
Archive ouverte UNIGE
https://archive-ouverte.unige.ch

Article scientifique Article 2023                                     Accepted version Public access

This is an author manuscript post-peer-reviewing (accepted version) of the original publication. The layout of 

the published version may differ .

Apathy in patients with cerebral amyloid angiopathy: a multimodal 

neuroimaging study

Chokesuwattanaskul, Anthipa; Zanon Zotin, Maria Clara; Schoemaker, Dorothée; Sveikata, Lukas; 

Gurol, M Edip; Greenberg, Steven M; Viswanathan, Anand

How to cite

CHOKESUWATTANASKUL, Anthipa et al. Apathy in patients with cerebral amyloid angiopathy: a 

multimodal neuroimaging study. In: Neurology, 2023, vol. 100, n° 19, p. e2007–e2016. doi: 

10.1212/WNL.0000000000207200

This publication URL: https://archive-ouverte.unige.ch/unige:171827

Publication DOI: 10.1212/WNL.0000000000207200

© This document is protected by copyright. Please refer to copyright holder(s) for terms of use.

Last deposit update in Archive ouverte UNIGE on 02.10.2023 11:50

https://archive-ouverte.unige.ch
https://archive-ouverte.unige.ch/unige:171827
https://doi.org/10.1212/WNL.0000000000207200


 

Copyright © 2023 American Academy of Neurology. Unauthorized reproduction of this article is prohibited 

 
Neurology Publish Ahead of Print 

DOI:10.1212/WNL.0000000000207200 

 

 

Apathy in Patients With Cerebral Amyloid Angiopathy: A Multimodal Neuroimaging Study 
Author(s): 
Anthipa Chokesuwattanaskul, M.D.1, 2, 3; Maria Clara Zanon Zotin, M.D.1,4; Dorothée Schoemaker, Ph.D1; Lukas Sveikata, 

M.D.1,5; M. Edip Gurol, MD MSc1; Steven M Greenberg, MD, PhD1; Anand Viswanathan, MD PhD1 

 

  

  

Corresponding Author: 
Anthipa Chokesuwattanaskul, anthipa.c@chula.ac.th 

 

  

  

Affiliation Information for All Authors: 1. J. Philip Kistler Stroke Research Center, Department of Neurology, 

Massachusetts General Hospital, Harvard Medical School, Boston, Massachusetts, United States; 2. Division of Neurology, 

King Chulalongkorn Memorial Hospital, Thai Red Cross Society, Bangkok, Thailand; 3. Cognitive Clinical and 

Computational Neuroscience Research Unit, Faculty of Medicine, Chulalongkorn University, Bangkok, Thailand; 4. Center 

for Imaging Sciences and Medical Physics, Department of Medical Imaging, Hematology and Clinical Oncology. Ribeirão 

Preto Medical School, University of São Paulo, Ribeirão Preto, SP, Brazil; 5. Division of Neurology, Department of Clinical 

Neurosciences, Geneva University Hospital, Faculty of Medicine, University of Geneva, Geneva, Switzerland. 

 

  

  

Equal Author Contribution: 
 

  

  

Contributions: 
Anthipa Chokesuwattanaskul: Drafting/revision of the manuscript for content, including medical writing for content; Major 

role in the acquisition of data; Study concept or design; Analysis or interpretation of data 

Maria Clara Zanon Zotin: Drafting/revision of the manuscript for content, including medical writing for content; Major role 

in the acquisition of data; Study concept or design; Analysis or interpretation of data 

Dorothée Schoemaker: Drafting/revision of the manuscript for content, including medical writing for content; Major role in 

the acquisition of data; Analysis or interpretation of data 

Lukas Sveikata: Drafting/revision of the manuscript for content, including medical writing for content; Major role in the 

acquisition of data 

M. Edip Gurol: Drafting/revision of the manuscript for content, including medical writing for content 

Steven M Greenberg: Drafting/revision of the manuscript for content, including medical writing for content 

Anand Viswanathan: Drafting/revision of the manuscript for content, including medical writing for content; Study concept 

or design; Analysis or interpretation of data 

 

 

 

Neurology® Published Ahead of Print articles have been peer reviewed and accepted for 

publication. This manuscript will be published in its final form after copyediting, page 

composition, and review of proofs. Errors that could affect the content may be corrected 

during these processes. 

 Published Ahead of Print on March 20, 2023 as 10.1212/WNL.0000000000207200



 

Copyright © 2023 American Academy of Neurology. Unauthorized reproduction of this article is prohibited 

Figure Count: 
2 

 

  

  

Table Count: 
2 

 

  

  

Search Terms: 
[ 2 ] All Cerebrovascular disease/Stroke, [ 32 ] Vascular dementia, [ 120 ] MRI, [ 121 ] fMRI, [ 199 ] All 

Neuropsychology/Behavior 

 

  

  

Acknowledgment: 
 

  

  

Study Funding: 
This study was supported by the following NIH grants: R01AG047975, R01AG026484, P50AG005134, K23AG02872605. 

L.S. was supported by the Swiss National Science Foundation (P2GEP3_191584). 

 

  

  

Disclosures: 
All authors report no disclosures relevant to the manuscript. 

 

Preprint DOI: 
 

Received Date: 
2022-08-15 

 

Accepted Date: 
2023-02-03 

 

Handling Editor Statement: 
Submitted and externally peer reviewed. The handling editor was Associate Editor Linda Hershey, MD, PhD, FAAN. 

