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A B S T R A C T

In Alzheimer’s disease (AD), neuropsychiatric symptoms (NPS) correlate with tau deposition in the brain. Here, 
we investigated the association of PET-based Braak stages with NPS and assessed whether they predict annual 
changes in NPS. We evaluated 231 individuals in the aging and AD continuum. Participants were assigned a 
Braak stage at baseline and followed for 1.97 (s.d. 0.62) years. NPS were investigated using the Mild Behavioral 
Impairment Checklist (MBI-C) and the Neuropsychiatric Inventory Questionnaire severity (NPI-Q-S) and distress 
(NPI-Q-D) scales. Multiple linear regressions (MLR) assessed the association of Braak stages with baseline NPS 
and the annual change in NPS scores. At baseline, stages I-II, III-IV, and V-VI were associated with higher MBI-C, 
NPI-Q-S, and NPI-Q-D scores. Stages V-VI were associated with a significant annual increase in MBI-C scores. 
These findings suggest that tau accumulation may manifest clinically with an increase in NPS, which seems to be 
an early event in AD pathophysiology. Moreover, PET-based Braak staging appears to be a good predictor of NPS 
severity progression.

1. Introduction

Neuropsychiatric symptoms (NPS) affect around 60–90 % of patients 

with dementia, being commonly present at the time of the diagnosis or 
even preceding cognitive symptoms (Devineni and Onyike, 2015; 
Lyketsos et al., 2000, 2002; Mega et al., 1996; Peters et al., 2006; Sink 
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et al., 2004). They encompass disturbances in mood, anxiety, sleep, 
appetite, as well as behavioral changes such as disinhibition or aggres-
sion (Ballard et al., 2008). NPS are associated with faster progression of 
cognitive decline and dementia severity (Peters et al., 2015; Stern et al., 
1994), as well as with increased functional impairment (Fischer et al., 
2012a), caregiver burden (Fischer et al., 2012b), and institutionalization 
rates (Balestreri et al., 2000; Wiener et al., 2001). Moreover, NPS have 
been pointed out as possible predictors of the progression from mild 
cognitive impairment (MCI) to Alzheimer’s disease (AD) dementia 
(Goukasian et al., 2019; McGirr et al., 2022). Mild behavioral impair-
ment (MBI) has also been associated with a lower likelihood of reversion 
from MCI to unimpaired cognition (McGirr et al., 2022).

Pathologically, AD is characterized by the accumulation of amyloid-β 
(Aβ) and neurofibrillary tangles (NFT) in the brain (Bateman et al., 
2012; Jack et al., 2013; Villemagne et al., 2013), whose association with 
NPS have been demonstrated in post-mortem studies (Guadagna et al., 
2012; Rosenberg et al., 2015; Tekin et al., 2001). Moreover, MBI was 
found to be linked with the progression to pathologically-confirmed AD 
among cognitively unimpaired (CU) individuals (Ruthirakuhan et al., 
2022). Clinico-pathological studies also show an association between 
NPS and Braak NFT staging (Ehrenberg et al., 2018; Gibson et al., 2023; 
Malpas et al., 2021), a scheme that describes the progression and in-
dicates the severity of NFT accumulation (Braak and Braak, 1991; Braak 
et al., 2006). Positron emission tomography (PET) imaging with tau 
radiopharmaceuticals allowed for the translation of the Braak histo-
pathological classification into a framework to be used in living humans, 
which has shown good reliability and correspondence with markers of 
clinical severity (Kreisl et al., 2022; Macedo et al., 2023, 2024a, 2024b; 
Pascoal et al., 2020, 2021a; Rullmann et al., 2022; Schöll et al., 2016; 
Schwarz et al., 2016; Therriault et al., 2022).

A literature review pointed out consistent evidence of the association 
between NPS and Aβ pathology (Ng et al., 2021). However, the rela-
tionship between tau deposition and NPS deserves further clarification, 
especially in preclinical populations (Ng et al., 2021). Recent studies 
with individuals in the aging and AD continuum demonstrated that NPS 
are associated with higher tau PET signal in Braak regions of interest 
(ROI) (Naude et al., 2024; Tissot et al., 2021; Yasuno et al., 2021). In 
these studies, however, no individual assignment of PET-based Braak 
stages or longitudinal analyses were conducted. Here, we aimed to track 
the progression of NPS, assessed with tools validated for both dementia 
and pre-dementia populations, through the aging and AD continuum 
using the PET-based Braak staging framework. Specifically, we investi-
gated the association between individually-assigned PET-based Braak 
stages and NPS measures at baseline. We further assessed whether 
baseline PET-based Braak staging can predict annual change in NPS over 
two years. We hypothesize that NPS severity and burden will increase 
progressively with the advance of PET-based Braak stages.

