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A B S T R A C T   

Background: Positron emission tomography, which assesses the binding of translocator protein radiotracers, 11C- 
DPA-713, may be a sensitive method for determining glial-mediated neuroinflammation levels. This study 
investigated the relationship between regional 11C-DPA713 binding potential (BPND) and anxiety in patients with 
Alzheimer’s disease (AD) continuum. 
Methods: Nineteen patients with AD continuum determined to be amyloid-/p-tau 181-positive via cerebrospinal 
fluid analysis were included in this cross-sectional study (mild cognitive impairment [MCI, n = 5] and AD [n =
14]). Anxiety was evaluated using the State-Trait Anxiety Inventory (STAI). A whole-brain voxel-based analysis 
was performed to examine the relationship between 11C-DPA-713-BPND values at each voxel and the STAI score. 
Stepwise multiple regression analysis was performed to determine the predictors of STAI scores using inde-
pendent variables, including 11C-DPA-713-BPND values within significant clusters. 11C-DPA-713-BPND values 
were compared between patients with AD continuum with low-to-moderate and high STAI scores. 
Results: Voxel-based analysis revealed a positive correlation between trait anxiety severity and 11C-DPA713-BPND 
values in the centromedial amygdala and the left inferior occipital area [P < 0.001 (uncorrected) at the voxel- 
level]. 11C-DPA713-BPND values in these regions were a strong predictor of the STAI trait anxiety score. Spe-
cifically, patients with AD continuum and high trait anxiety had increased 11C-DPA713-BPND values in these 
regions. 
Conclusions: The amygdala–occipital lobe circuit influences the control of emotional generation, and disruption 
of this network by AD pathology-induced inflammation may contribute to the expression of anxiety. Our findings 
suggest that suppression of inflammation can help effectively treat anxiety by attenuating damage to the 
amygdala and its associated areas.   

1. Introduction 

Clinically, anxiety in Alzheimer’s disease (AD) is often viewed as a 
component of a broader disorder, such as psychosis or depression, or as a 

symptom of other behaviors, particularly agitation and aggression 
(Mintzer and Brawman-Mintzer, 1996). Nevertheless, anxiety has been 
identified as a distinct symptom as well in patients with AD (Mega et al., 
1996). A study of 523 community-dwelling patients with AD reported 
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the prevalence of anxiety in 70% of the participants (Teri et al., 1999). A 
meta-analysis reported a pooled prevalence of 39% for anxiety in AD, 
with generalized anxiety disorder (GAD), characterized by persistent 
and excessive worry about various things, being the most common 
condition (Zhao et al., 2016). 

An in-depth understanding of the neurobiological basis and neural 
pathways underlying anxiety in AD is essential for developing targeted 
interventions. A systematic review and meta-analysis that investigated 
the correlation between anxiety and two neuropathological markers in 
AD, namely, amyloid-beta (Aβ) and tau pathology, did not find any as-
sociation between anxiety and these two markers (Demnitz-King et al., 
2023). A sensitivity analysis evaluating anxiety type (i.e., characteristics 
and status) and biomarker assessment modality (i.e., positron emission 
tomography [PET] and cerebrospinal fluid [CSF]) did not find signifi-
cant differences (Demnitz-King et al., 2023). Further research should 
investigate additional neurobiological factors to augment current 
knowledge of the correlation between anxiety and dementia. 

Neuroinflammation contributes to AD development and its patho-
genesis to the same extent as the neuropathological signs (Calsolaro and 
Edison, 2016; Heneka et al., 2015; Mhatre et al., 2015; Yasuno et al., 
2023). Dysregulated neuroinflammation can result in the accumulation 
of inflammatory mediators and the activation of potentially neurotoxic 
resident immune cells, particularly microglia and astrocytes. This dys-
regulated neuroinflammation, in turn, can alter the structure, excit-
ability, and connectivity of the corticolimbic network, which controls 
emotions (Fulton et al., 2022). It can be assumed that AD 
pathology-induced inflammatory response disrupts neural activity in the 
brain regions responsible for emotion processing, which triggers 
anxiety-like behavior. Studies have suggested a link between neuro-
inflammation and the pathology of anxiety-like behaviors in rodents 
(Liu et al., 2018; Wang et al., 2018). Therefore, understanding the 
connection between neuroinflammation and anxiety and identifying the 
underlying mechanisms of AD are vital for providing optimal treatment. 