 

Abstract  

Objective  

To analyze the prevalence and associated clinical characteristics of apathy in sporadic 

cerebral amyloid angiopathy and investigate whether apathy was associated with disease 

burden and disconnections of key structures in the reward circuit through a structural and 

functional multi-modal neuroimaging approach.  

Methods  

Thirty-seven probable sporadic cerebral amyloid angiopathy participants without 

symptomatic intracranial hemorrhage or dementia (mean age, 73.3 ± 7.2, % male = 59.5%) 

underwent a detailed neuropsychological evaluation, including measures of apathy and 

depression, and a multimodal MR neuroimaging study. A multiple linear regression analysis 

was used to assess the association of apathy with conventional small vessel disease 

neuroimaging markers. A voxel-based morphometry with a small volume correction within 
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regions previously associated with apathy and a whole-brain tract-based spatial statistics were 

done to identify differences in the gray matter and white matter between the apathetic and the 

non-apathetic groups. Gray matter regions significantly associated with apathy were further 

evaluated for their functional alterations as seeds in the seed-based resting-state functional 

connectivity analysis. Potential confounders, namely, age, gender, and measures of 

depression were entered as covariates in all analyses. 

Results 

A higher composite small vessel disease marker score (CAA-SVD) was associated with a 

higher degree of apathy (standardized coefficient = 1.35 (0.07 – 2.62), adjusted R
2 

= 27.90, p 

= 0.04). Lower gray matter volume of the bilateral orbitofrontal cortices was observed in the 

apathetic group than the non-apathetic group (F = 13.20, family-wise error corrected p = 

0.028). The apathetic group demonstrated a widespread decrease in white matter 

microstructural integrity compared to the non-apathetic group. These tracts connect key 

regions within and between related reward circuits. Finally, there was no significant 

functional alterations between the apathetic and the non-apathetic groups.  

Conclusions 

Our findings revealed the orbitofrontal cortex as a key region in the reward circuit associated 

with apathy in sporadic cerebral amyloid angiopathy, independent from depression. Apathy 

was shown to be associated with a higher CAA-SVD score and an extensive disruption of 

white matter tracts, which suggested that a higher burden of CAA pathology and the 

disruption in large-scale white matter networks may underlie manifestations of apathy. 

 

Introduction  

Sporadic cerebral amyloid angiopathy (CAA), a common type of cerebral small vessel 

disease (SVD) defined by the cerebrovascular accumulation of amyloid-β, has become one of 

the important contributors of age-related cognitive impairment and dementia.
1,2

 SVD 

neuroimaging markers including lobar cerebral microbleeds (CMB), cortical microinfarcts 

(CMI), multiple subcortical white matter hyperintensity spots (WMH), lobar lacunes of 

presumed vascular origin (lacunes), enlarged centrum semiovale perivascular spaces (CSO-

PVS), and cortical superficial siderosis (cSS) constitutes key features in its diagnosis.
3
 

Studies have shown that neuropsychiatric symptoms are prevalent in individuals with SVD 

and are promising preclinical indicators of early disease progression.
4
 However, most studies 

on SVD-related neuropsychiatric symptoms had been focused on the non-CAA population.
4
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The distinct pathological distribution and mechanisms of CAA from other SVDs necessitate a 

bespoke investigation to discover neural mechanisms and imaging correlates of 

neuropsychiatric symptoms in CAA.
1
 These understandings are crucial for future 

development of appropriate management and targeted treatments aimed to prevent and 

reverse disease progression.
4
  

 Apathy, defined as lack of motivation and a reduction in goal-directed behaviours,
5
 

has been reported as the most common neuropsychiatric symptoms in patients with CAA.
6
 

Current understanding of the neural mechanisms underlying apathy points to a disruption in 

the fronto-striatal circuit (the reward network)
5
 – a network of brain regions regrouping the 

anterior cingulate cortex, the orbitofrontal cortex, the ventral striatum, and the ventral 

pallidum. Evidence from other neurodegenerative diseases and SVD have shown a link 

between apathy symptoms and a decrease in  gray matter volume
5,7

 and functional changes
8-10

 

within the reward network. Furthermore, apathy symptoms were also found to be correlated 

with SVD neuroimaging markers, particularly white matter hyperintensity (WMH) severity 

and the number of lacunes, in patients with non-CAA SVD.
4
   

Advanced neuroimaging technique such as diffusion tensor imaging (DTI) has 

allowed detection of white matter microstructural damage beyond those identifiable on 

conventional MRI, which is useful in CAA where white matter is invariably affected. In fact, 

a few DTI studies in non-CAA SVD have revealed that apathy symptoms were related to 

extensive white matter tract disruptions in the reward network.
11,12

 On the other hand, resting-

state functional MRI is considered an essential tool for assessing neural correlates of a 

symptom or a behaviour beyond the observable structural changes. Indeed, aberrant 

functional connectivity in key hubs within the fronto-striatal reward circuit has been shown to 

be associated with apathy symptoms in patients with Alzheimer’s disease and Parkinson’s 

disease.
8-10

     

At present, the characteristics and neural mechanisms of apathy in CAA are largely 

unexplored. This study aimed to assess the prevalence, clinical characteristics, and neural 

underpinnings of apathy in a pure CAA cohort. Apathy was assessed using the Apathy Scale 

which interrogated the whole range of apathy symptoms. We also acknowledged that 

although apathy shares many overlapping symptoms with depression, several studies have 

supported their distinct neural correlates.
11,13-15

 Therefore, we attempted to discern the effect 

of depression from apathy in our analyses. To determine the underlying neural mechanisms 

contributing to apathy symptoms, we employed a multi-modal neuroimaging approach 

incorporating SVD neuroimaging markers, volumetric brain analysis (VBM of the  gray 
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matter), DTI, and resting-state functional MRI. We hypothesized that apathy would be 

associated with a disruption to white matter connections in the fronto-striatal reward circuit 

represented by measured DTI parameters and to overall CAA pathology intrinsically related 

to SVD neuroimaging markers. We further hypothesized that a reduced gray matter volume 

and aberrant connectivity involving key hubs in the reward circuit could contribute to 

symptoms of apathy in CAA.  

