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Introduction
Cerebral amyloid angiopathy (CAA) belongs to the group 

of cerebral small vessel diseases (CSVD) and is charac-

terised by β-amyloid (Aβ) deposits in the walls of small-

to-medium-sized arteries, arterioles and venous vessels 

of the cerebral cortex and pia mater [1]. It is the second 

most common cause of cerebral haemorrhage, and fur-

ther associated with ischemic strokes, transient focal neu-

rological episodes (TFNE) and cognitive impairment in a 

substantial number of older patients [1–3]. Furthermore, 

CAA is found in at least ten to 40% of older patients and 

occurs in up to 80% of patients with Alzheimer’s disease 

(AD) dementia [1, 2]. In vivo, CAA is diagnosed through 

downstream pathologies, which are detectable on cra-

nial magnetic resonance imaging (cMRI) and confined to 

lobar regions [4]. Past studies indicated that these pathol-

ogies, for example white matter hyperintensities (WMH), 

microinfarcts, or microbleeds, may be related to cogni-

tive decline and dementia in CAA, even after controlling 

for concomitant AD pathology [1, 5–9]. Indeed, nearly 

80% of CAA patients suffer from mild cognitive impair-

ment (MCI) [10].

While several studies in CAA focus on cognitive func-

tion, data on neuropsychiatric symptoms (NPS) in these 

patients are scarce. NPS are noncognitive behavioural 

and psychiatric symptoms in neurological disorders 

[11]. �ree case reports identified behavioural problems, 

personality changes and depression in CAA [12–14]. 

One neuropathological study observed some overlap in 

the NPS-profiles of CAA and AD [15]. However, CAA 

showed only a low prevalence of NPS in this investiga-

tion. Four other studies that examined NPS in CAA 

found a high prevalence of NPS in CAA, such as depres-

sion, apathy, and agitation. On the other hand, some of 

these studies suggested an association between NPS and 

a higher CAA-burden on cMRI or cognitive function, 

while others did not. [16–19]. Additionally, these studies 

did not consider concomitant AD pathology or the apo-

lipoprotein E (APOE) status in CAA, which precludes 

more disease-specific assumptions. Due to these incon-

sistent and incomplete findings replication studies are 

warranted.

Better knowledge on the existence and kind of NPS in 

CAA may be of great clinical and prognostic relevance: 

NPS are associated with functional impairment, faster 

cognitive decline and faster progression to death in neu-

rodegenerative diseases [20–22]. Furthermore, NPS may 

be treatable through their responsiveness against phar-

macological and non-pharmacological interventions. 

NPS might be even preventable and several recent studies 

in the healthy elderly have emphasized the protective role 

of lifelong cognitively stimulating activities, high educa-

tion and a complex and challenging occupation against 

depression. A cognitively active lifestyle was thereby 

always beneficial independently of the lifespan - young 

adulthood, mid- or late-life – when it was implemented 

[23, 24]. In CAA, there are so far no studies exploring the 

role of lifelong mental activities for depression and NPS 

development.

�us, we aim to compare (1) the CAA-related NPS pro-

file to that of age- and sex-matched cognitively normal 

controls (NC). In contrast to the already existing stud-

ies [15–19], we included distinct instruments measuring 

the NPS profile together with the assessment of engage-

ment in lifelong mental activities and additional covari-

ates linked to CAA severity, such as the APOE status 

and concomitant AD pathology. We also explored (2) the 

associations of NPS with CAA severity on MRI and (3) 

with cognitive function. Finally, we assessed (4) indirect 

mediating effects of lifelong mental activities on CAA 

severity and NPS.

Methods
Study sample

In this cross-sectional study, we prospectively included 

patients with CAA who were diagnosed and treated at 

the Department of Neurology at the Otto-von-Guer-

icke University of Magdeburg between 2016 and 2022. 

Patients had to meet the Boston criteria 1.5 for prob-

able CAA, with clinical and neuroimaging evidence of 

multiple haemorrhages restricted to lobar, cortical, or 

cortical-subcortical regions, or alternatively a single 

lobar, cortical, or cortical-subcortical haemorrhage 

and focal or disseminated cortical superficial siderosis 

(CSS). Furthermore, there were no signs of other causes 

lower cognitive function. Greater lifelong mental activities partially mediated the relationship between CAA severity 

and NPS (indirect effect 0.05, 95% CI 0.0007-0.13), and greater lifelong mental activities led to less pronounced CAA 

severity and thus to less NPS (indirect effect − 0.08, 95% CI -0.22 to -0.002).

Discussion This study suggests that NPS are common in CAA, and that this relationship may be driven by CAA 

severity. Furthermore, NPS seem to be tied to lower cognitive function. However, lifelong mental activities might 

mitigate the impact of NPS in CAA.
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of haemorrhage and patients needed to be older than 54 

years to be included in the study [4, 25]. Lumbar punc-

ture was conducted through the diagnostic work-up 

and cerebrospinal fluid (CSF) was used to apply the bio-

marker-based “ATN” (Aβ, tau, neurodegeneration) classi-

fication to assess a concomitant AD pathology according 

to the National Institute on Aging - Alzheimer’s Associa-

tion [26]. Aβ42/40 ratio was considered for the determina-

tion of Aβ positivity (A+), phosphorylated tau (p-tau) for 

tau positivity (T+), and total tau (t-tau) or neurofilament 

light chain (NF-L) for neurodegeneration (N+) (Supple-

ment 1). A + T + N + or A + T + N- were considered as AD 

pathology [26].