Glial cells such as microglia and astrocytes have crucial roles in in-
flammatory response (Heneka et al., 2015). Neuron damage activates 
microglia and astrocytes. PET-based visualization of activated glial cells 
in the brain may be useful for investigating the role of neuro-
inflammation in disease progression. The 18 kDa translocator protein 
(TSPO) is predominantly located in the mitochondrial outer membrane 
(Banati et al., 2004) and serves as an indicator of the burden of in-
flammatory responses. Its concentration increases in response to glial 
activation under pathological conditions. In vivo, PET imaging of 
glial-mediated neuroinflammation is possible using a radioactive tracer 
that binds to TSPO. 

It has been hypothesized that the relationship between glia-mediated 
neuroinflammation and anxiety may be observable in the brain regions 
involved in fear, anxiety, and emotion processing, such as the amygdala 
and its associated areas. This hypothesis highlights the potential of 
maladaptive glia-mediated neuroinflammation reduction as a treatment 
strategy for anxiety-like behaviors in AD. However, to date, no in vivo 
TSPO-PET studies with the region of interest (ROI) based analysis 
identified a link between AD pathology-induced glial-mediated inflam-
mation and changes in the brain regions associated with anxiety and 
emotional processing. Therefore, this study investigated the relationship 
between regional neuroinflammation and anxiety in patients with 
amyloid-positive AD continuum using TSPO-PET imaging with 11C-DPA- 
713 as the radiotracer and a whole-brain voxel-wise analysis. 

2. Material and methods 

2.1. Participants 

Among 23 patients with AD continuum who had TSPO–PET imaging 
data and were determined to be amyloid-/p-tau 181-positive via CSF 
analysis, 19 patients (mild cognitive impairment [MCI, n = 5] and AD [n 
= 14)) were included in this cross-sectional study. These patients were 

assessed for anxiety using the State-Trait Anxiety Inventory (STAI) 
(Spielberger et al., 1983). Four patients were excluded from the study as 
their anxiety could not be assessed using the STAI. The inclusion criteria 
for patients with MCI were as follows: Mini-Mental State Examination 
(MMSE) scores 24–30, objective memory loss, Clinical Dementia Rating 
(CDR) = 0.5, and preservation of basic activities of daily living. Probable 
AD was diagnosed according to the National Institute on Aging and 
Alzheimer’s Association clinical criteria (McKhann et al., 2011) and 
MMSE scores <24. No patients were treated with anti-dementia drugs 
for AD at the examination. 

Patients’ CSF samples were stored at − 80 ◦C at the biobank of the 
National Center for Geriatrics and Gerontology (NCGG). Amyloid and p- 
tau 181 positivity were determined by analyzing the CSF Aβ42/40 ratio 
and p-tau 181 concentrations, respectively, at the Brain Research 
Institute of Niigata University. The cutoff values for amyloid and p-tau 
181 positivity were <0.072 (Kasuga et al., 2023) and >30.6 pg/mL 
(Kasuga et al., 2022), respectively, based on CSF samples from the 
Japanese Alzheimer’s Disease Neuroimaging Initiative. The apolipo-
protein E4 (ApoE4) genotype was determined via DNA analysis and 
polymerase chain reaction (Hixson and Vernier, 1990). Based on the 
rs6971 polymorphism within TSPO, all patients were classified as hav-
ing high-affinity binders (Owen et al., 2011). 

The Institutional Review Board of the National Center for Geriatrics 
and Gerontology approved this study. Written informed consent was 
obtained from all study participants. 

2.2. STAI measures 

Anxiety levels were evaluated using the STAI. The STAI comprises 
two segments: the State Anxiety Scale (STAI-S) and the Trait Anxiety 
Scale (STAI-T). The STAI-S measures transient anxiety states via ques-
tions on subjective emotions, such as nervousness, worry, tension, and 
fear. The STAI-T measures relatively stable aspects of anxiety tendencies 
and general states of calm, confidence, and security. Each scale contains 
20 questions to be answered on a 4-point Likert scale. The overall results 
range from 20 to 80 for each scale, with higher scores indicating higher 
anxiety levels. Scores between 20 and 30 are classified as “no or low 
anxiety,” those between 31 and 44 as “medium anxiety,” and those 
between 45 and 80 as “high anxiety” (Bogavac et al., 2023). 