 

Materials and methods  

This study was approved by the Institutional Review Board of the Massachusetts 

General Hospital, and written informed consents were obtained from all subjects or their 

surrogates according to the Declaration of Helsinki. 

Study design 

 This is a cross-sectional study of an ongoing prospective single-center memory clinic 

research cohort from the Massachusetts General Hospital.  

Study participants 

 Participants presenting with cognitive symptoms were recruited between March 2015 

and December 2020. The inclusion criteria were: 1) diagnosis of probable CAA by modified 

Boston criteria (≥ 2 hemorrhagic lesions restricted to lobar, cortical, or cortical-subcortical 

regions or single hemorrhagic lesion and cortical superficial siderosis (cSS) and age ≥ 55) 

and 2) no contraindication for an MRI scan. Participants diagnosed with dementia (Mini-

Mental State Examination (MMSE) ≤ 24 and/or impairment of instrumental activities of daily 

living) and participants with a history of symptomatic intracranial hemorrhage or 

macrohemorrhagic lesion on MRI were excluded. 

Demographic and clinical data were collected from each participant upon enrollment. 

All participants then underwent a detailed neuropsychological evaluation and a research brain 

MRI. 
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Neuropsychological evaluation 

 The MMSE was used to assess global cognition. A battery of standardized cognitive 

tests was used to assess cognitive function in each domain as previously described in 

Schoemaker et al.
16

 Briefly, the following domains were assessed: 1) executive function, 2) 

attention/processing speed, 3) memory, 4) language/semantics and 5) visuospatial functions. 

Raw scores from each test were transformed into z-scores and adjusted for age and education 

based on published normative data. Adjusted z-scores of tests in each domain were averaged 

to get the composite z-score for the domain. 

Apathy was measured using the Apathy Scale, which has been validated in patients with 

neurodegenerative disease. The scores range from 0 to 42.
17

 Subjects with scores of 14 or 

higher were considered apathetic.
17

 

Depression was measured using the 30-item Geriatric Depression Scale, with scores 

ranging from 0 – 30.
18

 Several items on the Geriatric Depression Scale overlap with 

symptoms of apathy. To obtain a “pure” measure of depression, we excluded six items that 

were previously shown to reflect apathy from the Geriatric Depression Scale.
19

 This allowed 

us to obtain a “GDS-depression” score, with a maximum score of 24. As depression often co-

occurs with apathy, we used the GDS-depression score as a covariate in our analyses to 

dissociate the effect of depression from apathy.  

Neuroimaging analyses 

MRI acquisition  

Images were obtained with a 3T MRI scan (Siemens Healthcare, Magnetom Prisma-

Fit) using a 32-channel head coil at the Massachusetts General Hospital (Boston, USA). MRI 

sequences included a T1-weighted sagittal multiecho magnetization-prepared rapid 

acquisition with gradient echo (MPRAGE) (TR = 2,510 ms; TE = 1.69 ms; slice thickness =1 

mm; in-plane resolution = 1 x 1 mm), a 3D fluid attenuated inversion recovery (FLAIR) (TR 

= 5000 ms; TE = 356 ms; slice thickness = 0.9 mm; in-plane resolution = 0.9 x 0.9 mm), a 

susceptibility-weighted imaging (TR = 30 ms; TE = 20 ms; slice thickness = 1.4mm; in-plane 

resolution = 0.86 x 0.86 mm), a high-resolution diffusion-weighted imaging (64 directions; 

TR = 8000 ms; TE = 82 ms; slice thickness = 2 mm; in-plane resolution = 2 x 2 mm; b-value 
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= 700 s/mm
2
). Functional images were acquired during rest (46 axial slices; TR = 3000 ms; 

TE = 30 ms; slice thickness = 3 mm; in-plane resolution = 3 x 3 mm). The acquisition time 

was 6 minutes and 12 seconds. Participants were instructed to rest with their eyes open during 

the resting-state functional MRI acquisition.  

Neuroimaging markers of cerebral small vessel disease 

 Conventional markers of SVD were rated by a neuroradiologist (MCZZ) blinded to 

clinical data, according to the Standards for Reporting Vascular Changes on Neuroimaging 

(STRIVE) recommendations.
20

  

 The number and location of the CMBs and the presence of cSS were evaluated on 

susceptibility-weighted images.
20

 Lacunes were identified on FLAIR images.
20

 CMIs were 

identified as lesions ≤ 4 mm, restricted to the cortex, hypointense on T1-weighted images, 

hyperintense on FLAIR images, and distinct from perivascular spaces.
21

 The CSO-PVS was 

rated using the T1-weighted images according to a previously proposed scale: 0 (none); 1 (1-

10); 2 (11-20); 3 (21-40); 4 (>40).
22

 

The total brain volume and the estimated total intracranial volume were calculated 

using the FreeSurfer software (www.surfer.nmr.mgh.harvard.edu; version 6.0).
23

 The 

normalized total brain volume was obtained by dividing the total brain volume by the 

estimated total intracranial volume. 

