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Abstract
BACKGROUND Neuroin�ammation may contribute to psychiatric symptoms in older people, in particular
in the context of Alzheimer’s disease (AD). Here, our objective was to determine systemic and central
nervous system (CNS) in�ammatory signatures associated with neuropsychiatric symptoms (NPS) in
older subjects, and investigate their relationships with AD pathology and cognitive decline.

METHODS We quanti�ed a panel of in�ammatory markers in both cerebrospinal �uid (CSF) and
circulating blood serum in elderly subjects with normal cognition or with beginning cognitive decline. We
further performed a comprehensive clinical assessment including longitudinal cognitive and
neuropsychiatric evaluations and measured CSF biomarkers of core AD pathology. Multivariate analysis
selected CSF and serum neuroin�ammatory molecules associated with the presence of overall NPS and
speci�c symptoms.

RESULTS The presence of NPS was associated with distinct in�ammatory markers pro�les involving
soluble intracellular cell adhesion molecule-1 (sICAM-1), C-reactive protein (CRP), Interleukin (IL) -8 and
10 kDa interferon-γ-induced protein (IP-10) in CSF; and Eotaxin-3, IL-6 and CRP in serum. Further analysis
identi�ed speci�c in�ammatory marker signatures associated with anxiety, depression and disinhibition.
Presenting NPS was associated with subsequent cognitive decline and this association was mediated by
CSF sICAM-1.

CONCLUSIONS These results suggest that NPS in older people are associated with distinct systemic and
CNS in�ammatory processes. Neuroin�ammation may explain the link between NPS and more rapid
clinical disease progression.

1. Background:
Neuropsychiatric symptoms (NPS) are behavioral, emotional and psychological non-cognitive
disturbances caused by cerebral pathology (1). NPS are frequent among patients with central nervous
system (CNS) pathologies (2), including Alzheimer’s disease (AD) (3, 4), and often precede dementia (5–
7) and mild cognitive impairment (8). NPS are also associated with more rapid cognitive and functional
decline (4, 8–10), through unknown pathogenic mechanisms (11, 12). In addition, atrophy in brain
regions correlated with NPS (13) is associated with more rapid disease progression in AD (14).

Various neuropsychiatric disorders are linked with in�ammation. Indeed, the co-occurrence of anxiety,
depression, and apathy in relation to systemic in�ammation (i.e. sickness behavior) is caused by the CNS
immune response activated through cytokines(15). In animal models, this is associated with increased
neurodegeneration (16–18). In humans, systemic and CNS in�ammation have been associated with NPS
(19–21), cerebrovascular and neurodegeneration processes, and cognitive decline (22–25). In the context
of AD, neuroin�ammation markers present in peripheral blood could indicate cerebral pathology (22, 26)
and be associated with disease severity (27). However, the in�ammatory processes and mechanisms
associated with NPS and their contribution to the clinical course remain unknown.
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This study aims to identify systemic and CNS in�ammatory patterns associated with NPS in older
subjects while considering relationships with cognitive impairment and core AD pathology. We will also
explore the relationship between the identi�ed in�ammatory markers and brain volumetric data to
determine if NPS related neuroin�ammation is associated with speci�c changes in regional volumetry.
Finally, we will address the longitudinal relationships between NPS, in�ammation and cognitive decline.

2. Methods:

2.1 Study population:
120 community dwelling individuals, aged 55 or older, were enrolled into a brain aging study conducted in
the Department of Psychiatry and the Department of Clinical Neurosciences, University Hospital of
Lausanne, Switzerland. They were recruited among memory clinic outpatients or through advertisement.
An overall clinical, neurological and comprehensive neuropsychological assessment was performed, and
candidates with neurological or psychiatric affections that may interfere with cognitive diseases, or
medical conditions such as acute infections were excluded as described in (22). Clinical and
neuropsychological follow-up evaluations were performed at 18 and 36 months using the same methods
and tests whenever possible.

2.2 Study procedures

2.2.1 Neuropsychological assessments:
Along with the clinical examination, the Neuropsychiatric Inventory questionnaire (NPI-Q) (28) was
administered to assess neuropsychiatric symptoms. Twelve categories, ten behavioral and two
neurovegetative (Night-time behavior and Appetite/Eating), were scored for their severity ranging from 0
to 3. Total NPI-Q score was obtained by adding the twelve scores. Participants with a total NPI-Q score of
0 and with no history or evidence of NPS were considered controls. We also collected Clinical Dementia
Rating (CDR), CDR sum of boxes (CDR-SoB), and Mini-Mental State Examination (MMSE). Cognitive state
was classi�ed using CDR.

2.2.2 Biochemical sample collection and handling:
Lumbar and venous punctures conducted during the same visit yielding 10–12 ml of CSF and 40 ml of
blood respectively were performed after an overnight fast in the memory center, spun down at 4 oC,
immediately aliquoted, and snap frozen at -80 oC until assayed (22). Study personnel blinded to clinical
data performed biochemical and genetic analyses.