All NC were prospectively recruited from an existing 

pool of cognitively normal healthy elderly from the Ger-

man Center for Neurodegenerative Diseases (DZNE). NC 

had to be free of haemorrhagic cMRI markers, i.e., cere-

bral microbleeds (CMB), CSSand intracerebral haemor-

rhage (ICH). A score of ≥ 5 in the Geriatric Depression 

Scale-Short Form (GDS-SF), indicating at least mild 

depression, was an exclusion criterion for NC [23].

Participants with CAA or NC were excluded if they 

were < 55 years, could not undergo cMRI, had other cen-

tral nervous system diseases, current or past alcohol or 

drug abuse or if they were not fluent in German. All par-

ticipants provided written informed consent according to 

the Declaration of Helsinki. �e local Ethics Committee 

of the Otto-von-Guericke University of Magdeburg, Fac-

ulty of Medicine, approved the study (28/16).

cMRI acquisition and CAA markers

A senior neuroradiologist (A.T.) rated CAA-related neu-

roimaging markers according to the standards for report-

ing vascular changes on neuroimaging 2 (STRIVE-2) 

criteria through standardized 3T cMRI (n = 61, 70.2%) or 

1.5T cMRI (n = 26, 29.8%; Supplement 2) [27, 28]. Neu-

roimaging markers included haemorrhagic (CMB, CSS, 

ICH) and non-haemorrhagic markers (WMH, enlarged 

perivascular spaces (PVS), incidental diffusion-weighted 

imaging (DWI)-positive lesions, cortical cerebral micro-

infarcts) as well as global cortical atrophy (GCA). �ose 

were assessed according to previously established scales 

[29–33]. PVS in the centrum semiovale (CSO) were eval-

uated according to a validated 4-point visual rating scale 

(0 = no PVS, 1 = ≤ 10 PVS, 2 = 11–20 PVS, 3 = 21–40 PVS, 

4 > 40 PVS; [29]). WMH in deep and periventricular (PV) 

regions were rated using the Fazekas visual rating scale, 

giving a maximum of three points for each deep or PV 

WMH. �e total score is calculated by adding the deep 

and PV WMH scores (0–6 points) [31]. CSS was classi-

fied according to the total CSS multifocality score. Each 

hemisphere is scored separately with a score range of 0 

to 2 points, adding the right and left hemisphere scores 

to a total range of 0 to 4 points, defined as not existent 

(0), focal (1) or multifocal CSS (≥ 2). One point is given 

for one sulcus or ≤ 3 immediately adjacent sulci with CSS 

in each hemisphere and two points are given for ≥ 2 non-

adjacent sulci or > 3 immediately adjacent sulci with CSS 

in each hemisphere [32]. GCA was rated using the Pas-

quier scale (0 = normal volume/no ventricular enlarge-

ment, 1 = opening of sulci/mild ventricular enlargement, 

2 = volume loss of gyri/moderate ventricular enlarge-

ment, 3 = knife blade atrophy/severe ventricular enlarge-

ment) [33]. However, until now, there is no established 

rating scale considering incidental DWI-positive lesions 

and cortical cerebral microinfarcts [28]. �erefore, we 

solely counted the number of incidental DWI-positive 

lesions and cortical cerebral microinfarcts in the whole 

brain without applying any specific categorization. To 

evaluate the overall CAA burden, we applied the total 

CAA severity score (range 0 to 6 points) through the fol-

lowing scale [34]: one point is given for the presence of 

(a) 2–4 lobar CMB, (b) high degree CSO PVS (> 20 CSO 

PVS), (c) deep WMH grade ≥ 2 or PV WMH = 3 or (d) 

focal CSS, respectively. Two points are given for ≥ 5 lobar 

CMB and multifocal CSS each.

MRI scans of n = 10 participants were, at least several 

weeks after the initial MRI analyses, chosen randomly 

and scored a second time by the same neuroradiologist 

(A.T.), and also by another independent senior neurora-

diologist (N.H.). Both raters were blinded to all demo-

graphics and clinical information. Intra- and interrater 

reliability were excellent: kappaintra = 0.863; kappainter = 

0.928.

Measurements

Demographics, clinical diagnoses, vascular risk factors, 

including type 2 diabetes (i.e., former diagnosis, and/or 

intake of antidiabetic medication, and/or HbA1c ≥ 6.5% 

or fasting plasma glucose level ≥ 7.0 mmol/ L [35]), dys-

lipidemia (i.e., former diagnosis, and/or lipid lowering 

medication, and/or abnormal blood levels of total cho-

lesterol (> 5.2 mmol/ L), low density lipoprotein choles-

terol (> 2.6 mmol/ L), high density lipoprotein cholesterol 

(< 1.0 mmol/ L), or triglycerides (> 1.7 mmol/ L) [36]), 

arterial hypertension (i.e., former diagnosis and/or use 

of antihypertensive medication for blood pressure con-

trol [37]), past or current smoking, and the APOE status 

[38] were prospectively assessed. To evaluate cognitive 

status in CAA patients and NC participants, we used the 

Mini-Mental State Examination (MMSE) and the Clini-

cal Dementia Rating (CDR), dividing participants into 

cognitively normal subjects (MMSE > 26, and CDR = 0), 

participants with MCI (MMSE 21–26, and CDR 0.5-

1), mild dementia (MMSE 11–20, and CDR 0.5-1) and 

severe dementia (MMSE ≤ 10, and CDR > 1) [39, 40]. Even 

though the CDR is categorized into a 5-scale global score, 

it is not sensitive to distinguish patients with MCI from 
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cases with mild dementia. A recent study suggested that a 

CDR ≥ 0.5 is capable of distinguishing MCI patients from 

NC, and that it needs a CDR ≥ 2 to distinguish MCI from 

AD dementia with sufficient sensitivity and specificity. 