2. Materials and methods

2.1. Participants

In this prospective cohort study, we included CU, MCI, and AD de-
mentia individuals. All participants are part of the Translational Bio-
markers of Aging and Dementia (TRIAD) cohort, recruited either from 
the community or the McGill Research Centre of Studies on Aging 
(MCSA) outpatient memory clinic between July 2016 to December 
2021. The details of the TRIAD cohort have been described previously 
(Therriault et al., 2020). To be classified as CU, participants could not 
present with objective cognitive impairment. Following the evaluation 
of a multi-professional team including neurologists, neuropsychologists, 
and nurses, the diagnoses of participants with MCI or AD dementia were 
established respectively according to the National Institute on Aging - 
Alzheimer’s Association (NIA-AA) criteria for MCI due to AD (Albert 
et al., 2011) and for probable AD dementia (McKhann et al., 2011). AD 
dementia encompassed both the amnestic and non-amnestic variants of 

the disease (behavioral/dysexecutive-variant AD (Ossenkoppele et al., 
2022), logopenic-variant primary progressive aphasia (Gorno-Tempini 
et al., 2011), and posterior cortical atrophy (Crutch et al., 2017)). We 
employed [18F]AZD4694 Aβ-PET to evaluate the Aβ status of all par-
ticipants. Solely those MCI and AD individuals classified as Aβ+ were 
included in this study, as done in previous research focusing on the AD 
continuum (Jack et al., 2018). Both Aβ+ and Aβ- CU individuals were 
selected. However, while we included Aβ+ CU participants at any 
PET-based Braak stage, we only selected Aβ- CU individuals at 
PET-based Braak stage 0 to serve as a reference control group. All par-
ticipants underwent baseline [18F]MK6240 tau-PET, brain magnetic 
resonance imaging (MRI), and an extensive clinical and neuropsycho-
logical evaluation. The clinical battery included neurological examina-
tion and assessments for comorbidities, functionality, behavioral 
changes, sleep, nutritional status, and comprehensive laboratory 
workup. The neuropsychological assessment was administered by a 
trained psychometrist and included tests for global cognition, such as 
the Mini-Mental State Examination (MMSE), and tools for specific 
cognitive domains (e.g. Rey auditory verbal learning, for memory, and 
Boston naming tests, for language). Blood was collected from partici-
pants for apolipoprotein E (APOE) genotyping with the TaqMan allelic 
discrimination assay (Hixson and Vernier, 1990). APOE testing was 
performed since its ε4 variant is recognized as the most important ge-
netic risk factor for sporadic AD (Farrer et al., 1997; Genin et al., 2011), 
being known to play a role in tau pathology (Ferrari-Souza et al., 2023; 
Therriault et al., 2020). Exclusion criteria were visual and auditory 
impairments hampering cognitive and neuropsychiatric assessments, 
inability to speak English or French, inability to provide a reliable 
informant (e.g. close friend, family member) for the NPS assessments, 
other neurological or psychiatric disorders that could be responsible for 
cognitive decline, inadequately controlled systemic disorders, recent 
major surgery or traumatic brain injury, and PET/MRI contraindica-
tions. A subsample of participants underwent a follow-up assessment. 
Approval for this study was granted by the Montreal Neurological 
Institute (MNI) PET working committee and the Douglas Mental Health 
University Institute Research Ethics Board (IUSMD 16–60). Participants 
were informed about all procedures involved in the research and signed 
a written informed consent form.