2.2.3 In�ammatory marker measurements:
Quantitative analysis of 38 neuroin�ammatory biomarkers in CSF or serum was achieved using a
sandwich immunoassay (Meso Scale Diagnostics, Rockville, USA) as previously described (29).
Biomarkers with more than 5% missing data or below-level-of quanti�cation were �ltered out, resulting in
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a selection of 28 analytes. These included basic �broblast growth factor, C-reactive protein (CRP),
eotaxin-1, eotaxin-3, interferon-γ (IFN-γ), interleukin-12, interleukin-15 (IL-15), interleukin-16 (IL-16),
interleukin-6 (IL-6), interleukin-7, interleukin-8 (IL-8), 10 kDa interferon-γ-induced protein (IP-10), monocyte
chemoattractant protein 1 (MCP-1), monocyte chemoattractant protein 4 (MCP-4), macrophage-derived
chemokine (MDC), macrophage in�ammatory protein 1α (MIP-1α), macrophage in�ammatory protein 1β,
phosphorylated insulin-like growth factor-1 receptor, serum amyloid A, soluble fms-like tyrosine kinase-1
(sFLT-1), soluble intercellular adhesion molecule-1 (sICAM-1), circulating vascular cell adhesion molecule-
1 (sVCAM-1), thymus and activation-regulated chemokine (TARC), angiopoietin-1 receptor, tumor necrosis
factor-α, vascular endothelial growth factor (VEGF), vascular endothelial growth factor C and vascular
endothelial growth factor D precursor (VEGF-D).

2.2.4 Biochemical measures:
The CSF albumin index (Qalb) of blood-brain barrier (BBB) impairment along with the APOE genotype
were determined as previously described (29).

2.2.5 Cerebrospinal �uid AD biomarkers:
CSF beta-amyloid 1–42 (Aβ1–42), total-tau (Tau), and tau phosphorylated at threonine 181 (pTau181)
concentrations were measured using commercially available ELISA kits (Fujirebio, Gent, Belgium). A
pTau/Aβ1−42 ratio > 0.0779 was de�ned as an AD CSF pro�le (22).

2.2.6 Volumetric measurements:
All participants underwent a magnetic resonance imaging scan on a 3T MRI system (MAGNETOM
Prisma�t, Siemens Healthcare, Erlangen, Germany) with a 32-channel head coil. Acquisitions followed the
ADNI2 MRI protocol (30). Images were then segmented with the MorphoBox prototype algorithm (31);
brie�y, this registers subject data to an internal template established by consensus segmentation of
neuroradiologists, applies bias �eld correction with a 4-tissue class (gray matter (GM), white matter (WM),
cerebro-spinal �uid (CSF), non-brain) Gaussian mixture model, performs skull-stripping, classi�es brain
tissue into 5 classes (ventricular CSF, sulcal CSF, cortical GM, deep GM, and WM) via variational
expectation-maximisation yielding 5 posterior probability maps, and provides regional volume estimates
by summing up these probabilities within template regions. Quality was checked using established
automated image quality (32) and segmentation quality metrics (31), and no images were rejected. We
analyzed 18 brain structures and features including: amygdala, caudate nucleus, cerebellum, cortical grey
matter, grey matter, hippocampus, insula, medulla oblongata, mesencephalon, pallidum, pons, putamen,
thalamus, 3rd ventricle, 4th ventricle, total ventricular volume, white matter, white matter abnormalities.
This regional volumetric data was normalized by total intracranial volume (de�ned as the sum of gray
matter, white matter and CSF).

2.3 Data preparation and transformation:
Before analysis, outliers (i.e. data points that exceeded the cutoff value of mean ± 3 × SD) were replaced
by the cutoff value. Biomarker data was logn-transformed prior to correlation and regression analyses to
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approach Gaussian distribution. For participants displaying a positive NPI-Q score, we computed an NPI
severity variable by logn-transforming NPI-Q score.

2.4 Statistical and analytical approaches:
Descriptive statistics for the cohort were performed using t-tests comparing NPI-Q and control group for
continuous variables and Chi-square tests for categorical variables. Box plots and t-tests compared
biomarker distribution and concentration between groups. Correlations implicating neuropsychological
measures were assessed with Spearman’s rho. Benjamini-Hochberg correction of P value for multiple
testing was then applied using a false-discovery rate of 0.1. Independence of variables used in regression
models was tested with variance in�ation factor (VIF). No variable entered in these models had VIF above
7, with a majority below 3, thus absence of multicollinearity was assumed. Considering our effect sizes
(> 0.7), the size of this cohort results in a statistical power of 0.9 or more. Statistical data analysis was
performed with IBM SPSS Statistics software version 25.