 WMH lesions were segmented on FLAIR images using the lesion prediction 

algorithm as implemented in the Lesion Segmentation Tool version 3.0.0 (www.statistical-

modelling.de/lst.html) for Statistical Parametric Mapping 12 (SPM12).
24

 The normalized 

WMH volume was obtained by dividing the WMH volume by the estimated total intracranial 

volume. 

 A composite score for SVD burden in CAA, the CAA-SVD score, was chosen as a 

tool to represent the overall SVD burden. The score was precomputed by awarding one point 

to each of the following MRI markers: lobar CMBs, cSS, moderate-to-severe CSO-PVS, and 

WMH (confluent deep WMH Fazekas score 2-3 or irregular periventricular WMH Fazekas 

3). Two points were given for five or more lobar CMBs and for the presence of disseminated 

cSS, for a total CAA-SVD score ranging from zero to six.
25

   

http://www.surfer.nmr.mgh.harvard.edu/
http://www.statistical-modelling.de/lst.html
http://www.statistical-modelling.de/lst.html
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Structural MRI preprocessing and Voxel-based morphometry 

 We used the CAT12 toolbox (cat12, The Structural Brain Mapping Group, University 

of Jenna, Germany) implemented on the SPM12 software (Wellcome Centre for Human 

Neuroimaging, London, UK) to preprocess and analyze the 3D T1-weighted images.
26

 First, 

all 3D T1-weighted images were denoised, bias-corrected, affine-registered, and subsequently 

segmented into gray matter, white matter, and CSF. The segmented tissues were then 

spatially normalized to a common reference space using Shooting registration.
27

 Next, the 

images' visual inspection and sample homogeneity test were done to check for segmentation 

errors, artifacts, and outliers. Finally, all images were smoothed using a 6-mm full width at 

half maximum (FWHM) Gaussian kernel.  

 Whole-brain voxel-based gray matter analysis was performed on SPM12 using the 

general linear model to test for group effect (apathetic vs. non-apathetic group) with an initial 

uncorrected two-tailed voxel-wise threshold of p < 0.001. An absolute masking of 0.05 was 

used to avoid edge effects around the border between the gray and white matter. Total 

intracranial volume, age, gender, and GDS-depression were added as covariates. A mask of 

regions of interest in the fronto-striatal circuit known to be associated with apathy was 

created using the built-in neuromorphometrics atlas in CAT12. The mask comprised bilateral 

accumbens, pallidum, anterior cingulate gyrus, gyrus rectus, and medial frontal cortices. A 

small volume correction within the pre-specified mask was performed and cluster(s) with a 

two-tailed cluster-level family-wise error corrected p (pFWE) < 0.05 will be reported.  

Diffusion tensor imaging preprocessing and analysis 

 All diffusion weighted images were visually inspected, and cases with excessive head 

motion or susceptibility artifacts were excluded. Briefly, the preprocessing steps included 

denoising,
28

 removal of Gibbs Ringing Artifacts,
29

 brain extraction,
30

 and eddy current 

distortion and motion correction using the ‘eddy’ tool from the Functional Magnetic 

Resonance Imaging of the Brain Software Library (FSL) version 5.0.10.
31

 The FSL’s ‘dtifit’ 

command was used for tensor fitting and calculation of scalar diffusion parameters (i.e., 

median diffusivity and fractional anisotropy).
32
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 Voxel-wise statistical analysis of the median diffusivity and fractional anisotropy data 

was carried out using Tract-Based Spatial Statistic
33

. Briefly, all subject’s fractional 

anisotropy data were registered to a common space (FMRIB58_FA standard-space) and 

averaged to create a mean fractional anisotropy map, which was then used to generate a tract 

skeleton, thresholded at fractional anisotropy > 0.2. Next, the fractional anisotropy images 

from each participant were projected onto the mean fractional anisotropy skeleton, creating 

skeletonized fractional anisotropy maps used for voxel-wise statistics. Similar analysis of the 

median diffusivity data was carried out by projecting the median diffusivity maps onto the 

mean fractional anisotropy skeleton. A general linear model comparing the fractional 

anisotropy and median diffusivity between the apathetic and the non-apathetic groups, 

controlling for age, gender, and GDS-depression, was conducted using the ‘randomise’ 

command to run the permutation-based nonparametric analysis with 5,000 iterations. Clusters 

with a two-sided threshold-free cluster enhancement (TFCE) p < 0.05, controlling for 

familywise error rate (α = 0.05), were reported. Finally, tracts were identified using the 

standard Johns-Hopkins University DTI-based white-matter probability maps from the FSL 

toolbox.
34

  

Resting-state functional MRI preprocessing and seed-based connectivity 

analysis 

 Preprocessing of resting-state functional MRI images was done using the CONN 

toolbox (version 20.b) (www.nitrc.org/projects/conn) implemented on the SPM12 software.
35

 

All images were preprocessed using the standard pipeline for functional image preprocessing. 

Briefly, realignment and motion correction, slice-timing correction, outlier identification, 

segmentation, and normalization into Montreal Neurological Institute space were applied to 

the images. Visual inspection of the preprocessed image was done for quality control. 