2.2. Neuroimaging acquisition and processing

We used a 3T Siemens Magnetom scanner with a standard head coil 
to obtain T1-weighted magnetization prepared rapid acquisition 
gradient echo (MPRAGE) structural brain MRI. The parameters were as 
follows: repetition time of 2300 ms, echo time of 2.96 ms, flip angle of 
9◦, coronal orientation perpendicular to the double spin echo sequence, 
with an in-plane resolution of 1×1 mm2 and a slab thickness of 1 mm 
(Ferrari-Souza et al., 2022). T1-weighted MRI scans processing followed 
an in-house pipeline, which included non-uniformity correction, brain 
masking, and linear and non-linear transformation to the MNI reference 
space (Wu et al., 2012). A brain-dedicated Siemens high-resolution 
research tomograph was used to acquire PET scans. [18F]MK6240 PET 
images were acquired following 90–110 min after intravenous bolus 
injection of the ligand. Reconstruction was performed using a sequential 
subset expectation-maximization algorithm on a 4D volume with four 
frames (4 × 300 s). [18F]AZD4694 PET images acquisition happened 
after 40–70 min of the intravenous bolus injection of the ligand. 
Reconstruction of [18F]AZD4694 PET images was performed with a 
sequential subset expectation-maximization algorithm on a 4D volume 
with three frames (3 × 600 s). A 6-min transmission scan with a rotating 
137Cs point source was done after each PET acquisition for attenuation 
correction. We also performed corrections for motion, dead time, decay, 
and random and scattered coincidences. Linear registration of PET im-
ages to T1-weighted image space was also accomplished, as well as 
linear and nonlinear registration to the MNI reference space. Spatial 
smoothing of PET images was conducted aiming at a full width of 8 mm 
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at a half-maximum resolution. Moreover, meninges stripping in native 
space was done for [18F]MK6240 PET images before transformations 
and blurring to avoid meningeal spillover into neighboring brain regions 
(Pascoal et al., 2020). For [18F]MK6240 PET, we used the cerebellar crus 
I gray matter as the reference region to calculate standardized uptake 
value ratios (SUVRs) (Cho et al., 2019; Jack et al., 2017, 2018; Macedo 
et al., 2024b; Therriault et al., 2022), according to the SUIT cerebellum 
atlas (Diedrichsen et al., 2009). For [18F]AZD4694 SUVR calculation, 
the whole cerebellum gray matter was used as the reference region 
(Therriault et al., 2021). Amyloid positivity was considered as [18F] 
AZD4694 SUVR>1.55 in a composite including the following regions: 
precuneus, prefrontal, orbitofrontal, parietal, temporal, and cingulate 
cortices (Jack et al., 2017; Therriault et al., 2021).

2.3. PET-based Braak staging methods

As reported by our group elsewhere, we adopted the following 
anatomical definitions of PET-based Braak stages: I (transentorhinal 
cortex), II (entorhinal cortex and hippocampus), III (amygdala, fusiform 
gyrus, lingual gyrus, and parahippocampal gyrus), IV (inferior parietal, 
inferior temporal, insula, lateral temporal, and posterior cingulate), V 
(anterior cingulate, cuneus, inferior frontal, lateral occipital, orbito-
frontal, precuneus, rostromedial frontal, superior frontal, superior pa-
rietal, superior temporal, and supramarginal gyrus), and VI 
(paracentral, pericalcarine, postcentral, and precentral) (Macedo et al., 
2024a; Pascoal et al., 2020, 2021a, 2021b; Therriault et al., 2022). We 
used the Desikan–Killiany–Tourville atlas to determine ROIs (Desikan 
et al., 2006). The transentorhinal cortex was segmented as described 
elsewhere, with no overlap between the transentorhinal and entorhinal 
cortices ROIs (Pascoal et al., 2020, 2021a, 2021b; Therriault et al., 
2022).

Each participant was classified into a PET-based Braak stage ac-
cording to the latest stage in which abnormality was found in tau-PET. 
We calculated the thresholds to define abnormal signals for each PET- 
based Braak region as 2.5 standard deviations (s.d.) higher than the 
mean SUVR of CU individuals younger than 26 years old, as previously 
reported (Pascoal et al., 2020, 2021b). Participants were grouped into 
five groups according to their PET-based Braak stage and their Aβ status: 
Aβ- Braak 0, Aβ+ Braak 0, Aβ+ Braak I-II, Aβ+ Braak III-IV, and Aβ+
Braak V-VI.

2.4. Neuropsychiatric assessment

All participants were assessed with the Neuropsychiatric Inventory 
Questionnaire (NPI-Q) (Kaufer et al., 2000) and the Mild Behavioral 
Impairment Checklist (MBI-C) (Ismail et al., 2017).

The NPI-Q, a brief form of the Neuropsychiatric Inventory (NPI), is 
an informant-based self-administered questionnaire that assesses 12 
NPS: delusions, hallucinations, agitation/aggression, dysphoria/ 
depression, anxiety, euphoria/elation, apathy/indifference, disinhibi-
tion, irritability/lability, aberrant motor behaviors, nighttime behav-
ioral disturbances, and appetite/eating disturbances (Kaufer et al., 
2000). In the event a given NPS has been present in the last month, the 
informant is asked to evaluate its severity from 1 (mild) to 3 (severe) and 
the caregiver distress it causes from 0 (not distressing at all) to 5 
(extreme/very severe) (Kaufer et al., 2000). The total NPI-Q severity 
(NPI-Q-S) and NPI-Q caregiver distress (NPI-Q-D) scores range respec-
tively from 0 to 36 and from 0 to 60. Higher scores mean more severity 
and caregiver distress, respectively (Kaufer et al., 2000).