2.4.1 Statistical modelling:
To select neuroin�ammatory marker combinations in CSF or serum associated with NPS, we used binary
regression models with NPI-Q > 0 or NPI-Q = 0 as dependent variable while entering all CSF or serum
markers. We explored the following confounders: cognitive status (CDR = 0 or CDR > 0), CSF AD biomarker
pro�les (pTau/Aβ1−42 ratio) and BBB impairment (Qalb) by entering them into the model before
considering in�ammatory marker concentrations. NPI severity score was then correlated to CSF or serum
in�ammation markers using linear regression with similar corrections. Associations of in�ammatory
markers with individual symptom category impairment (NPI-Q > 0 for each individual category) was
assessed using a binary logistic regression model corrected for cognitive status as above. All models
used a forward selection method based on the signi�cance of the score statistic. To construct a reference
model, we used a separate binary logistic regression model with NPI-Q > 0 or NPI-Q = 0 as dependent
variable while using available demographic and clinical measures, including APOEε4 status, sex, age,
years of study and cognitive status to predict the occurrence of NPS. A receiver operating characteristic
(ROC) curve and area under the curve (AUC) were computed for this model. CSF markers associated with
NPS selected by the above models where then added to this model and ROC curves and AUCs were
compared using the DeLong method. Interaction between AD pathology and neuroin�amamtion was
tested using binary and linear regression models with either: CSF AD biomarkers × neuroin�ammatory
biomarkers versus NPS or NPI-Q score × CSF AD biomarkers versus CSF biomarkers, respectively.
Associations between morphometric data and CSF neuroin�ammatory markers were assessed using
linear regression models with stepwise selection method and individual CSF molecule concentration as
dependent variables entering all volumetric measurements. Linear regression was used to test
associations between CSF neuroin�ammatory markers and cognitive decline computed by change in
CDR-SoB over time corrected for initial CDR-SoB assessment. Binary logistic regression with cognitive
decline as dependent variable was used to test the associations of NPI-Q score, sICAM-1 concentration
and NPI-Q × sICAM-1 concentration with cognitive decline at 18 and 36 months. In order to verify for
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possible over�tting of the above logistic regression models, we used the Hosmer-Lemeshow test for
goodness-of-�t. Models with a Hosmer-Lemeshow chi-squared value yielding a P-value > 0.05 were
rejected and the previous iteration was considered instead.

3. Results:

3.1 Characteristics of the cohort
Serum, CSF, neuropsychiatric inventory and cognitive measures were available in 87 participants.
Demographics, clinical and biological characteristics of participants by group with or without NPS are
given in Table 1. The frequency of the different individual symptoms measured by the NPI-Q is presented
in Table 2. The measured concentrations of individual CSF and serum neuroin�ammatory markers are
shown in Supplementary Tables 1 and 2 respectively. Longitudinal distribution at baseline, at 18- and at
36- months follow-up visits, of both cognitive status (CDR = 0 or CDR > 0) and the occurrence of NPS (NPI-
Q = 0 or NPI-Q > 0) is shown in Supplementary Table 3.
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Table 1
Clinical and biochemical characteristics of the cohort.

Clinical characteristic NPI-Q = 0

(n = 48)

NPI-Q > 0

(n = 39)

P value

Sex, Female, n (%) 34 (58.6) 24 (41.4) 0.360

Age, yr, mean ± SD 68.19 ± 8.01 71.82 ± 6.1 0.022

Years of study ± SD 12.9 ± 2.3 12.1 ± 2.8 0.115

Cognitive function      

CDR, mean ± SD 0.2 ± 0.3 0.4 ± 0.3 < 0.001

CDRSoB, mean ± SD 0.34 ± 1.03 1.71 ± 2.04 < 0.001

MMSE, ± SD 28.4 ± 1.92 26.03 ± 3.44 < 0.001

AD CSF biomarkers      

Aβ1–42, pg/ml, mean ± SD 939.72 ± 235.74 725.32 ± 257.72 < 0.001

Tau, pg/ml, mean ± SD 240.08 ± 113.76 507.56 ± 354.85 < 0.001

pTau181, pg/ml, mean ± SD 50.96 ± 21.87 75.32 ± 47.42 0.002

pTau/Aβ ratio, mean ± SD 0.06 ± 0.03 0.13 ± 0.12 < 0.001

Biochemical measures      

ApoEε4, n (%ε4) 8 (27.6) 21 (72.4) < 0.001

QAlb, mean ± SD 5.02 ± 1.71 6.95 ± 2.62 < 0.001

Neuropsychiatric status      

NPI score, mean ± SD 0.0 ± 0.0 5.74 ± 5.26 < 0.001

Table 1

P value represents result of t-test comparing groups with and without neuropsychiatric symptoms (NPI-Q 
> 0 and NPI-Q = 0, respectively) for continuous variables and Chi-square test for categorical variables
(male/female frequency and APOEε4 distribution). CDR, Clinical Dementia Rating; CDR-SoB, Clinical
Dementia Rating Sum of Boxes; MMSE, Mini-Mental State Exam; Aβ1–42, beta-amyloid 1–42; Tau, total-
Tau; pTau, tau phosphorylated at threonine 181; Qalb, Quotient albumin or CSF albumin index, NPI-Q,
Neuropsychiatric inventory questionnaire score.