Additionally, this study demonstrated that the major-

ity of MCI patients had a CDR score of 0.5, and that AD 

patients’ CDR scores ranged mostly between 0.5 and 1 

[41]. In this context, our definition that provides rather a 

range of CDR scores for different cognitive status profiles 

than one single CDR value (for MCI and mild dementia 

cases) together with a precise definition of MMSE scores 

seems reasonable.

We also utilized the Alzheimer’s Disease Assessment 

Scale’s cognitive (ADAScog) total score as indicator of 

cognitive function [42].

NPS were measured using the validated 10-item ADAS 

noncognitive subscale (ADAS-NC) [42]. �e ADAS-

NC examines aspects of mood, such as tearfulness and 

depressed mood, and aspects of behaviour disturbances, 

including lack of cooperation, pacing and increased 

activity, as well as other NPS, such as delusions, hallu-

cinations, appetite changes, and concentration deficits. 

Each of these items is rated on a five-point scale with 

higher scores representing more severe mood distur-

bance or behavioural abnormalities. In our study, none of 

the noncognitive items of the ADAS-NC showed a sig-

nificant correlation with each other or with the severity 

of cognitive impairment (MMSE, CDR, ADAScog). For 

statistical analysis, we used a reduced nine-item subset 

of the ADAS-NC (ADAS-NC9) items, removing the item 

“tremors” because it is rather a neurological symptom 

and not associated with NPS. Our approach is similar 

to another study [43]. In addition, we used the GDS-SF 

to evaluate depression in our study sample. �e optimal 

cut-offs of the GDS-SF are ≥ 5 (minor depressive disor-

der) and ≥ 10 points (major depressive disorder) [23, 44].

We further included the Lifetime of Experiences Ques-

tionnaire (LEQ), which assesses complex lifelong men-

tal activities. �e LEQ evaluates cognitively stimulating 

activities during three life stages, ranging from young 

adulthood (13–30 years), to mid-life (31–65 years) and 

late-life (65 years onwards) [45].

Statistical procedures

For statistical analysis, we used IBM SSPSS Statistics for 

Windows, Version 29 (Armonk, NY: IBM Corp). Chi-

square and Fisher’s exact test were used to compare non-

normally distributed categorical variables. Non-normally 

distributed continuous and ordinal variables were com-

pared with a Mann-Whitney U or Kruskal-Wallis test. 

�e number of NPS was calculated as the sum of all pres-

ent symptoms of the ADAS-NC9 (range 0–9). �e sever-

ity of NPS was calculated as the sum of all severity scores 

of the ADAS-NC9 (0–45), adding the severity scores for 

all nine NPS.

In a first step, we used a hierarchical generalized linear 

Poisson regression and a multiple linear regression model 

to determine the association between group status (CAA 

vs. NC) as independent variable, demographics (age, sex, 

education) as covariates and the number or severity of 

NPS, as respective dependent variables. Other covari-

ates that are related to CAA severity or NPS according 

to existing literature, were entered sequentially into the 

regression models: vascular risk factors as binary vari-

ables (see Sect. 2.3) [46–50], concomitant AD pathology 

as binary variable according to the ATN classification 

(see Sect. 2.1) [1], and APOE status [38]. To assess poten-

tial cognitive repercussions of NPS, we utilized a multiple 

linear regression with NPS number or severity as inde-

pendent variables, cognition (MMSE and ADAScog total 

score) as dependent variable, and the other mentioned 

covariates. Additional generalized linear Poisson and 

multiple linear regression models tested the effect of MRI 

markers of CAA severity, on each, NPS number or sever-

ity, including MRI field strength (1.5 Tesla or 3 Tesla) as 

additional covariate. Furthermore, logistic regression 

was applied to explore associations of CAA MRI mark-

ers with the presence or absence of each of the NPS. 

Collinearity statistics were applied to identify issues of 

multicollinearity. �ese showed no evidence of multicol-

linearity in all regression models [51]. In a second step, 

we utilized the PROCESS regression path analysis model-

ing tool for SPSS to estimate mediation effects of lifelong 

mental activities between cMRI disease severity and NPS 

number or severity. All regression and mediation mod-

els included both CAA patients and NC participants. In 

these models, data were missing for the covariates AD 

pathology (25%) and APOE status (9%). �ese missing 

data were handled by multiple imputations: In a first step, 

the missing values were estimated and replaced several 

times, which results in different data sets with replaced 

missing values. In a second step, all regression and medi-

ation analyses were conducted on each of the imputed 

data sets. Finally, these results were consolidated into one 

estimate applying standard combining rules [52]. �is 

approach is superior against single-imputation strate-

gies because of avoiding creating false precision by a 

quantification of the uncertainty through multiple plau-

sible values, and thus estimating what the missing values 

might be. Significance level was set at p < 0.05 (two-sided 

p-value) and adjusted for multiple comparisons by post-

hoc chi-square testing.