The MBI-C is a 34-item questionnaire that identifies NPS that emerge 
in later life, represent a change from the patient’s previous longstanding 
behavioral pattern, and persist for at least six months (Ismail et al., 
2017). For NPS identified, raters (informants, in our study) assess the 
severity of the symptoms from 1 (mild) to 3 (severe) (Ismail et al., 2017). 
The MBI-C is divided into five domains with different score ranges: 
abnormal thought & perception (0− 15), affective dysregulation (0− 18), 

decreased motivation (0− 18), impulse dyscontrol (0− 36), and social 
inappropriateness (0− 15) (Ismail et al., 2017). The sum of individual 
scores results in a total score ranging from 0 to 102. The objective of this 
tool is to measure behavioral manifestations that might precede the 
onset of dementia at preclinical and prodromal disease stages (Ismail 
et al., 2017), in accordance with the criteria for MBI (Ismail et al., 2016).

2.5. Statistical analyses

Statistical analyses were performed using R software version 3.5.3. 
Demographic data were compared with the Kruskal-Wallis for contin-
uous variables and with contingency χ2 tests for categorical variables. 
Visual inspection of histograms and Shapiro–Wilk test results indicated 
that NPS scores and their rates of change had a non-parametric distri-
bution. Baseline NPS scores and their rates of change were compared 
between PET-based Braak stage groups using the Kruskal-Wallis test, 
and post hoc comparisons were conducted with the Wilcoxon rank sum 
test. As a subgroup analysis, the Wilcoxon rank sum test also compared 
the baseline NPS scores of participants with MCI or AD dementia at 
similar Braak stages to assess the influence of the degree of cognitive 
impairment in the relationship between NPS and tau severity. We also 
compared the proportion of participants with at least one NPS (i.e. those 
with scores higher than zero in the NPS scales) at different Braak stages 
using the contingency χ2 test. Spearman’s correlation assessed the 
relationship of baseline SUVR in Braak ROIs with NPS total scores and 
with the scores for specific domains. We also used Spearman’s correla-
tion to check whether baseline NPS scores changed following the in-
crease of Braak staging groups in an ordinal fashion. For this, we 
considered the Braak stage grouping variable as an ordinal variable (Aβ- 
Braak 0 as 0, Aβ+ Braak 0 as 1, I-II as 2, III-IV as 3, and V-VI as 4). All 
Spearman’s correlations were adjusted for age and sex.

Associations between individually-assigned PET-based Braak stages 
as the predictor and baseline NPS scores as the outcome were assessed 
through multiple linear regressions (MLR). NPS scores and their rates of 
change were log-transformed to approximate a parametric distribution. 
All MLR models were adjusted for age and sex. Exploratory analyses 
were performed with the stepwise inclusion of years of education, Aβ- 
PET neocortical SUVR and MMSE scores as covariates in the MLR models 
to investigate their roles in the relationship between PET-based Braak 
stages and baseline NPS. MLR was also used to evaluate the association 
between baseline PET-based Braak stages and the annual rate of change 
in the NPS measures, since the majority of participants had only one 
follow-up time point. The annual rate of change was calculated as the 
difference between the scores in the follow-up and baseline visits 
divided by the time, in years, between the visits. All MLR models for NPS 
rate of change were adjusted for age and sex. We conducted additional 
analyses adjusting for the MMSE rate of change to investigate the role of 
cognition in the relationship between baseline PET-based Braak stages 
and the progression of NPS. To investigate whether NPS predict tau 
accumulation in Braak regions, we also ran exploratory MLR models 
with baseline NPS scores as the independent variables and Braak SUVR 
as the dependent variables, adjusting for age and sex, with and without 
the inclusion of baseline MMSE as a covariate.

All MLR β coefficients were standardized. Statistical significance was 
considered if p < 0.05.

3. Results

We evaluated 231 participants grouped as follows: 87 Aβ- at Braak 0, 
18 Aβ+ at Braak 0, 36 Aβ+ at Braak I-II, 27 Aβ+ at Braak III-IV, and 63 
Aβ+ at Braak V-VI (Fig. 1). Participants’ baseline demographic, clinical, 
and biomarker characteristics are summarized in Table 1. Significant 
differences between the groups were observed for age, clinical di-
agnoses, MMSE scores, APOE ε4 carriership, and neocortical [18F] 
AZD4694 SUVR.

A total of 122 participants (49 Aβ- at Braak 0, 12 Aβ+ at Braak 0, 23 
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Aβ+ at Braak I-II, 15 Aβ+ at Braak III-IV, and 23 Aβ+ at Braak V-VI) 
returned for a follow-up visit in a mean (s.d.) of 1.97 (0.62) years 
(Supplementary Table 1). The minimum and maximum time of follow- 
up were respectively 0.89 and 4.07 years. No significant difference in 
the follow-up time was observed between groups.