Smoothing with an 8 FWHM Gaussian kernel was applied. Finally, preprocessed images 

were denoised by regressing out the signal from confounder variables using the aCompcor 

approach
36

 (noise from white matter and CSV, motion, outlier scans, and session effects), 

linear detrending, and by applying a temporal band-pass filter between 0.008 – 0.09 Hz. 

Brain region(s) from VBM that demonstrated a significantly decreased volume in the 

apathetic compared to the non-apathetic group was chosen as seed(s) for the resting-state 

functional MRI analysis. Precisely, peak Montreal Neurological Institute coordinates of each 

http://www.nitrc.org/projects/conn
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area of significant group differences identified using VBM were extracted, and a 10-mm 

diameter sphere was drawn around these coordinates to create a region of interest. Maps of 

significant correlations between the spherical seed region(s) and the rest of the brain was 

computed for the apathetic and the non-apathetic group separately using a seed-to-voxel 

approach. Obtained maps were then contrasted between groups using a general linear model, 

controlling for age, gender, and GDS-depression.  Significant group differences between 

seed-to-voxel correlation maps were identified using a voxel-wise threshold of uncorrected 

two-tailed p-value < 0.001 and a cluster-size two-tailed familywise error corrected threshold 

of p < 0.05.  

Statistical analysis 

 The Shapiro-Wilk test was used to assess for normal distribution of continuous 

variables. Demographics and clinical data between groups were compared using T-test for 

parametric continuous variables, Mann-Whitney U test for non-parametric variables, and chi-

square test for dichotomous variables. Multiple linear regression analyses were used to assess 

the association between SVD neuroimaging markers and the Apathy Scale score.  The 

Apathy Scale was entered as a dependent variable and each SVD neuroimaging marker was 

assessed separately as an independent variable. All neuroimaging markers were standardized 

before inputting into the model. Age, gender, and GDS-depression score were entered as 

covariates for all models. Sensitivity analyses excluding GDS-depression scores from the 

covariates were done (models with only age and gender as covariates). A complete case 

analysis was employed for all analyses. The number of missing data in each analysis were 

reported. A two-tailed p-value of < 0.05 was considered statistically significant. Data were 

analyzed using Python (v3.8.5) software. 

Data availability  

The data that supported the findings of this study are available on request from the 

corresponding author.  

 

Result 

Clinical and demographic data 
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Group differences on clinical and demographic variables are summarized in Table 1. 

Among the 37 participants with probable CAA, 16 were classified as apathetic and 21 as non-

apathetic. There was no difference in age, gender, education, comorbid disease, or cognitive 

scores between the apathetic and the non-apathetic groups. Of note, all eight participants who 

had a score on the Geriatric Depression Scale suggestive of depression were in the apathetic 

group, constituting half of the apathetic group. While the GDS-depression scores, which 

isolates depressive symptoms from symptoms of apathy, showed a non-significant difference 

between the two groups, a trend towards a higher score in the apathetic group was observed 

(p=0.052). Accounting for one missing data on acetylcholine use in the apathetic group, no 

group difference was found. 

 

Association of apathy with SVD neuroimaging markers  

Group comparison across conventional MRI markers of SVD showed a significantly 

higher total CAA-SVD score and CSO-PVS score in the apathetic group. A trend toward a 

higher number of lobar CMBs in the apathetic group was found. There was no significant 

group difference in the other SVD neuroimaging markers (Table 1).  

Multiple linear regression controlling for age, gender, and GDS-depression revealed 

the total CAA-SVD score as the only neuroimaging marker associated with scores on the 

Apathy Scale (standardized beta = 1.35 (0.07 – 2.62), p = 0.04, adjusted R
2
 = 27.90%, F = 

4.48), as shown in Table 2. The result of sensitivity analyses excluding GDS-depression score 

from the covariates showed no significant association between SVD neuroimaging marker 

and the Apathy Scale (eTable 1 in online supplemental material).  

 

Voxel-based morphometry 

 A test for the difference in voxel-wise gray matter volume between the apathetic and 

non-apathetic groups within the pre-specified regions of interest revealed a significant 

decrease in gray matter volume of the bilateral orbitofrontal cortices, after controlling for age, 

gender, GDS-depression score, and total intracranial volume, F = 13.20, puncorrected < 0.001 

based on the peak coordinate, cluster-size family-wise error corrected p = 0.028 (Figure 1).  

  

Diffusion imaging and tract-based spatial statistic 

 Thirty-three out of the initial thirty-seven participants - 15 apathetic and 18 non-

apathetic - had a complete DTI study. There was no significant group difference in 
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demographic, clinical, cognitive, or neuroimaging characteristics between those who 

completed the study and those who did not in both groups.  

The apathetic group demonstrated lower fractional anisotropy in several tracts 

compared to the non-apathetic group after controlling for age, gender, and GDS-depression, 

pTFCE < 0.05 (Figure 2A). Analysis of the local maxima showed the most significant 

fractional anisotropy reduction in the bilateral inferior fronto-occipital fasciculus, the forceps 

minor, the bilateral superior longitudinal fasciculus, the left inferior longitudinal fasciculus, 

the bilateral corticospinal tract, and the right anterior thalamic radiation (eTable 2 in online 

supplemental material). To a lesser extent, we found higher median diffusivity in the right 

superior longitudinal fasciculus and the right anterior thalamic radiation in the apathetic 

group than the non-apathetic group, pTFCE < 0.05 (Figure 2B, eTable 2 in online 

supplemental material).  

 

Resting-state functional MRI seed-based analysis 

 Thirty-six subjects were included in the fMRI analysis; one subject from the apathetic 

group was excluded due to an incomplete fMRI acquisition.  