Results
Sample

Table  1 illustrates sociodemographic and clinical char-

acteristics of the study sample. Eighty seven participants 
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were included in the study (69 with CAA, 18 with NC), 

and 100% of our sample was of Caucasian ethnicity. Clin-

ical presentation of CAA patients was transient ischemic 

attack (TIA) or stroke (n = 34, 49.2%), ICH (n = 15, 21.7%), 

cognitive decline (n = 12, 17.3%; diagnosed by pathologi-

cal MMSE/CDR scores and clinical data) or TFNE (n = 8, 

11.5%). Of note, more than 12 CAA patients suggested a 

cognitive decline as measured by MMSE and CDR scores 

(Supplement 3). Yet, in these cases, other diagnoses, such 

as ICH or stroke, were the leading clinical diagnoses. CSF 

data were available in 68.1% (n = 47) CAA patients, of 

whom 23.4% (n = 11) demonstrated AD pathology. More 

than 62% (n = 42) of the participants with CAA showed 

some degree of cognitive impairment. In CAA, four out 

of twelve (33.3%) participants with a clinical presenta-

tion of cognitive decline showed AD pathology, and, 

vice versa, four out of eleven (36.3%) with AD pathology 

showed a clinical presentation of cognitive decline (Sup-

plement 3 and 4).

CAA patients indicated significantly higher ADAScog 

scores (mean 16.52 ± 8.08 vs. 5.11 ± 1.32, p < 0.001), lower 

MMSE total scores (mean 24.64 ± 4.07 vs. 28.61 ± 1.03, 

p < 0.001), and higher CDR scores (median 0.5 vs. 0, 

p < 0.001) compared to NC participants. A Kruskal-Wal-

lis test suggested significant differences between CAA 

subgroups (cognitively normal, MCI, mild dementia) 

with regard to cognitive scores, i.e., the ADAScog (mean 

11.28 ± 4.33 vs. 16.50 ± 6.28 vs. 27.5 ± 7.25), MMSE (mean 

28.2 ± 1.08 vs. 24.63 ± 1.40 vs. 17.25 ± 1.91), and CDR 

(median 0 vs. 0.5 vs. 1) scores (p < 0.001).

CAA is related to greater neuropsychiatric symptom 

severity and lower lifelong mental activities

More than 43% (n = 29) of CAA patients suffered from 

some degree of depression. �e median number of NPS 

was 2 (range 0–6) in CAA vs. 0 (range 0–1, p < 0.001) 

in NC, and the median total NPS severity was 3 (range 

0–11) vs. 0 (range 0–2, p < 0.001). Almost all LEQ scores, 

including education, were significantly lower in CAA 

compared to NC, indicating a lower variety and fre-

quency of lifelong mental activities in CAA (Table  2). 

NPS number and severity, depression and LEQ values did 

not differ between CAA participants with ICH, cognitive 

decline or concomitant AD pathology, i.e. there was no 

effect of CAA subgroup on these measures (Supplement 

3–5).

Table  3 highlights the prevalence of NPS in patients 

with CAA compared to NC. �e most frequent NPS in 

CAA were lack of concentration (62.3%), depression 

(43.4%), appetite changes (33.3%) and lack of coopera-

tion (20.2%). CAA subgroups, i.e. ICH, cognitive decline, 

and AD pathology, did not affect NPS prevalence. Hence, 

NPS symptoms were similarly prevalent in each of these 

diagnoses (Supplement 6).

In Table  4, associations between the number of NPS 

or severity of NPS and diagnosis, i.e. CAA vs. NC, are 

depicted. In the first step, diagnosis and demograph-

ics together explained 11% (pseudo R2, NPS number) or 

24% (adjusted R2, NPS severity) of the variance of the 

regression models. In the final model, after the addition 

of three covariates, arterial hypertension in the second, 

AD pathology in the third, and APOE status in the fourth 

Table 1 Description of the study sample – sociodemographic and clinical characteristics

Overall (n = 87) Cerebral amyloid angi-

opathy (n = 69)

NC (n = 18) p-value (p < 0.05) 

group analysis

p-value 

subgroup 

analysis*

Age, y 72.68 (7.36) 72.99 (7.80) 71.50 (5.34) 0.372

Male, n (%) 46 (52.9) 38 (55.10) 8 (44.40) 0.421

Years of education 13 (8–23) 12.5 (8–23) 15.5 (12–19) 0.010

Diabetes mellitus, n (%) 23 (26.4) 19 (27.50) 4 (22.20) 0.770

Arterial hypertension, n (%) 73 (83.9) 63 (91.30) 10 (55.60) 0.001

Dyslipidemia, n (%) 44 (50.6) 37 (53.60) 7 (38.90) 0.265

Smoking, n (%) n = 84

24 (28.57)

n = 66

20 (30.30)

n = 18

4 (22.20)

0.501

APOE status

APOEε3ε3

APOEε3ε2 or APOEε2ε2

APOEε3ε4 or APOEε4ε4

APOEε2ε4

n = 79

37 (46.83)

10 (12.65)

30 (37.97)

3 (3.79)

n = 61

27 (44.26)

7 (11.47)

26 (42.62)

1 (1.63)

n = 18

10 (55.6)

2 (11.10)

4 (22.20)

2 (11.10)