At baseline, significant differences, compared to Aβ- participants at 
Braak 0, started to be observed at Braak III-IV, for the NPI-Q-S and the 
NPI-Q-D, and at Braak I-II for the MBI-C (Fig. 2A-C). When subgrouping 
participants based on their degree of cognitive impairment (i.e. MCI vs 
AD dementia), we observed significantly higher NPI-Q-S and NPI-Q-D 
scores in AD compared to MCI participants at stages III-IV and V-VI 
and higher MBI-C scores in AD than in MCI individuals at stages V-VI 
(Supplementary Figures 1A-C). Baseline NPS scores in all tools 

correlated positively and significantly with the advance of Braak stages 
from 0 to V-VI (Fig. 2A-C). Participants at stages III-IV and V-VI showed 
significantly higher annual rates of change in MBI-C scores than Aβ- 
individuals at Braak 0 (Fig. 2D-F). Meanwhile, significant differences in 
the rates of change were observed only between Braak V-VI and Aβ+
Braak 0 participants, for the NPI-Q-S, and between individuals at Braak 
III-IV and Aβ- Braak 0, for the NPI-Q-D.

Furthermore, the Braak III-IV and V-VI groups had higher pro-
portions (compared to Braak 0) of participants with at least one NPS 
than those at earlier Braak stages (Fig. 3). In Spearman’s correlations 
adjusted for age and sex, the total scores in all NPS tools showed sig-
nificant positive correlations with SUVR values in Braak ROIs (all p <
0.001; Fig. 4A-C). All MBI-C domains were significantly correlated with 

Fig. 1. Average [18F]MK6240 SUVRs in the brain of participants at different PET-based Braak stages. At stage 0, no detectable tau abnormality is observed. Ab-
normalities at stages I-II are seen in the transentorhinal and entorhinal cortices and the hippocampus. At stages III-IV, there is a progression of the tau signal in the 
previously affected regions and an extension of the signal to adjacent neocortical areas. At stages V-VI, the images capture the extension of tau pathology to the whole 
neocortex, including primary sensory fields.

Table 1 
Baseline demographic, clinical and biomarker characteristics of the study sample.

Aβ- Braak 0 (N ¼
87)

Aβþ Braak 
0 (N¼18)

Aβþ Braak I-II 
(N¼36)

Aβþ Braak III-IV 
(N¼27)

Aβþ Braak V-VI (N¼63) p-value

Age (years), mean (s.d.) 69.13 (7.7) 72.63 (6.4) 72.81 (5.6) 72.20 (4.7) 68.43 (9.1) 0.02
Female, n (%) 49 (56.3 %) 13 (72.2 %) 23 (63.9 %) 17 (63.0 %) 34 (54.0 %) 0.60
Clinical diagnosis, n (%) 87 (100 %) CU, 

0 (0 %) MCI, 
0 (0 %) AD

14 (77.8 %) CU, 
4 (22.2 %) MCI, 
0 (0 %) AD

16 (44.4 %) CU, 
18 (50.0 %) MCI, 
2 (5.6 %) AD

7 (25.9 %) CU, 
11 (40.7 %) MCI, 
9 (33.3 %) AD

1 (1.6 %) CU, 
23 (36.5 %) MCI, 39 
(61.9 %) AD

< 0.001

Years of education, mean (s.d.) 15.83 (3.9) 14.00 (3.1) 15.19 (4.2) 15.63 (4.0) 14.67 (3.8) 0.22
MMSE, mean (s.d.)# 29.15 (0.9) 28.83 (1.6) 28.69 (1.3) 26.96 (3.9) 21.74 (6.9) < 0.001
APOE ε4 carriers, n (%)$ 18 (20.7 %) 4 (22.2 %) 14 (38.9 %) 17 (63.0 %) 35 (55.6 %) < 0.001
Neocortical [18F]AZD4694 SUVR, 

mean (s.d.)
1.28 (0.1) 1.88 (0.3) 2.15 (0.4) 2.28 (0.5) 2.61 (0.5) < 0.001

AD: Alzheimer’s disease; CU: cognitively unimpaired; MCI: mild cognitive impairment; MMSE: Mini-Mental State Examination; ROI: region of interest; s.d.: standard 
deviation; SUVR: standardized uptake value ratio. Statistical significance was considered if p < 0.05 (results in bold).
#2 missing values
$19 missing values
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tau-PET SUVR in at least one Braak ROI. “Agitation/aggression”, “anx-
iety”, “apathy/indifference”, “appetite/eating disturbances”, 
“dysphoria/depression” and “irritability/lability” presented significant 
correlations with tau-PET signal in at least one Braak ROI for both the 
NPI-Q-S and the NPI-Q-D. “Aberrant motor behaviors” in the NPI-Q-D 
but not in the NPI-Q-S was significantly correlated with Braak V-VI 
SUVR.