 Using the orbitofrontal cortex region of interest (from VBM analysis) as a seed, we 

did not find any significant areas that differ in the resting-state functional connectivity 

between the apathetic and the non-apathetic group after controlling for age, gender, and 

GDS-depression. 

 

Discussion 

 In our memory-clinic CAA cohort, the observed prevalence of apathy of was 43%, 

which is comparable to those reported in other CAA
6
 and non-CAA SVD (arteriosclerosis

11,14
 

and cerebral autosomal dominant arteriopathy with subcortical infarcts and 

leukoencephalopathy (CADASIL)
 37,38

). Crucially, the findings in this study demonstrated 

that apathy in CAA was underpinned by distinct neural structural change in the fronto-striatal 

circuit reward network. Within the reward circuit, the orbitofrontal cortex emerged as a key 

region associated with apathy symptoms across the multi-modal imaging studies. Extensive 

white matter microstructural disruption in the apathetic group relative to the non-apathetic 

group further supported a link between symptoms of apathy and the disconnections between 

brain regions.  
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Le Heron et al.
5
 had proposed a framework for understanding the underlying 

processes leading to symptoms of apathy. The framework described the three key phases of a 

normal motivated behaviour: 1) the cost-benefit evaluation of whether to perform an action or 

a series of actions, 2) performing and persisting with the behaviour, and 3) learning and 

remembering rewarding behaviours. Consequently, an impairment in any of these processes 

could result in a reduction in goal-directed behaviour and apathy. 

The orbitofrontal cortex was proposed to be involved in the first phase of evaluating 

the reward value.
39

 Reduced reward sensitivity has been shown to underlie the altered effort-

based decision-making process in apathy in both stroke and Parkinson’s disease.
40,41

 As a hub 

that receives afferent connections of ventral streams from all sensory modalities – visual, 

taste, olfactory, somatosensory, and auditory; the orbitofrontal cortex is able to portray a 

multi-modal representation of each stimulus and provide an accurate determination of the 

reward value.
39

 In fact, functional and structural changes in the orbitofrontal cortex have been 

shown to relate to apathy in a wide range of neurodegenerative diseases, including 

Alzheimer’s disease, frontotemporal dementia, and Parkinson’s disease.
5,42,43

  

Another key finding in our study was the extensive involvement of white matter tracts 

found to be associated with apathy, independent of depression, which corroborated the 

concept of apathy as a disconnection syndrome. Afferent and efferent pathways connecting 

regions within the reward network were postulated to play an instrumental role in facilitating 

the processes involved in effort-based decision-making and goal-directed behaviour. 

Essentially, information from afferent sensory regions and emotional information are 

integrated and passed on to areas performing cost-benefit evaluation and decision-making. 

These decisions and execution plans must be conveyed to effector regions to instigate actions, 

while the feedback of perceived reward values, in turn, influence the maintenance and 

modification of successive behaviours.  

Certain white matter tracts shown to be associated with apathy in our study constitute 

key pathways in processes associated with generation of goal-directed behaviours. The 

importance of effective communication between sensory regions and frontal areas was 

exemplified here by the involvement of two major pathways linking the visual cortex to the 

frontal lobe in the apathetic group, namely, the inferior longitudinal fasciculus and the 

inferior fronto-occipital fasciculus. Notably, the inferior fronto-occipital fasciculus had also 

been previously implicated with apathy symptoms in non-CAA SVD and frontotemporal 

dementia.
11,12,43
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Another important tract identified to be associated with apathy in our study was the 

forceps minor, which is the main tract that connects the bilateral orbitofrontal cortices and the 

prefrontal regions.
44

 These regions are responsible for both emotional/motivational and 

cognitive aspects of executive function including the integration of emotion and social 

context for decision making, planning and execution of movements.
45

 Therefore, it’s been 

suggested that a compromised connection between the bilateral prefrontal regions may result 

in apathy through poor decision making and impaired motor processing.
46

 Indeed, studies in 

neurodegenerative diseases and SVDs have confirmed the association of the integrity of the 

forceps minor and other parts of the corpus callosum with apathy.
5,11,12,42,43

  

Association pathways connecting frontal and other cortices also play a significant role 

in supporting the execution of goal-directed behaviours. Notable tracts from our result 

included the anterior thalamic radiation and the superior longitudinal fasciculus. The anterior 

thalamic radiation connects the frontal lobe to the thalamus and the limbic systems. In 

addition to being the main pathway connecting frontal and subcortical structures, it is also 

considered a prominent component of the emotion regulation process.
47

 Findings of apathy in 

both SVD and CADASIL, a genetic form of SVD, supported a correlation between lower 

white matter integrity in the anterior thalamic radiation and a higher degree of apathy.
11,12,38

  

Likewise, the superior longitudinal fasciculus was found to be associated with apathy in 

studies in amnestic mild cognitive impairment and progressive supranuclear palsy.
46,48

 Its role 

in the spatial attention network was suggested to complement the generation of goal-directed 

behaviours.
46

 

Finally, the role of projection fibres to the effector regions in the initiation and 

maintenance of actions and behaviours should not be overlooked. The corticospinal tract is 

considered one of the core pathways conveying sensorial information and motor commands 

to the subcortical nuclei. The association observed between decreased microstructural 

integrity in the corticospinal tracts and apathy in our study matched findings in patients with 

amnestic cognitive impairment.
46

    

Interestingly, our analysis revealed the CAA-SVD score as the only significant SVD 

neuroimaging marker associated with apathy independent of depression. A trend toward a 

higher number of CMBs were also observed in the apathetic group compared to the non-

apathetic group. These findings may indicate that apathy was more prevalent in patients with 

higher disease burden and corroborated the findings of the association between apathy and 

extensive disruption of white matter networks. Indeed, the CAA-SVD composite score had 

been shown to reliably reflect the underlying CAA-related vasculopathic change on 
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pathology, outperforming other single SVD markers.
25

 A higher number of CMBs distributed 

throughout the cortical areas in the apathetic group might in part explain the widespread 

involvement of white matter damage demonstrated in the DTI analysis.  