0.143 p < 0.00625

0.398

0.965

0.117

0.064

Cognitive status

Cognitively normal, n (%)

Mild cognitive impairment, n (%)

Mild dementia, n (%)

Severe dementia, n (%)

n = 85

43 (50.58)

30 (35.29)

12 (14.11)

0 (0)

n = 67

25 (37.31)

30 (44.77)

12 (17.91)

0 (0)

n = 18

18 (100)

0 (0)

0 (0)

0 (0)

< 0.001 p < 0.0083

< 0.001

< 0.001

0.052

Note: Values are mean (standard deviation) or median (range) unless otherwise noted. Significant p-values are marked bold. p-values are based on chi-square or 

Fisher’s exact test (if any cell number was < 5) for categorical variables, and the Mann-Whitney U test for continuous variables. *p-value subgroup analysis is based 

on post-hoc chi-square testing for multiple comparisons. n: number. y: years. NC: Cognitively normal control. APOE: Apolipoprotein E
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step, the variance explained increased to 14% (pseudo 

R2) or remained at 24% (adjusted R2). Other vascular risk 

factors, i.e. diabetes mellitus, dyslipidemia and smoking, 

were not considered as their prevalence did not differ 

between CAA and NC (Table 1).

In summary, even after controlling for several con-

founders, CAA patients demonstrated a more than 4-fold 

higher NPS incidence (final model: incidence rate ratio 

4.86, 95% confidence interval (CI) 2.20-10.73, p < 0.001), 

and more than 3-fold greater NPS severity (final model: 

mean difference 3.56, 95% CI 1.94–5.19, p < 0.001) com-

pared to NC.

We conducted a second regression analysis exploring 

associations between CAA subgroups (cognitively nor-

mal, MCI, mild dementia) as independent variable, NPS 

number or severity as dependent variable, and the model 

was adjusted for age, sex, years of education, arterial 

hypertension, AD pathology, and APOE status. In these 

models, CAA subgroups had no impact on NPS number 

or severity (see Supplement 7).

CAA severity predicts neuropsychiatric symptom severity

Regression models including MRI markers known to 

contribute most to CAA severity [34] suggested that 

more severe WMH and a higher CAA total score predict 

higher numbers (incidence rate ratio 1.21, 95% CI 1.05–

1.39, p = 0.006, respectively, incidence rate ratio 1.14, 

95% CI 1.01–1.27, p = 0.022) and a greater severity of 

NPS (mean difference 0.63, 95% CI 0.19–1.08, p = 0.005, 

respectively, mean difference 0.57, 95% CI 0.19–0.95, 

p = 0.004; Table 5).

Exploring associations between further MRI markers 

and NPS number or severity showed that participants 

with greater GCA were more likely to have a higher NPS 

number (incidence rate ratio 1.86, 95% CI 1.26–2.73, 

p = 0.002) and more severe NPS (mean difference 2.01, 

95% CI 0.63–3.38, p = 0.005). In addition, ICH predicted 

greater NPS severity (mean difference 0.88, 95% CI 0.04–

1.73, p = 0.040; Supplement 8).

Table 2 Description of the study sample – NPS and lifelong mental activities

Overall (n = 87) Cerebral amyloid 

angiopathy (n = 69)

NC (n = 18) p-value (p < 0.05) 

group analysis

p-value 

sub-

group 

analysis*

ADAS-NC

ADAS-NC9 total number 1 (0–6) 2 (0–6) 0 (0–1) < 0.001

ADAS-NC9 total severity 2 (0–11) 3 (0–11) 0 (0–2) < 0.001

GDS-SF

No depression, n (%)

Minor depressive disorder, n (%)

Major depressive disorder, n (%)

n = 85

56 (65.88)

26 (30.58)

3 (3.52)

n = 67

38 (56.71)

26 (38.80)

3 (4.47)

n = 18

18 (100)

0 (0)

0 (0)

0.001 p < 0.0083

< 0.001

0.002

0.374

LEQ

LEQ YA education 16.50 (7.96) 15.68 (8.20) 19.64 (6.18) 0.009

LEQ YA activities 19.18 (3.93) 19.03 (3.84) 19.76 (4.34) 0.797

LEQ YA total 36.49 (10.10) 35.47 (10.42) 40.39 (7.87) 0.012

LEQ ML occupation 61.58 (22.75) 59.51 (22.79) 69.52 (21.34) 0.098

LEQ ML activities 16.78 (3.63) 16.43 (3.61) 18.11 (3.49) 0.047

LEQ ML total 34.34 (8.68) 32.90 (8.25) 39.84 (8.28) 0.003

LEQ LL specific activities 18.71 (5.00) 17.50 (4.59) 23.35 (3.72) < 0.001

LEQ LL nonspecific activities 14.58 (3.03) 13.93 (2.80) 17.05 (2.64) < 0.001

LEQ LL total 22.39 (5.32) 21.35 (5.20) 26.40 (3.71) < 0.001

LEQ total (cognitive reserve) 93.02 (18.63) 89.47 (18.28) 106.63 (13.08) < 0.001

Note: Values are mean (standard deviation) or median (range) unless otherwise noted. Significant p-values are marked bold. p-values are based on chi-square or 

Fisher’s exact test (if any cell number was < 5) for categorical variables, and the Mann-Whitney U test for continuous variables. *p-value subgroup analysis is based on 

post-hoc chi-square testing for multiple comparisons. NPS: neuropsychiatric symptoms. ADAS-NC9: Alzheimer’s Disease Assessment Scale subscale noncognitive 

with nine items. GDS-SF: Geriatric Depression Scale-Short Form. LEQ: Lifetime of Experiences Questionnaire. YA: young adult. ML: mid-life. LL: late-life

Table 3 Prevalence of neuropsychiatric symptoms (NPS) in CAA 

and NC.