In MLR models adjusted for age and sex, PET-based Braak stages I-II 
(β=0.61, 95 % CI 0.28–0.94, p < 0.001), III-IV (β=0.84, 95 % CI 
0.47–1.20, p < 0.0001), and V-VI (β=1.28, 95 % CI 1.01–1.55, p <
0.0001) were associated with higher baseline MBI-C scores (Fig. 5A). 
Similarly, PET-based Braak stages I-II (β=0.49, 95 % CI 0.11–0.87, p <
0.05), III-IV (β=0.89, 95 % CI 0.47–1.31, p < 0.0001) and V-VI (β=1.07, 
95 % CI 0.71–1.43, p < 0.0001) were associated with higher baseline 
NPI-Q-S scores (Fig. 5A). We also observed associations between Braak I- 
II (β=0.40, 95 % CI 0.01–0.79, p < 0.05), III-IV (β=0.90, 95 % CI 
0.47–1.33, p < 0.0001) and V-VI (β=1.04, 95 % CI 0.68–1.41, p <
0.0001) and higher NPI-Q-D scores (Fig. 5A).

Baseline PET-based Braak stages V-VI predicted a significantly 
higher annual rate of increase in MBI-C scores (β=0.94, 95 % CI 
0.46–1.42, p < 0.001; Fig. 5B), in models adjusted for age and sex. No 
associations were found between PET-based Braak stages and the NPI-Q- 
S or NPI-Q-D rates of change.

3.1. Exploratory analyses

The associations of PET-based Braak stages I-II, III-IV, and VI with 
baseline NPS scores of all tools remained significant, even after stepwise 
adjustment for years of education, Aβ-PET neocortical SUVR, and MMSE 
scores (Supplementary Figure 2A-C). Moreover, after correction for 
MMSE rate of change, baseline Braak V-VI was associated with signifi-
cantly higher rates of increase in both the MBI-C (β=0.83, 95 % CI 
0.22–1.44, p < 0.01) and the NPI-Q-D (β=0.72, 95 % CI 0.04–1.40, p <
0.05; Supplementary Figure 3). We also tested whether baseline NPS 
scores were associated with the annual change in tau-PET signal in 
Braak ROIs. In models adjusted for age and sex, baseline NPI-Q-S and 

Fig. 2. Progression of baseline neuropsychiatric scores and their annual rates of change across PET-based Braak stages. Fig. 2A-F depict the mean (s.d.) of the MBI-C 
(A), NPI-Q-S (B), and NPI-Q-D (C) baseline scores per PET-based Braak stage. Fig. 2D-F display the mean (s.d.) rates of change in the scores of the MBI-C (D), NPI-Q-S 
(E), and NPI-Q-D (F). Scores were compared with the Kruskal-Wallis test, and post hoc comparisons were conducted with the Wilcoxon rank sum test. The displayed 
rho coefficients indicate whether or not the scores changed in an ordinal fashion following the advance of Braak staging groups, from Aβ- 0 to V-VI. Statistical 
significance is assigned as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Legend: MBI-C: Mild Behavioral Impairment Checklist; NPI-Q-D: 
Neuropsychiatric Inventory Questionnaire Distress; NPI-Q-S: Neuropsychiatric Inventory Questionnaire Severity; PET: positron emission tomography.

Fig. 3. The proportion of participants presenting neuropsychiatric symptoms across PET-based Braak stages. The graphs display the percentage of participants with 
at least one neuropsychiatric symptom (i.e. with a score higher than zero) according to the MBI-C, NPI-Q-S, and NPI-Q-D. Statistical significance is assigned as 
follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Legend: MBI-C: Mild Behavioral Impairment Checklist; NPI-Q-D: Neuropsychiatric Inventory 
Questionnaire Distress; NPI-Q-S: Neuropsychiatric Inventory Questionnaire Severity; PET: positron emission tomography.
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NPI-Q-D scores were associated with higher rates of change in Braak III- 
IV and V-VI SUVR (Supplementary Figure 4A-C). Following the inclusion 
of baseline MMSE scores as a covariate, only the association between 
baseline NPI-Q-S scores and increased rates of change in Braak III-IV and 
V-VI SUVR remained significant (Supplementary Figure 4D-F).

4. Discussion

In this study, we investigated the relationship between NPS and 
Braak stages assigned in vivo with tau-PET at an individual level. Our 
results demonstrate associations between early, middle, and late Braak 
stages with NPS burden and severity as well as the increase of NPS with 
the advance of Braak stages. Moreover, participants at late PET-based 
Braak stages presented with greater increases in NPS as measured in a 
follow-up visit happening on average two years after baseline. These 

results indicate that tau accumulation may precede the onset and pro-
gression of NPS, suggesting NPS may present as a sequelae of pro-
gressing tauopathy. Our study also adds to the previous literature 
showing that the progression of PET-based Braak stages parallels and 
predicts clinical worsening in AD (Kreisl et al., 2022; Macedo et al., 
2023, 2024a, 2024b; Pascoal et al., 2020, 2021a; Rullmann et al., 2022; 
Schöll et al., 2016; Schwarz et al., 2016; Therriault et al., 2022).