3.2 Neuroin�ammatory signatures associated with the
presence of NPS
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We found 5 markers in CSF (Fig. 1A) and 3 in serum (Fig. 1B) displaying signi�cantly different
concentrations between participants with (NPI-Q > 0) orwithout NPS (NPI-Q = 0). Overall NPI-Q score was
positively correlated with the concentrations of sICAM-1, sVCAM-1, sFLT-1, IL-8 and IL-15, and MCP-1 and
MCP-4 in CSF in the whole cohort (Fig. 1C). In serum, the concentration of MIP-1α showed a signi�cant
positive correlation with NPI-Q, while for CRP and VEGF this correlation was negative (Fig. 1D).

Table 2
Neuropsychiatric inventory questionnaire (NPI-Q) scores within the study cohort.

Neuropsychiatric symptoms
distribution

Mean score ± 
SD

Controls, n
(%)

Symptoms, n
(%)

CDR = 0, n
(%)

NPI-Q score 2.57 ± 4.52 48 (55.2) 39 (44.8) 11 (12.6)

Delusions 0.09 ± 0.45 81 (95.3) 4 (4.7) 1 (1.1)

Hallucinations 0.06 ± 0.32 82 (96.5) 3 (3.5) 1 (1.1)

Agitation 0.22 ± 0.56 71 (83.5) 14 (16.5) 2 (2.3)

Depression/Dysphoria 0.26 ± 0.62 70 (82.4) 15 (17.6) 5 (5.7)

Anxiety 0.48 ± 0.85 60 (70.6) 25 (29.4) 7 (8)

Apathy 0.07 ± 0.34 81 (95.3) 4 (4.7) 2 (2.3)

Irritability 0.29 ± 0.65 68 (80) 17 (20) 2 (2.3)

Euphoria 0.08 ± 0.41 81 (95.3) 4 (4.7) 1 (1.1)

Disinhibition 0.2 ± 0.55 73 (85.9) 12 (14.1) 3 (3.4)

Ab motor behavior 0.09 ± 0.43 80 (94.1) 5 (5.9) 0 (0)

Night-time behavior 0.27 ± 0.63 69 (81.2) 16 (18.8) 6 (6.9)

Appetite/Eating 0.27 ± 0.64 70 (82.4) 15 (17.6) 3 (3.4)

Table 2

NPI-Q scores within the whole cohort for total score and individual categories. “Controls” represents cases
were NPI-Q score is 0 for the overall or categorical score = 0. All other cases are classi�ed as “Symptoms”.
The percentage of cognitively healthy individuals within the whole cohort suffering from neuropsychiatric
symptoms overall and in individual categories is also shown (CDR = 0). CDR, Clinical Dementia Rating; Ab
motor behaviour, Aberrant motor behaviour.

Using binary regression models, we identi�ed a combination of 4 neuroin�ammatory markers in CSF that
best predicted the occurrence of NPS: CRP, IP-10, sICAM-1 and IL-8 (Fig. 2A). In serum, this combination
was: Eotaxin-3, IL-6 and CRP (Fig. 2B). Because we observed positive NPI-Q scores in the absence of
cognitive impairment (Table 2), we re�ned these models by correcting them for baseline cognitive status.
This did not change the combination of CSF in�ammation markers associated with the occurrence of
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NPS, but in serum only CRP remained associated with a positive NPI-Q score (Fig. 2A and 2B). To
investigate the effect of AD pathology on these associations, we corrected our model for the presence or
absence of AD pathology at baseline. Once again, this did not change the CSF neuroin�ammatory marker
associations, only adding the CSF signature of AD pathology to the model (Fig. 2A). In serum, VEGF-D
was added to the model together with the CSF biomarkers (Fig. 2B). We also investigated the effects of
blood-brain barrier (BBB) impairment on this association by further correcting our model for Qalb. In this
context the CSF in�ammatory markers associated with the occurrence of NPS remained the same
although the association of IL-8 with NPI-Q was no longer signi�cant (Fig. 2A, P value = .059). In serum,
MIP-1α, VEGF and Qalb itself were associated with the occurrence of NPS (Fig. 2B).

When added to a reference model built using APOE status, Sex, Age, Years of study and
Presence/Absence of cognitive impairment (Supplementary Table 4); sICAM-1, IP-10, IL-8 and CRP
together signi�cantly contributed to improve prediction of NPS (Supplementary Fig. 1, AUC = 0.908, P
value = 0.0058)

Severity of NPS was only associated with CSF TARC levels when accounting for all conditions mentioned
above (Fig. 2C). In serum, only IL-6 was always associated with NPI-Q severity, whereas sICAM-1, IFN-γ,
MCP-4 where associated with the severity of NPI-Q in the uncorrected model with the addition of IL-16 in
the CSF AD biomarkers and BBB permeability models (Fig. 2D).