Few existing functional MRI studies have linked apathy to altered resting-state 

functional connectivity between components of the fronto-striatal circuit. Two notable studies 

in Parkinson’s disease reported that patients with higher apathy had weaker resting-state 

functional connectivity between the striatum and the frontal brain regions, including the 

orbitofrontal cortex.
8,10

 Another study in Alzheimer’s disease have found altered resting-state 

functional connectivity associated with apathy in regions connected to the salience network.
9
 

Our result did not show any significant areas of altered resting-state functional connectivity 

connected to the orbitofrontal cortex in association with apathy in our population. However, 

we were likely underpowered by our small sample size. Future studies addressing resting-

state functional connectivity changes associated with apathy in SVD are warranted to discern 

the functional connectivity changes related to apathy in these conditions.  

By using a multi-modal neuroimaging approach, we were able to portray the 

underlying pathology in CAA captured through various measures through the different 

neuroimaging modalities. First, our results suggested that the structural disconnection of the 

brain regions in the reward circuits were significantly associated with symptoms of apathy in 

CAA. Our findings coincided with a proposal by Tay et al.
13

 that apathy is a consequence of 

disruptions to large-scale white matter networks in SVD. Secondly, the orbitofrontal cortex 

and its connection to other key regions in the reward circuit were centrally related to apathy. 

Thirdly, we found that the degree of apathy in CAA correlated with the severity of the 

underlying CAA burden measured by the CAA-SVD composite score. Collectively, findings 

from our multi-modal neuroimaging analysis enabled a comprehensive understanding of the 

underlying neurological underpinnings of apathy in CAA.  

 The main strength of our study was the use of multi-modal neuroimaging techniques 

to capture different neural correlates of apathy in CAA. Moreover, the use of a validated 

questionnaire for apathy rather than general screening questionnaires allowed a more detailed 

inspection of the different symptoms of apathy and improved sensitivity in apathy detection. 

In addition, it allowed distinction of symptoms of apathy from depression, albeit the 

delineation was practically not absolute. Finally, as CAA pathology is more prevalent in the 

elderly and was shown to be associated with cognitive impairment and dementia,
49

 our 

findings could potentially contribute to the development of novel treatments for 

neuropsychiatric symptoms in CAA and other neurodegenerative diseases.  
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 There are several limitations to this study. Firstly, to mitigate confounding, we had 

limited our population to the non-demented CAA population presenting without ICH.  

Caution should be taken when interpreting and generalising our findings to other CAA 

phenotypes. Secondly, it is not possible to assume a causal relationship between apathy and 

structural or functional changes due to the cross-sectional study design, future studies should 

employ a longitudinal study design to address this. Thirdly, our small sample size and lack of 

a control (non-CAA) group may have limited our power to detect neural and clinical 

correlates and exposed the analyses to risk of model overfitting. Therefore, replication of our 

study in larger samples with a control group is warranted. Finally, our measurement of apathy 

is self-rated and therefore is subject to the perception and insight of the informant. Objective 

measurement of apathy or task-based analysis might yield more accurate results. 

 

Conclusion 

Our result revealed that apathy was prevalent in CAA and a higher CAA burden 

correlated to a higher degree of apathy. Furthermore, symptoms of apathy in CAA were 

underpinned by disruption to the fronto-striatal reward circuit, particularly the involvement of 

the orbitofrontal cortex. Most importantly, microstructural damage in white matter tracts and 

disintegration of their connections emerged as a preeminent factor associated with the neural 

mechanisms of apathy in CAA. 
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Tables 
 

Table 1 Comparison of demographics, comorbidities, cognitive scores, and 

neuroimaging markers between the apathetic and the non-apathetic groups 
Characteristics Apathetic (n=16) Non-apathetic (n=21) 

Demographic variables   

Age 71.09 (7.33) 74.96 (6.79) 

Male [n (%)] 9 (56%) 13 (61.9%) 

Years of Education 16.38 (3.01) 17.29 (2.49) 

Clinical variables   

Apathy Scale1 16.19 (2.40) 8.76 (2.53) 

Geriatric depression scale [median (IQR)] 9 (4 - 15) 4 (2 - 5)* 

GDS-depression [median (IQR)] 6.5 (2 - 11.25) 3 (2 - 4) 

Hypertension [n (%)] 9 (56%) 14 (66.7%) 

Hyperlipidemia [n (%)] 10 (62.5%) 17 (81%) 

Diabetes [n (%)] 2 (12.5%) 3 (14.3%) 

Atrial fibrillation [n (%)] 1 (6.2%) 1 (4.8%) 

Acetylcholinesterase inhibitor [n (%)] 4 (26.6%) 4 (19%) 

Cognitive variables   

Mini-mental state examination 28.00 (26 - 28.25) 27.00 (25 - 28) 