In this study, we assessed participants with three NPS tools widely 
used in clinical practice and research. These three outcomes offer 
distinct perspectives on the NPS burden and severity in preclinical and 
clinical AD populations. We found that baseline scores of all NPS tools 
were associated with PET-based Braak stages I-II, III-IV, and V-VI. 
However, the MBI-C seems to add value in distinguishing the presence of 
NPS and their severity between participants at different stages of tau 
accumulation, possibly because it evaluates milder NPS over a broader 

Fig. 4. Correlation between SUVR in Braak ROIs and NPS scores. The heatmaps show Spearman’s rho coefficients of the correlations between SUVR values from 
Braak-like ROIs and baseline total scores and the scores for the domains of the MBI-C (A), NPI-Q-S (B), and NPI-Q-D (C). Coefficients in bold represent those with 
statistical significance (p < 0.05). Legend: MBI-C: Mild Behavioral Impairment Checklist; NPI-Q-D: Neuropsychiatric Inventory Questionnaire Distress; NPI-Q-S: 
Neuropsychiatric Inventory Questionnaire Severity; NPS: neuropsychiatric symptoms; ROI: region of interest; SUVR: standardized uptake value ratio.
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time frame (Ismail et al., 2017). Furthermore, the fact that we observed 
higher MBI-C scores in individuals at Braak I-II stages lends preliminary 
support to the “transitional decline” clinical stage proposed in the recent 
Alzheimer’s Association Workgroup research criteria (Jack et al., 2024). 
Notably, all MBI-C domains but not all NPI-Q-S and NPI-Q-D domains 
were significantly correlated with tau-PET signal in at least one Braak 
ROI. Previous studies have described the tau-PET correlates of NPI-Q-S 
domains, indicating distinct topographies for different NPS (Tissot 
et al., 2021). Our study builds on these findings by supporting that 
PET-based Braak staging might reflect the progression of global NPS 
severity and burden, particularly of affective domains (Pichet-Binette 
et al., 2021; Yasuno et al., 2021).

The literature on the relationship of global NPS burden and severity 
with AD biological staging is emerging. Previous post-mortem obser-
vations support our findings showing associations of higher Braak stages 
with increased NPI-Q-S scores (Malpas et al., 2021) and number of NPS 
(Gibson et al., 2023). Another histopathological study reported higher 
odds for NPS at Braak I-II, but not at III-IV and V-VI, compared to Braak 
0, which could be due to the adjustments performed for Aβ pathology 
and functional cognitive status (Ehrenberg et al., 2018). Indeed, in our 
study, correction for MMSE scores influenced the associations between 
NPS and Braak stages, probably due to the collinearity between tau 
severity and cognitive function. We also observed differences in NPS 
scores between MCI and AD participants at the same Braak stage, 
highlighting the influence of the degree of cognitive impairment in the 
relationship between tau and NPS.

Recent evidence also highlights a relationship between global NPS 
severity and tau accumulation in Braak-like ROIs as assessed by tau-PET. 
In the aging and AD continuum, higher NPI-Q-S scores were found to be 
correlated with increased [18F]MK6240 SUVR in Braak I-II, III-IV, and V- 
VI ROIs (Tissot el al., 2021). In a study with [18F]AV1451 PET including 
CU, Aβ+ MCI, and Aβ+ AD individuals, Braak I-II but not III-IV and V-VI 
SUVR was significantly correlated with NPI global severity (Yasuno 
et al., 2021). In Naude et al. (2024), Aβ+ but not Aβ- CU and MCI in-
dividuals with MBI (i.e., NPS meeting MBI criteria) showed increased 
[18F]AV1451 tau-PET uptake in Braak I and III regions, in models 
adjusted for age, sex, education, and cognitive status. In fact, among Aβ- 
participants, the presence of MBI was negatively associated with SUVR 
in Braak III (Naude et al., 2024). Moreover, Aβ status was found to 
moderate the association between MBI presence and tau-PET uptake in 
Braak I and III ROIs (Naude et al., 2024), which underscores the intricate 

relationship between Aβ and tau pathology in the context of NPS in AD. 
This might also indicate a complex interplay of other pathological fac-
tors, such as neurodegeneration (Matuskova et al., 2021), neuro-
inflammation (Aguzzoli et al., 2023), and comorbid pathologies.