Symptom type Overall 

(n = 87)

CAA 

(n = 69)

NC 

(n = 18)

p-value

Appetite changes 23 (26.43) 23 (33.33) 0 0.002

Delusions 1 (1.14) 1 (1.44) 0 1.000

Depression 30 (34.48) 30 (43.47) 0 < 0.001

Hallucinations 3 (3.44) 3 (4.34) 0 1.000

Lack of cooperation 14 (16.09) 14 (20.28) 0 0.035

Increased activity 6 (6.89) 6 (8.69) 0 0.336

Pacing 4 (4.59) 4 (5.79) 0 0.575

Tearfulness 9 (10.34) 9 (13.04) 0 0.194

Lack of concentration 45 (51.72) 43 (62.31) 2 (11.11) < 0.001

Note: Values are n (%). p-values are based on chi-square or Fisher’s exact test (if 

any cell number was < 5) according to group. Significant p-values are marked 

bold. CAA: cerebral amyloid angiopathy
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Logistic regression was used to assess differences 

between MRI markers and the presence or absence of 

those four NPS, which differed significantly between 

CAA and NPS (data shown only for significant results). 

More severe WMH predicted depression (odds ratio 

(OR) 2.02, 95% CI 1.21–3.39, p = 0.007) and impaired 

concentration (OR 1.69, 95% CI 1.13–2.53, p = 0.010). 

Additionally, participants with higher CAA scores were 

more likely to be depressed (OR 1.46, 95% CI 1.02–2.10, 

p = 0.039). Other CAA MRI markers were not associated 

with the presence or absence of single NPS. However, 

GCA was associated with the presence of depression (OR 

4.52, 95% CI 1.17–17.48, p = 0.029) and impaired concen-

tration (OR 3.94, 95% CI 1.12–13.84, p = 0.032). MRI field 

strength difference did not reach statistical significance 

in all regression models that included MRI markers.

NPS frequency and severity are associated with lower 

cognitive function

We found that a higher number of NPS and greater NPS 

severity indicated lower MMSE (mean difference − 1.15, 

95% CI -1.67 to -0.63, p < 0.001, respectively, mean differ-

ence − 0.55, 95% CI -0.80 to -0.30, p < 0.001) and higher 

ADAScog total scores (mean difference 1.91, 95% CI 

Table 4 Multivariable-adjusted associations of CAA diagnosis with the number and severity of NPS.

Number of NPS NPS total severity

Incidence rate ratio (95% CI) p-value Estimate (95% CI) p-value

Step 1

CAA diagnosis

Age

Female

Years of education

6.07 (3.15 to 11.69)

1.05 (1.01 to 1.09)

1.31 (0.76 to 2.26)

0.98 (0.89 to 1.08)

< 0.001

0.009

0.324

0.738

3.32 (1.86 to 4.79)

0.10 (0.02 to 0.18)

0.56 (-0.64 to 1.78)

-0.01 (-0.22 to 0.19)

< 0.001

0.015

0.355

0.913

Step 2

CAA diagnosis

Age

Female

Years of education

Arterial hypertension

6.03 (2.99 to 12.19)

1.05 (1.01 to 1.09)

1.31 (0.76 to 2.26)

0.98 (0.89 to 1.08)

1.01 (0.47 to 2.18)

< 0.001

0.009

0.323

0.743

0.964

3.36 (1.78 to 4.94)

0.10 (0.02 to 0.18)

0.56 (-0.66 to 1.78)

-0.01 (-0.22 to 0.19)

-0.11 (-1.83 to 1.61)

< 0.001

0.016

0.366

0.902

0.898

Step 3

CAA diagnosis

Age

Female

Years of education

Arterial hypertension

AD pathology

4.43 (1.97 to 9.94)

1.05 (1.01 to 1.09)

1.28 (0.74 to 2.20)

0.98 (0.89 to 1.07)

1.09 (0.51 to 2.34)

1.15 (0.50 to 2.64)

< 0.001

0.009

0.366

0.720

0.816

0.726

3.34 (1.75 to 4.92)

0.09 (0.01 to 0.18)

0.57 (-0.65 to 1.80)

-0.01 (-0.22 to 0.19)

-0.06 (-1.79 to 1.66)

0.74 (-1.13 to 2.62)

< 0.001

0.025

0.355

0.883

0.944

0.433

Step 4

CAA diagnosis

Age

Female

Years of education

Arterial hypertension

AD pathology

4.86 (2.20 to 10.73)

1.05 (1.01 to 1.08)

1.26 (0.74 to 2.13)

0.98 (0.89 to 1.07)

1.08 (0.52 to 2.26)

1.50 (0.62 to 3.57)

< 0.001

0.009

0.380

0.746

0.823

0.360

3.56 (1.94 to 5.19)

0.09 (0.00 to 0.18)

0.58 (-0.65 to 1.82)

0.00 (-0.22 to 0.21)

-0.08 (-1.81 to 1.65)

1.10 (-0.92 to 3.13)

< 0.001

0.031

0.349

0.972

0.927

0.281

APOE status

Ho/he APOEε4

Ho/he APOEε2

APOEε4 and APOEε2

0.48 (0.26 to 0.90)

0.51 (0.22 to 1.22)

1.52 (0.36 to 6.30)

0.022

0.135

0.562

-0.90 (-2.45 to 0.63)

-1.01 (-3.17 to 1.13)

0.41 (-3.01 to 3.85)

0.247

0.350

0.809

Note: CI: confidence interval. AD: Alzheimer’s disease. Ho/he: homozygote or heterozygote. Significant p-values are marked bold

Table 5 Multivariable-adjusted associations of imaging markers of CAA severity with the number and severity of NPS.