3.3 Neuroin�ammatory markers associated with individual
neuropsychiatric syndromes
We also evaluated the association of neuroin�ammatory marker concentrations in both CSF and serum
with the occurrence of each individual syndrome measured by NPI-Q (Table 3). Associations of
in�ammatory markers or combinations of markers in both CSF and serum emerged for nine out of twelve
symptom categories. In all cases, CSF and serum associations were distinct. In CSF, sICAM-1 was
overrepresented, with strong associations with Depression, Anxiety and Disinhibition. In serum, we found
associations in 5 out of 12 symptoms and the strongest association observed was between VEGF-D and
Depression (Table 3).Other molecules associated with the occurrence of overall NPS or their severity, such
as MCP-4,CRP, sVCAM-1, VEGF or VEGF-D also displayed (albeit weaker) associations with individual
symptoms. Conversely, we also found associations of IL-12 and MDC with Irritability and Night-time
behavior, respectively even though these molecules were not associated to NPS in general.
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Table 3
Binary logistic regression revealing associations of neuroin�ammatory

markers with Neuropsychiatric inventory questionnaire (NPI-Q) sub-categories.

  CSF   Serum

  Marker Coeff.   Marker Coeff.

Delusions N/A N/A   N/A N/A

Hallucinations N/A N/A   N/A N/A

Agitation MCP-4 1.468*   MCP-4

VEGF-D

4.428*

-3.358*

Depression/Dysphoria sICAM-1 4.175**   IL-8

MIP-1β

TARC

VEGF-D

5.305*

4.408*

-1.782*

-4.207**

Anxiety CRP

sICAM-1

-0.776**

4.543***

  N/A N/A

Apathy sICAM-1 7.329*   N/A N/A

Irritability N/A N/A   IL-12 2.904*

Euphoria sICAM-1 5.954*   N/A N/A

Disinhibition sICAM-1

sVCAM-1

9.789***

-4.659**

  N/A N/A

Ab motor behavior N/A N/A   N/A N/A

Night-time behavior MDC

sICAM-1

-1.359*

2.916*

  IP-10

TARC

VEGF_D

2.173*

-1.744*

-2.800*

Appetite/Eating sVCAM-1

VEGF

2.602*

-4.655**

  N/A N/A

3.4 Interaction between neuroin�ammation, NPS and AD
pathology
Since the CSF concentrations of CRP, IP-10, sICAM-1, and AD status at baseline were associated with a
positive NPI-Q score, we sought to test whether the interaction between neuroin�ammation markers and
the presence of AD pathology was associated with NPS. Using regression models with interaction
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variables we found that only the interaction between AD pathology and sICAM-1 was signi�cantly
associated with the occurrence of NPS (Nagelkerke R2 = 0.363; coe�cient = 3.386; P value = .027). The
converse interaction model, i.e. the interaction between NPI-Q score and CSF AD biomarkers showed no
signi�cant association with CSF neuroin�ammatory markers.

3.5 Neuroin�ammatory markers and brain morphometry
We next explored the associations between the NPS-relevant neuroin�ammatory CSF markers (Fig. 2) and
brain structure volumes. Each of these individual CSF neuroin�ammatory markers was associated with
the volume of speci�c brain regions (Table 4). In a separate binary regression model, the occurrence of
NPS was associated with changes in volume in the hippocampus and ventricles (Nagelkerke R2 = 0.525;
coe�cients = -8.459* and 4.233** respectively).

Table 4
Associations of volumetric data with cerebrospinal �uid

neuroin�ammatory marker concentration assessed with linear
regression models.

Marker and associated regions R2 Coeff.

C-reactive protein 0.146  

Cerebellum   -5.561**

Pons   3.106*

10 kDa IFN-γ induced protein 0.233  

Insula   -1.598***

Cerebellum   1.602**

Pallidum   1.110*

Soluble intracellular adhesion molecule-1 0.307  

Hippocampus   -0.862**

3rd Ventricle   0.362**

Table 4. Individual model R2 as well as β-coe�cients for each signi�cantly associated neuroin�ammatory
molecule are shown. * P value < .05; ** P value < .01; *** P value < .001.

3.6 NPS, neuroin�ammation and cognitive decline
In the whole cohort, the NPI-Q score was positively correlated with both CDR and CDR-SoB and negatively
correlated with MMSE (Table 5). Binary logistic regression con�rmed this association between NPI-Q
score and cognitive status at baseline (Nagelkerke R2 = 0.206; coe�cient = 0.278; P value = .004). When
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only considering participants with a positive NPI-Q score most individual NPS categories were correlated
with cognitive measures (Table 5). We further correlated NPI-Q scores at baseline with cognitive decline
as measured by changes in CDR-SoB at follow-up clinical assessments at 18 and 36 months (n = 87 and
85 respectively, Fig. 3A) in the whole cohort and in participants with a positive NPI-Q score. We also
tested in a linear regression model the associations between the concentrations of molecules identi�ed in
the CSF signature and cognitive decline. Only sICAM-1 was positively associated with cognitive decline at
18 and 36 months (Fig. 3B). A mediation model testing the interaction between NPI-Q score and sICAM-1
concentration revealed that the association between NPI-Q and CDR-SoB change at 18 months is
mediated by sICAM-1 concentration (Fig. 3C).

