org/10.1002/alz.12358
http://www.ncbi.nlm.nih.gov/pubmed/33949763
http://doi.org/10.3233/JAD-150391
http://doi.org/10.3233/JAD-150018
http://doi.org/10.1002/gps.4464
http://www.ncbi.nlm.nih.gov/pubmed/27017917
http://doi.org/10.1038/s41398-021-01653-8
http://doi.org/10.3233/JAD-2010-1352
http://www.ncbi.nlm.nih.gov/pubmed/20164594
http://doi.org/10.1016/j.neuropsychologia.2018.01.039
http://www.ncbi.nlm.nih.gov/pubmed/29407942
http://doi.org/10.1017/S1041610211001037
http://www.ncbi.nlm.nih.gov/pubmed/21729413
http://doi.org/10.1017/S1355617702813182
http://www.ncbi.nlm.nih.gov/pubmed/11939696
http://doi.org/10.3233/JAD-141257
http://doi.org/10.1016/j.jagp.2020.01.012
http://doi.org/10.1177/0891988719838627
http://doi.org/10.1002/gps.5418


Brain Sci. 2022, 12, 1383 15 of 17

19. Mori, T.; Shimada, H.; Shinotoh, H.; Hirano, S.; Eguchi, Y.; Yamada, M.; Fukuhara, R.; Tanimukai, S.; Zhang, M.; Kuwabara, S.; et al.
Apathy correlates with prefrontal amyloid β deposition in Alzheimer’s disease. J. Neurol. Neurosurg. Psychiatry 2014, 85, 449–455.
[CrossRef]

20. Tissot, C.; Therriault, J.; Pascoal, T.A.; Chamoun, M.; Lussier, F.Z.; Savard, M.; Mathotaarachchi, S.S.; Benedet, A.L.; Thomas, E.M.;
Parsons, M.; et al. Association between regional tau pathology and neuropsychiatric symptoms in aging and dementia due to
Alzheimer’s disease. Alzheimer’s Dement. Transl. Res. Clin. Interv. 2021, 7, e12154. [CrossRef]

21. Marshall, G.A.; Gatchel, J.R.; Donovan, N.J.; Muniz, M.C.; Schultz, A.P.; Becker, J.A.; Chhatwal, J.P.; Hanseeuw, B.J.; Papp,
K.V.; Amariglio, R.E.; et al. Regional Tau Correlates of Instrumental Activities of Daily Living and Apathy in Mild Cognitive
Impairment and Alzheimer’s Disease Dementia. J. Alzheimer’s Dis. 2019, 67, 757–768. [CrossRef] [PubMed]

22. Perin, S.; Harrington, K.D.; Lim, Y.Y.; Ellis, K.; Ames, D.; Pietrzak, R.H.; Schembri, A.; Rainey-Smith, S.; Salvado, O.; Laws,
S.M.; et al. Amyloid burden and incident depressive symptoms in preclinical Alzheimer’s disease. J. Affect. Disord. 2018, 229,
269–274. [CrossRef] [PubMed]

23. Johansson, M.; Stomrud, E.; Lindberg, O.; Westman, E.; Johansson, P.M.; van Westen, D.; Mattsson, N.; Hansson, O. Apathy and
anxiety are early markers of Alzheimer’s disease. Neurobiol. Aging 2020, 85, 74–82. [CrossRef] [PubMed]

24. Tekin, S.; Mega, M.S.; Masterman, D.M.; Chow, T.; Garakian, J.; Vinters, H.V.; Cummings, J.L. Orbitofrontal and anterior cingulate
cortex neurofibrillary tangle burden is associated with agitation in Alzheimer disease. Ann. Neurol. 2001, 49, 355–361. [CrossRef]
[PubMed]

25. Marshall, G.A.; Fairbanks, L.A.; Tekin, S.; Vinters, H.V.; Cummings, J.L. Neuropathologic correlates of apathy in Alzheimer’s
disease. Dement. Geriatr. Cogn. Disord. 2006, 21, 144–147. [CrossRef]

26. Förstl, H.; Burns, A.; Levy, R.; Cairns, N.; Luthert, P.; Lantos, P. Neuropathological correlates of behavioural disturbance in
confirmed Alzheimer’s disease. Br. J. Psychiatry 1993, 163, 364–368. [CrossRef]

27. Guimarães, H.C.; Levy, R.; Teixeira, A.L.; Beato, R.G.; Caramelli, P. Neurobiology of apathy in Alzheimer’s disease. Arq.
Neuro-Psiquiatr. 2008, 66, 436–443. [CrossRef]

28. Marshall, G.A.; Monserratt, L.; Harwood, D.; Mandelkern, M.; Cummings, J.L.; Sultzer, D.L. Positron emission tomography
metabolic correlates of apathy in Alzheimer disease. Arch. Neurol. 2007, 64, 1015–1020. [CrossRef]