Number of NPS NPS total severity

Incidence rate ratio (95% CI) p-value Estimate (95% CI) p-value

Marker

CSO PVS (category 0–4)

WMH sum (category 0–6)

Lobar CMB count

CSS sum (category 0–4)

CAA score (0–6)

1.12 (0.84 to 1.49)

1.21 (1.05 to 1.39)

1.00 (0.99 to 1.00)

1.02 (0.88 to 1.20)

1.14 (1.01 to 1.27)

0.426

0.006

0.954

0.719

0.022

0.13 (-0.84 to 1.10)

0.63 (0.19 to 1.08)

0.00 (-0.12 to 0.02)

0.28 (-0.35 to 0.92)

0.57 (0.19 to 0.95)

0.791

0.005

0.473

0.373

0.004

Note: Covariates were age, sex, years of education, arterial hypertension, AD pathology, APOE status, and magnetic resonance imaging field strength (3 Tesla or 

1.5 Tesla). Significant p-values are marked bold. CSO PVS: centrum semiovale enlarged perivascular spaces. WMH: white matter hyperintensities. CMB: cerebral 

microbleeds. CSS: cortical superficial siderosis
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1.26–2.56, p < 0.001, respectively, mean difference 0.89, 

95% CI 0.57–1.21, p < 0.001).

Mediation effects of lifelong mental activities on CAA 

severity and NPS

Figure 1 illustrates the mediation analysis between CAA 

severity as independent, NPS number as dependent vari-

able, and the LEQ total score as mediator. �e model 

revealed significant effect sizes of the LEQ total score (i.e. 

greater lifelong mental activity) as partial mediator miti-

gating the impact of CAA severity on NPS number (indi-

rect effect 0.05, 95% CI 0.0007-0.13). Using NPS severity 

as dependent variable instead of NPS number indicated 

no significant mediating effect of the LEQ total score 

(indirect effect 0.04, 95% CI -0.002 to 0.12).

We also applied another mediation analysis, revers-

ing the independent variable CAA score and the media-

tor LEQ total score (Supplement 9). Interestingly, CAA 

severity significantly partially mediated the relationship 

between the total LEQ score and NPS number (indirect 

effect − 0.08, 95% CI -0.22 to -0.002). I. e., greater lifelong 

mental activities led to lower CAA severity and thus to less 

NPS. �ere were also significant effects of CAA severity as 

full mediator between the LEQ total score and NPS sever-

ity (indirect effect − 0.09, 95% CI -0.22 to -0.004).

Discussion
Patients with CAA demonstrated significantly more fre-

quent and more severe NPS than NC. We found that 

this relationship is driven by CAA severity, i.e., higher 

CAA scores and more severe WMH. Higher numbers of 

NPS and more severe NPS were also tied to lower cogni-

tive performance beyond age, education, arterial hyper-

tension, AD pathology and APOE status. Finally, our 

findings imply that lifelong mental activities mediate the 

relationship between CAA severity and NPS, and, vice 

versa, that greater lifelong mental activities lead to less 

pronounced CAA severity and thus to less NPS.

NPS are associated with functional impairment [11, 

20], poorer quality of life [53], greater caregiver burden 

[54], higher rates of institutionalization [55], and even 

faster progression to death [22]. Hence, the identification 

of NPS in CAA is of great clinical importance. However, 

research on NPS in CAA is limited so far. �e identified 

prevalence of NPS in our study resembles the already 

existing studies that observed high frequencies of depres-

sion and appetite changes, and rather few patients expe-

riencing hallucinations, delusions or motor disturbances 

[16, 19]. Our findings are also similar to observations in 

poststroke patients [56, 57].

In line with other studies, the disruption of white mat-

ter networks may underlie NPS as neuropathological 

mechanism [16, 17]. Previous research also indicated 

that WMH have been associated with late-life depres-

sion [58], AD dementia and cognitive decline [59]. Of 

course, our finding that higher CAA scores in general 

are associated with NPS points towards other potential 

mechanisms that might lead to NPS together with mat-

ter disruption, such as local brain damage caused by 

CMB or CSS. Additional analyses suggested that GCA 

plays a significant role in the development of NPS, which 

appears in most neurodegenerative diseases. Our finding 

that ICH is associated with NPS severity is supported by 

some studies exploring NPS in ICH survivors, including 

patients with CSVD pathology [18, 60, 61].