Table 5
Correlations between NPI-Q score and cognitive assessment.

  CDR CDRSoB MMSE

NPI-Q score (whole cohort) 0.406** 0.535** -0.428**

NPI-Q score > 0 0.195 0.305* -0.183

Delusions 0.086 0.230* -0.161

Hallucinations 0.045 0.203 -0.219*

Agitation 0.373** 0.475** -0.409**

Depression/Dysphoria 0.196* 0.265* -0.216*

Anxiety 0.293** 0.416** -0.346**

Apathy -0.018 0.096 -0.175

Irritability 0.422** 0.546** -0.449**

Euphoria 0.085 0.200* -0.150

Disinhibition 0.226* 0.326** -0.273*

Aberrant motor behavior 0.301** 0.314** -0.375**

Night-time behavior 0.110 0.156 -0.108

Appetite/Eating 0.245* 0.313** -0.266*

Table 5

Correlations were assessed with Spearman’s rho and one-tailed test of signi�cance. * P value < .05; ** P
value < .01. NPI-Q, Neuropsychiatric inventory questionnaire score; CDR, Clinical Dementia Rating; CDR-
SoB, Clinical Dementia Rating Sum of Boxes; MMSE, Mini-Mental State Exam.
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4. Discussion:
We have identi�ed combinations of in�ammation molecules that best predict the occurrence of NPS in
both CSF (CRP, IP-10, Il-8 and sICAM-1) and serum (Eotaxin-3, IL-6 and CRP). Distinct marker
combinations in CSF (TARC only) and serum (sICAM-1, IL-6 and IFN-γ) were associated with the severity
of NPS. Individual NPS symptoms were associated with speci�c neuroin�ammatory molecules in both
CSF and serum. The identi�ed CSF neuroin�ammation molecules were associated with volume changes
in speci�c brain regions. Finally, NPS were associated with more rapid cognitive decline at follow-up and
this association was mediated by sICAM-1 CSF levels.

4.1 Speci�c CSF neuroin�ammatory molecules are associated with NPS

Amongst the molecules related to NPS in our study, CRP and sICAM-1 have been previously associated
with the presence of AD pathology (22, 33). However, the association of these neuroin�ammatory
markers with NPS is to our knowledge novel. In this study, sICAM-1 in particular, is strongly associated
with NPS. This association could be driven by the large number of participants with AD pathology in the
NPI-Q > 0 group. However, accounting for the presence of cerebral core AD pathology does not alter the
speci�c combination of molecules associated with NPS in CSF. Therefore, this association is at least
partially independent of AD. In this signature, CRP, IP-10 and sICAM-1 could play different roles as high
concentrations of CRP and IP-10 are associated with lower NPI-Q scores, suggesting a “neuroprotective”
effect; while a higher concentration of sICAM-1 is associated with the presence of NPS, suggesting a
deleterious role.

We have shown this CSF signature is independent of cognitive status suggesting neuroin�ammation
leading to NPS also occurs in the absence, or before the onset, of cognitive decline. Furthermore, this
signature is not dependent on BBB function, suggesting that the related in�ammatory process originates
within the CNS. We have also shown that it is not only the absolute concentration of these molecules that
is associated with NPI-Q score, but rather their relative concentrations between one another and their
pattern of expression and interplay. For example, IP-10 does not display a different concentration
between participants exhibiting NPS and those who do not, and does not correlate with total NPI-Q score
either; it does however strongly associate with the occurrence of NPS when considering changes in CRP
and sICAM-1 concentrations. This novel �nding is in accordance with the concept that cytokines form a
complex network enhancing and/or suppressing the production of each other (34).

4.2 A distinct serum in�ammation signature is associated with NPS

We identi�ed a distinct serum in�ammatory signature of the occurrence of NPS containing Eotaxin-3, IL-6
and CRP. Unlike the CSF in�ammatory marker pro�le, this signature is related to cognitive status, BBB
function and the presence of cerebral core AD pathology. This con�rms systemic in�ammation may both
contribute to predisposing to or enhancing CNS in�ammation which may further result in cerebral
dysfunction and neuronal injury, and the manifestation of both cognitive impairment and NPS (25). In
has been previously shown that systemic in�ammation may also re�ect cerebral pathology (26) and
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neuroin�ammation related to NPS (22). It is also plausible that following BBB breakdown, caused by AD
or neuroin�ammation (29), cross-talk between both CNS originating and circulating in�ammation occurs
(35) as is the case in aging (36). These data suggest a deleterious feedback loop where circulating
neuroin�ammatory molecules such as IL-6 and IFN-γ can further enhance expression of CNS
in�ammatory molecules (CRP and IP-10 respectively, (37, 38)) that together can further damage the BBB
(39) and activate microglia (40). The result is an escalation of neuroin�ammation, further contributing to
CNS processes leading to the manifestation of NPS. While we do not elucidate here the origin of these
in�ammatory processes, since subjects with manifest unstable medical conditions, including
in�ammation were excluded from the present study, we show these speci�c markers are particularly
relevant for the occurrence of NPS.