Mini-mental state examination z-score -0.54 (1.27) -0.92 (1.32) 

Attention processing speed [median (IQR)] -0.28 (-0.57 - 0.37) 0.13 (-0.14 - 0.46) 

Executive function [median (IQR)] -0.23 (-1.14 - 0.22) -0.26 (-0.83 - (-) 0.02) 

Memory  -1.03 (1.36) -1.27 (1.50) 

Language [median (IQR)] -0.22 (-1.30 - 0.47) -0.41 (-0.95 - 0.04) 

Visuospatial [median (IQR)]  0.22 (-0.63 - 1.00) 0.40 (-0.01 - 1.02) 

MRI Markers of SVD   

Normalized total brain volume 0.64 (0.04) 0.62 (0.04) 

Normalized WMH volume [median (IQR)] 0.0025 (0.0015 - 0.0087) 0.0027 (0.0009 - 0.0082) 

Lobar cerebral microbleeds [median (IQR)] 63.5 (24.5 - 158) 11 (4 - 65) 

Lobar lacunes [median (IQR)] 0 (0-0.5) 0 (0) 

Cerebral microinfarct [median (IQR)] 0 (0 - 2) 0 (0 - 1) 

CSO-PVS score [median (IQR)] 3 (3 - 4) 2 (2 - 4)* 

Presence of cortical superficial siderosis 

[n (%)] 

9 (56.3%) 7 (33.3%) 

CAA-SVD score (IQR) 5 (3 - 6) 3 (2 - 4)* 

Mean (standard deviation) are presented for each variable, unless otherwise indicated. For non-normally distributed data, 

median and interquartile range are presented. Scores on each cognitive domain are converted to z-scores before comparison.  

*p-value < 0.05 
1 As the Apathy Scale was used to categorize the groups, we did not compare the Apathy Scale score between the groups. 

CAA = cerebral amyloid angiopathy; CSO-PVS = centrum semiovale perivascular spaces; GDS = geriatric depression scale; 

IQR = interquartile range; WMH = white matter hyperintensity; SVD = cerebral small vessel disease.
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Table 2 Multivariate regression analyses of the association between SVD neuroimaging markers 

and the Apathy Scale 

The table summarizes the result from multivariate regression analyses investigating the association between SVD 

neuroimaging markers and apathy with the Apathy Scale as the dependent variable. The base model included only age, 

gender, and GDS-depression scores as independent variables. Each SVD neuroimaging marker model included the 

corresponding SVD neuroimaging marker as an independent variable in addition to age, gender and GDS-depression 

scores. Standardized regression coefficients and 95% confidence intervals (uncorrected for multiple comparisons) are 

shown for each neuroimaging marker except ‘Presence of cortical superficial siderosis’ (binary data) where the regression 

coefficients and 95% confidence interval are shown. The adjusted R squared values (percentage) and F-values are 

presented for the base model and for each SVD neuroimaging marker model. 

*p-value < 0.05 

Abbreviations: CAA = cerebral amyloid angiopathy; CI = confidence interval; CSO-PVS = centrum semiovale 

perivascular spaces; R2 = R squared; WMH = white matter hyperintensity; SVD = cerebral small vessel disease. 
 

  

Models Standardized beta 

 (95% CI) 

Adjusted R2 (%) F-value 

Base model   

Age, gender, GDS-depression  19.9 3.99* 

SVD neuroimaging marker models: adjusted for age, gender, and GDS-depression scores 

Normalized WMH volume  0.67 (-0.74 – 2.08) 19.81 3.22* 

Lobar cerebral microbleeds 0.94 (-0.39 – 2.26) 22.49 3.61* 

Lobar lacunes 0.003 (-1.37 – 1.38) 17.44 2.90* 

Cerebral microinfarct  -0.40 (-1.78 – 0.98) 18.32 3.02* 

CSO-PVS score  0.69 (-0.68 – 2.06) 20.06 3.26* 

Presence of cortical superficial siderosis 2.05 (-0.62 – 4.73) 23.31 3.73* 

CAA-SVD score  1.35 (0.07 – 2.62)* 27.90 4.48* 
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Figure Legends 

Figure 1 Voxel-based morphometry analysis of gray matter volume between the 

apathetic and the non-apathetic groups (a whole-brain analysis with correction within 

a pre-specified reward network mask). The apathetic group showed reduced gray matter 

volume at the bilateral orbitofrontal cortex, family-wise error corrected cluster-size p = 

0.028, number of voxels 131, MNI coordinates: -2, 39, -24. The color bar demonstrates F-

value. 

 
 

Figure 2 Tract-Based Spatial Statistic results comparing the FA and MD between the 

apathetic group and the non-apathetic group. Significant results with a threshold-free 

cluster enhancement (TFCE) p < 0.05 are displayed in red using the tbss_fill command. A) 

Displays white matter tracts with significantly lower FA in the apathetic group than the 

non-apathetic group. B) Displays white matter tracts with significantly higher MD in the 

apathetic group than the non-apathetic group. The results are overlayed on the mean FA 

skeleton (green). Significant clusters, peak p-value, MNI coordinates and their overlap 

with JHU White Matter Tractography atlas are shown in eTables 2 and 3 in online 

supplemental material. 

ATR = anterior thalamic radiation; CST =  corticospinal tract; FA = fractional anisotropy; 

IFOF = inferior fronto-occipital fasciculus; ILF = inferior longitudinal fasciculus; MD = 

median diffusivity; SLF=  superior longitudinal fasiculus. 
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