29. Apostolova, L.G.; Akopyan, G.G.; Partiali, N.; Steiner, C.A.; Dutton, R.A.; Hayashi, K.M.; Dinov, I.D.; Toga, A.W.; Cummings, J.L.;
Thompson, P.M. Structural correlates of apathy in Alzheimer’s disease. Dement. Geriatr. Cogn. Disord. 2007, 24, 91–97. [CrossRef]

30. Raimo, S.; Santangelo, G.; D’Iorio, A.; Trojano, L.; Grossi, D. Neural correlates of apathy in patients with neurodegenerative
disorders: An activation likelihood estimation (ALE) meta-analysis. Brain Imaging Behav. 2019, 13, 1815–1834. [CrossRef]

31. Gatchel, J.R.; Donovan, N.J.; Locascio, J.J.; Becker, J.A.; Rentz, D.M.; Sperling, R.A.; Johnson, K.A.; Marshall, G.A. Regional
18F-Fluorodeoxyglucose Hypometabolism is Associated with Higher Apathy Scores Over Time in Early Alzheimer Disease. Am.
J. Geriatr. Psychiatry 2017, 25, 683–693. [CrossRef] [PubMed]

32. Stanton, B.R.; Leigh, P.N.; Howard, R.J.; Barker, G.J.; Brown, R.G. Behavioural and emotional symptoms of apathy are associated
with distinct patterns of brain atrophy in neurodegenerative disorders. J. Neurol. 2013, 260, 2481–2490. [CrossRef] [PubMed]

33. Eggins, P.; Wong, S.; Wei, G.; Hodges, J.R.; Husain, M.; Piguet, O.; Irish, M.; Kumfor, F. A shared cognitive and neural basis
underpinning cognitive apathy and planning in behavioural-variant frontotemporal dementia and Alzheimer’s disease. Cortex
2022, 154, 241–253. [CrossRef] [PubMed]

34. Tumati, S.; Marsman, J.C.; De Deyn, P.P.; Martens, S.; Aleman, A. Functional network topology associated with apathy in
Alzheimer’s disease. J. Affect. Disord. 2020, 266, 473–481. [CrossRef]

35. Jones, S.A.; De Marco, M.; Manca, R.; Bell, S.M.; Blackburn, D.J.; Wilkinson, I.D.; Soininen, H.; Venneri, A. Altered frontal and
insular functional connectivity as pivotal mechanisms for apathy in Alzheimer’s disease. Cortex 2019, 119, 100–110. [CrossRef]

36. Jang, J.Y.; Han, S.D.; Yew, B.; Blanken, A.E.; Dutt, S.; Li, Y.; Ho, J.K.; Gaubert, A.; Nation, D.A. Resting-State Functional
Connectivity Signatures of Apathy in Community-Living Older Adults. Front. Aging Neurosci. 2021, 13, 691710. [CrossRef]

37. Hahn, C.; Lim, H.; Won, W.Y.; Ahn, K.J.; Jung, W.; Lee, C.U. Apathy and white matter integrity in Alzheimer’s disease: A whole
brain analysis with tract-based spatial statistics. PLoS ONE 2013, 8, e53493. [CrossRef]

38. Cacciari, C.; Moraschi, M.; Di Paola, M.; Cherubini, A.; Orfei, M.D.; Giove, F.; Maraviglia, B.; Caltagirone, C.; Spalletta, G. White
matter microstructure and apathy level in amnestic mild cognitive impairment. J. Alzheimer’s Dis. 2010, 20, 501–507. [CrossRef]

39. Tighe, S.K.; Oishi, K.; Mori, S.; Smith, G.S.; Albert, M.; Lyketsos, C.G.; Mielke, M.M. Diffusion tensor imaging of neuropsychiatric
symptoms in mild cognitive impairment and Alzheimer’s dementia. J. Neuropsychiatry Clin. Neurosci. 2012, 24, 484–488. [CrossRef]

40. Ota, M.; Sato, N.; Nakata, Y.; Arima, K.; Uno, M. Relationship between apathy and diffusion tensor imaging metrics of the brain
in Alzheimer’s disease. Int. J. Geriatr. Psychiatry 2012, 27, 722–726. [CrossRef]

41. Kim, J.W.; Lee, D.Y.; Choo, I.H.; Seo, E.H.; Kim, S.G.; Park, S.Y.; Woo, J.I. Microstructural alteration of the anterior cingulum is
associated with apathy in Alzheimer disease. Am. J. Geriatr. Psychiatry 2011, 19, 644–653. [CrossRef] [PubMed]

42. Setiadi, T.M.; Martens, S.; Opmeer, E.M.; Marsman, J.C.; Tumati, S.; Reesink, F.E.; De Deyn, P.P.; Aleman, A.; Ćurčić-Blake, B.
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