4.3 Speci�c mechanisms relate to the severity of NPS

Distinct molecules, with the exception of sICAM-1 were associated with the severity of NPS both in CSF
and serum in our study. This suggests that besides the identi�ed in�ammatory processes associated with
the appearance of NPS, additional mechanisms may modulate their extent and severity. We therefore
suggest that CNS in�ammation and BBB breakdown could trigger the appearance of NPS. Following
these events, CSF TARC along with circulating, IL-6, IFN-γ, MCP-4 and IL-16, could regulate and enhance
existing symptoms or play a regulatory role in the in�ammatory response and dictate speci�c and
localized responses.

4.4 Individual NPS symptoms have speci�c pathological mechanisms

Several individual NPS symptoms were associated to speci�c neuroin�ammatory molecule signatures in
CSF and serum. Amongst these, the strongest associations were found with the CSF signatures of
Anxiety and Disinhibition and the serum signature of Depression. Symptom speci�c pro�les differed
between CSF and serum in all cases. Some of the molecules involved in these signatures (CRP, sICAM-1,
IP-10, VEGF) are part of the signature of overall presence of NPS.

Previous evidence suggests neuroin�ammation can lead to a variety of NPS (21). We however describe
novel and speci�c associations of the identi�ed molecules, such as sICAM-1 and VEGF-D, with multiple
NPI-Q categories suggesting that these symptoms may have common pathogenic mechanisms involving
the associated molecule. In particular, higher CSF sICAM-1 levels were positively associated with
symptoms of Depression, Anxiety, Apathy and Disinhibition in our cohort and could therefore play a role
in the pathogenesis of all these symptom. We also found concentrations of VEGF-D in serum to be
associated with the occurrence of Agitation, Depression, and Night-time behavior disorders. Furthermore,
serum VEGF-D was associated with the occurrence of NPS only in the presence of cerebral AD. This
suggests a role for this molecule in the pathogenesis of these NPS in the speci�c context of AD.

Contrary to these molecules, some of the identi�ed molecules were associated with only a single
symptom category; some of which have previously been reported, such as serum IP-10 with sleep
disturbances (41) and serum IL-8 with Anxiety (42). The associations of MCP-4 with Agitation and CSF
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MDC with Night-time behavior however are novel. Overall, these �ndings suggest that while
neuroin�ammation results in a wide spectrum of neuropsychiatric manifestations, speci�c
neuroin�ammatory mediators could play a more important role in certain single syndromes.

4.5 Brain regions associated with individual NPS symptoms

The molecules we identi�ed as part of the CSF neuroin�ammatory pro�les related to NPS have previously
been associated with volume changes in speci�c brain regions (43–45), together suggesting
neurodegeneration associated with neuroin�ammation within these individual regions. We also observed
that the volume of speci�c brain regions is associated with the concentration of neuroin�ammatory
markers.

The strong association of sICAM-1 with the volume of the hippocampus and 3rd ventricle (re�ecting
atrophy of surrounding areas) suggests these regions may play a role in the pathogenesis of NPS,
although we cannot exclude sICAM-1 is linked to NPS via mechanisms independent of atrophy.
Interestingly, these regions have been associated with the progression of AD pathology and in�ammation
in previous work (46, 47). Considering our observations and previous reports (13), we infer that decreased
volume of the hippocampus and increased 3rd ventricle volume may indicate regional neurodegeneration
and neuroin�ammation together involved in the pathogenesis of NPS of the symptoms associated with
sICAM-1 (i.e. Anxiety, Depression and Disinhibition).

4.5 NPS, neuroin�ammation and clinical disease progression

While the occurrence of NPS is associated with the presence of AD pathology, we have shown that the
CSF neuroin�ammatory signature of NPS is independent of AD. This �nding suggests that at CNS level
both AD core pathology and neuroin�ammatory processes may engage similar pathways leading to NPS.
CSF sICAM-1 was previously found to correlate with both tau and pTau181 levels, con�rming it is
involved in AD-related tau-pathology and neural injury (22). In our models, the interaction between the
presence of AD pathology and sICAM-1 was signi�cant, suggesting that sICAM-1 is present in both the
AD and neuroin�ammation pathways related to NPS.

Higher NPS severity was associated with more rapid cognitive decline. This is in line with previous
research describing an association of NPS with more rapid clinical disease progression in AD (4, 10, 9).
The sICAM-1 CSF concentration is also associated with cognitive decline and our interaction analysis
suggests that the association between NPS and cognitive decline is mediated by increased sICAM-1 in
the CNS. A possible underlying mechanism is through altered cerebrovascular reactivity effects with
which ICAM molecules are associated (48) which in turn, are known to differ according to cognitive
status (49).