In two studies investigating the tau-PET correlates of NPS in Aβ+ and 
Aβ- preclinical subjects, no significant associations were found between 
MBI-C scores and [18F]MK6240 at global or at voxel level (Lussier et al., 
2020) nor between [18F]AV1451 tau positivity and NPI-Q scores 
(Babulal et al., 2020). Meanwhile, [18F]RO948 PET signal in the ento-
rhinal cortex/hippocampus (correspondent to Braak II in our study) was 
associated with higher MBI-C scores in another study including only 
Aβ+ CU subjects (Johansson et al., 2021). The integration of these 
findings with our results supports the idea that the presence and severity 
of NPS in AD are influenced by a combination of Aβ and tau pathology, 
with tau pathology possibly exerting its influence even in the early 
stages of tau accumulation. This underscores the importance of 
considering both Aβ and tau pathology in understanding and managing 
NPS in AD patients. Further research exploring the mechanistic un-
derpinnings of this relationship is warranted to inform targeted thera-
peutic interventions for improving patient outcomes.

Our exploratory analyses also indicated that more severe baseline 
behavioral manifestations are consistent with higher rates of tau accu-
mulation in AD-related brain regions. A similar dynamic of progression 
has been described regarding cognitive performance (Macedo et al., 
2024a). Individuals with higher degree of cognitive impairment present 
greater longitudinal tau accumulation in the brain (Cho et al., 2019; 
Pascoal et al., 2021b), and tau deposition in AD-related regions is 
associated with future clinical deterioration (Macedo et al., 2024b; 
Schöll et al., 2016). Taken together, these findings indicate a concomi-
tant progression of biological and clinical AD markers. Here, we anchor 
ourselves in the principle that symptoms follow pathological changes 
(and not the opposite; Jack et al., 2024) to support the possible value of 
PET-based Braak staging as a prognostic tool for use in clinical practice 
or recruitment in clinical trials.

This study has some limitations. First, no confirmation of our find-
ings was done with autopsies, which is still considered the gold standard 
method to diagnose and stage individuals with the Braak histopatho-
logical scheme. Second, our study cohort does not include patients living 
in nursing homes, where the prevalence of NPS is known to be higher 
(Selbæk et al., 2013), or individuals with CDR>2, which is indicative of 
severe dementia. Third, the NPS tools were answered by an informant, 

Fig. 5. Regression coefficients of the association between PET-based Braak stages and NPS in models adjusted for age and sex. The figures display the standardized β 
coefficients and 95 % confidence intervals of multiple linear regression models testing the association of PET-based Braak stages with baseline NPS scores (A) and the 
rates of change in NPS scores (B). Statistical significance is assigned as follows: *p < 0.05, ***p < 0.001, ****p < 0.0001. Legend: CI: confidence interval; MBI-C: Mild 
Behavioral Impairment Checklist; NPI-Q-D: Neuropsychiatric Inventory Questionnaire Distress; NPI-Q-S: Neuropsychiatric Inventory Questionnaire Severity.
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which produced a bias that we sought to diminish by selecting reliable 
informants. However, using this type of questionnaire when dealing 
with cognitively impaired subjects may be more trustworthy due to their 
lack of awareness of their illness. The MBI-C has been validated for 
self-report, and in CU participants, self-report may offer additional or 
complementary information to informant reports, which are more reli-
able in later disease stages (Creese et al., 2020; Ismail et al., 2023). In 
addition, although highly accurate, the NPI-Q is a concise and less 
complete version of the NPI (Kaufer et al., 2000). Another caveat is that 
our participants had a single follow-up visit, occurring at varying times 
from baseline. This is particularly noteworthy given the common fluc-
tuating course of NPS in the progression of AD (Poulin et al., 2017). 
Finally, due to our limited sample of participants with follow-up data, 
we could not reproduce the exact same models of our cross-sectional 
exploratory analyses in the longitudinal analyses. We suggest that 
future studies include more elaborate models accounting for other var-
iables that potentially interfere with the progression of NPS, including 
measures of cognitive reserve, amyloid burden, and neuroinflammation 
markers.

5. Conclusions

In conclusion, our study suggests that the global NPS severity and 
burden in the aging and AD continuum is associated with early to late 
PET-based Braak stages and increases with the severity of tau accumu-
lation. Our findings also indicate that the PET-based Braak staging 
framework may have prognostic value in predicting future NPS burden 
and severity in AD. This study also adds to previous research stating the 
clinical significance of the PET-based Braak staging framework. This 
may be useful to define recruitment strategies for trials investigating 
disease-modifying therapies or targeting behavioral manifestations of 
AD. Future research should investigate the longitudinal progression of 
NPS for a longer period, replicate our findings with other tau-PET li-
gands and methods of NPS assessment (e.g. self-report), examine the 
contribution of other pathological and psychosocial factors to NPS, and 
assess the progression of specific NPS or NPS patterns in relation to tau 
severity.
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