A previous study that investigated NPS in CAA did not 

find any associations between NPS and cognition, conclud-

ing that the mechanisms leading to NPS may differ from 

Fig. 1 Mediation model testing indirect effects of lifelong mental activities on cerebral amyloid angiopathy (CAA) severity and neuropsychiatric symp-

tom (NPS) number. CAA total score was the independent, NPS number the dependent variable and the lifetime of experiences questionnaire (LEQ) total 

score the mediator. Covariates were age, sex, years of education, arterial hypertension, Alzheimer’s disease pathology, apolipoprotein E status. a: effect 

of CAA severity on LEQ total score (-1.68, 95% confidence interval (CI) -3.24 to -0.12, p = 0.035). b: effect of LEQ total score on NPS number (-0.26, 95% CI 

-0.05 to -0.002, p = 0.033). c’: direct effect of CAA score on NPS number (0.22, 95% CI 0.04–0.39, p = 0.014). c: total effect of CAA score on NPS number (0.26, 

95% CI 0.09–0.44, p = 0.003)
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those leading to cognitive impairment [16]. On the contrary, 

our study suggests cognitive repercussions of NPS number 

and severity, which is in line with a more recent study [19]. 

However, NPS might not be considered as sole marker of 

cognitive decline or dementia, given that in our study, CAA 

subgroups (ICH, cognitive decline, and AD pathology) did 

not affect NPS prevalence and our models were controlled 

for age, AD pathology and APOE status. Interestingly, 

other studies pointed out that NPS manifesting in prodro-

mal stages of dementia are of prognostic utility, leading to 

an increased risk of progression to dementia and increased 

neuropathological markers of dementia [11, 21].

�erefore, it is most crucial to identify factors that might 

prevent or mitigate the development of NPS in CAA. Our 

novel approach, exploring the role of lifelong mental activi-

ties for NPS development in CAA, indicated a lower vari-

ety and frequency of lifelong mental activities in CAA 

compared to NC. Of note, greater lifelong mental activities 

could be identified as potential variable of resilience, miti-

gating the impact of CAA severity on NPS development as 

mediator. Furthermore, greater lifelong mental activities 

were associated with lower CAA severity as potential vari-

able of resistance, and a consequently reduced number 

of NPS in CAA patients. �ese findings align with studies 

showing that higher LEQ scores are associated with better 

cognitive abilities and lower depressive symptoms in late-

life, a higher quality of life and a better functional status 

during the onset of dementia [23, 24, 45]. Indeed, preven-

tive interventions aiming at increasing the participation in 

mental activities over the entire lifespan might prove benefi-

cial in decreasing risk of NPS development in later life with 

its potential devastating consequences. Moreover, NPS are 

principally treatable through their responsiveness against 

pharmacological interventions, such as antidepressant ther-

apy. However, one study found that depressed CAA-related 

ICH survivors were more likely to report resistance to anti-

depressant treatment compared to non-CAA-related ICH 

survivors [609]. Future studies should strive to assess which 

therapy might prove best in treating NPS in CAA.

Of note, only 23% of CAA patients demonstrated a con-

comitant AD pathology, which is lower than in a recently 

published study that examined the CSF profile in sporadic 

CAA and found that 45% of patients had a CSF profile 

indicative of AD [62]. Concomitant AD pathology was 

defined different compared to our study (ATN classifica-

tion: decreased Aβ42 instead of Aβ42/40 ratio). Moreover, 

CAA markers that are indicators of late-stage disease were 

more frequently found in [62], such as disseminated CSS 

(45–48% vs. 16%) or severe CSO PVS (> 20; 83–97% vs. 

58%; Supplement 10). �is may explain the observed dif-

ferences in concomitant AD pathology to a certain degree. 

Interestingly, in our study, AD pathology did not differ 

between CAA subgroups, i.e. those with ICH or cognitive 

decline (Supplement 3 and 5). Additionally, there were no 

significant differences of CAA markers on MRI, such as 

CMB, ICH, or CSS, between patients with and without a 

concomitant AD pathology (Supplement 10), which is in 

line with [62].�is study has several strengths, such as the 

inclusion of several disease-specific variables and distinct 

instruments measuring NPS and lifelong mental activities, 

thus adding new knowledge on NPS in CAA. However, this 

study also has some limitations. First, it is cross-sectional, 

and further longitudinal studies should explore causal rela-

tions between NPS and other variables. Second, our study 

was limited to a single centre, which restricts generaliz-

ability. Still, our sample of CAA patients is representative, 

including several CAA subgroups from early- to late-stage 

disease [63]. �ird, our study sample was relatively small, 

although it equals sample sizes of previous studies [16–19]. 

Finally, another limitation is that 25% of CSF and 9% of 

APOE data were missing. Since a complete case analysis 

would have led to a significant exclusion of participants, less 

study power, and results restricted to those without miss-

ing data that may not even be representative of the original 

sample, we decided to apply the well-established method of 

multiple imputations. Although the results of our analyses 

would have been more precise if all data had been avail-

able, multiple imputations can yield a proxy estimate of the 

information of the missing values and is regarded as one of 

the most flexible valid missing data approaches [64].

Conclusions
�is study suggests that NPS are common in CAA. How-

ever, NPS can be easily screened with established tools. 

Many of these NPS are potentially treatable through their 

responsiveness against pharmacological and non-phar-

macological interventions. Although NPS seem to be tied 

to greater CAA severity and lower cognitive function, 

lifelong mental activities might mitigate the development 

and impact of NPS in CAA, and thus improving the qual-

ity of life in those patients. Future studies should strive 

to unravel the neuropathological and neuroimaging cor-

relates of NPS in CAA.
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