4.6 Strengths and limitations
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Subjects included in this study had no psychiatric affection or symptom that could interfere with
cognition and candidates with more marked neuropsychiatric symptoms were not considered.
Consequently, there was a low frequency of some of the single NPS symptoms such as delusions and
hallucinations in this cohort which does not allow to address possible relationships between
in�ammation and these symptoms. Whether the identi�ed signatures may be used in clinical practice as
markers of neuroin�ammation-related NPS and targets for intervention needs to be further investigated in
independent samples. Strengths of this study are the inclusion of elderly subjects with normal cognition
or cognitive decline and the assessment of a large panel of in�ammatory markers in paired serum and
CSF samples. Furthermore, we addressed the relationships of in�ammation related NPS with the core
cerebral AD pathology, regional brain atrophy, and cognitive decline over time.

4.7 Conclusion

We have identi�ed speci�c CSF and serum in�ammatory signatures associated with NPS that can be
considered both contributors to the underlying cerebral pathology and potential biomarkers of NPS. While
the CSF signature identi�ed here appears to indicate in�ammatory processes that originate within the
CNS and interact with the core AD pathology, the serum signature may represent systemic dysregulation
of in�ammatory activity related to BBB function and impacting CNS processes that lead to NPS. The
in�ammatory signatures of NPS indicate symptom speci�c underlying processes opening the perspective
of targeted interventions to reduce NPS and their long-term consequences.
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sICAM-1                 soluble intracellular cell adhesion molecule-1

TARC                     thymus and activation-regulated chemokine
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Figure 1

Concentrations and correlations of neuroin�ammatory markers in cerebrospinal �uid (CSF) and Serum
with Neuropsychiatric inventory questionnaire (NPI-Q) score in whole cohort. A-B) Box plots of molecules
showing a signi�cantly different concentration between control (left) participants and those exhibiting
neuropsychiatric symptoms (right) in CSF (A) and serum (B). C-D) Correlation of CSF(C) and serum (D)
markers with NPI-Q score. Signi�cantly correlated markers after correction for multiple testing are shown
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in blue and labelled on the graph. IL-8, Interleukin-8; IL-15, Interleukin-15; sFLT-1, soluble fms-like tyrosine
kinase-1; sICAM-1, soluble intracellular adhesion molecule-1; sVCAM-1, circulating vascular cell adhesion
molecule-1; MIP-1α, macrophage In�ammatory protein 1α; CRP, C-reactive protein; MCP-1(4), monocyte
chemoattractant protein 1(4); VEGF, vascular endothelial growth factor; * P value < .05; ** P value < .01;
*** P value < .001; –LnP, inverse logarithm of P value; r Spearman’s rho.

Figure 2
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Regression models revealing associations between neuroin�ammatory molecules and neuropsychiatric
symptoms (NPS). A-B) Associations of cerebrospinal �uid (A) and serum (B) neuroin�ammatory marker
concentrations with the occurrence of NPS. C-D) Associations of CSF (C) and serum (D)
neuroin�ammatory marker concentrations with the severity of NPS. Results from binary logistic (A and B)
and linear (C and D) regressions uncorrected, corrected for cognitive status (CDR), corrected for the
presence of Alzheimer’s disease pathology (CSF AD) and corrected for blood-brain barrier (BBB)
permeability are shown. Individual model Nagelkerke R2 (A and B) and R2 (C and D) are shown as well as
(standardized for C and D) β-coe�cients for each signi�cantly associated neuroin�ammatory molecule.
NS, not signi�cant; N/A, not applicable; * P value < .05; ** P value < .01; *** P value < .001; CRP, C-reactive
protein; IP-10, 10 kDa IFN-γ induced protein; sICAM-1, soluble intracellular adhesion molecule-1; IL-8,
Interleukin-8; AD status, pTau/Aβ1-42 ratio; IL-6, Interleukin-6, VEGF(-D), vascular endothelial growth
factor (D precursor); MIP-1α, macrophage in�ammatory protein 1α; Qalb, Quotient albumin or CSF
albumin index; TARC, thymus and activation-regulated chemokine; IL-6, Interleukin-6; IFN-γ, Interferon-γ;
MCP4, monocyte chemoattractant protein 4; IL-16, Interleukin-16.



Page 26/27

Figure 3

Associations of neuroin�ammatory markers with cognitive decline. A) Associations between
neuroin�ammatory markers and cognitive status at baseline and cognitive decline in the whole cohort
measured by change in Clinical Dementia Rating Sum of Boxes at 18 and 36 months. Standardized β-
coe�cients and R2 obtained by linear regression models are shown. B) Mediation model evaluating the
contribution of NPI-Q score, sICAM-1 at baseline and their interaction to cognitive decline at 18 and 36
months. β-coe�cients and Nagelkerke R2 obtained by binary logistic regression models are shown. CRP,
C-reactive protein; sICAM-1, soluble intracellular molecule-1; IP-10, 10 kDa IFN-γ induced protein, NPI-Q,
Neuropsychiatric inventory questionnaire.
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