2.3. PET image acquisition and analysis 

The details of the PET image acquisition and analysis have been 
previously described (Yasuno et al., 2022). 

Among the second-generation TSPO radiotracers with high target 
affinity, we used 11C-DPA-713 for TSPO-PET imaging for two reasons: 
(1) A comparison study of TSPO tracers using a blocking agent found 
that DPA-713 had the highest binding potential in humans among 
PK11195, PBR28, DPA-713, and ER176, indicating that it had the best 
signal-to-noise ratio (Fujita et al., 2017). Although these authors 
observed that DPA-713 radio-metabolites entered the brain, they also 
found that quantification was only affected in participants with the 
low-affinity binding genotype and not in those with the high-affinity 
binding genotype, which all patients in the current study are. (2) In a 
previous study, we demonstrated that the non-displaceable binding 
potential of DPA-713 could be stably estimated using the Braak 6 area as 
the reference region (Yasuno et al., 2022). 

Patients underwent 3D PET imaging (Biograph True V; Siemens 
Healthcare, Erlangen, Germany) 0–60 min after a bolus intravenous 
injection of 404.9 ± 40.8 MBq of 11C-DPA-713 (range, 251–446 MBq). 
The mean ± standard deviation (SD) of the administered 11C-DPA-713 
was 5.9 ± 2.0 nmol (range, 2.9–10.5 nmol). The time bins within the 60 
min period were 6 × 10 s, 3 × 20 s, 2 × 60 s, 2 × 180 s, and 10 × 300 s. 
Arterial blood samples were manually collected. Their radioactive 
concentrations were measured 12 times during the initial 2 min post- 
injection, 14 times during the subsequent 28 min, and once every 15 
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min until the end of the scan. Subsequently, time-radioactivity curves 
for whole blood and plasma were plotted based on measured radioac-
tivity. Radiometabolite analysis of arterial blood samples manually 
collected at 5, 15, 30, 45, and 60 min was performed using a radio-high- 
performance liquid chromatography system (Prominence LC-20 system, 
Shimazu, Kyoto, Japan, and FC-4100, Eckert & Ziegler Radiopharma, 
Hopkinton, MA, USA). The arterial input functions of the parent radio-
activity in plasma were created by correcting the plasma radioactivity 
using ligand metabolism. 

The PET images were corrected for scattering, attenuation, and time- 
of-flight and reconstructed using the ordered subset expectation maxi-
mization method. The final reconstructed images comprised 109 planes 
of 168 × 168 voxels, measuring 2.04 × 2.04 × 2.03 mm3. Dynamic PET 
images were corrected for motion and registered to the standard Mon-
treal Neurological Institute (MNI) space using P-mod View and Regis-
tration and Fusion tools (PMOD Technologies, Zurich, Switzerland). 
Frame-by-frame motion correction was performed via the rigid-body 
registration of adjacent frames. Subsequently, the PET images were 
spatially normalized in the MNI stereotactic space using the parameters 
obtained from the transformation of the individual 3D-T1 MR images 
and a ROI template from the Automated Anatomical Labeling (AAL) 
atlas (Tzourio-Mazoyer et al., 2002), was applied. 

Regional radioactivity was quantified in the ROIs that approximated 
the pathological Braak neurofibrillary tangle deposition stages 
anatomically (Braak and Braak, 1991). We calculated the time-activity 
curves from the composite ROI in the AAL atlas corresponding to the 
anatomical definitions of Braak stages 1–3 area (hippocampal and par-
ahippocampal region, amygdala, lingual area, and fusiform area) 
(109.43 cm3) as a target region, where the tangle deposition was ex-
pected at the stage of MCI and mild-to-moderate AD. Moreover, the 
stage 6 area (precentral area, calcarine area, cuneus area, postcentral 
area, and paracentral lobule) (191.01 cm3) was used as the reference 
region, which was indicated as a non-target of 11C-DPA-713 in 
mild-to-moderate AD previously (Yasuno et al., 2022). 

The PET images were analyzed using the graphical Logan method 
with a metabolite-corrected plasma input function on a voxel-wise basis. 
This analysis produced a parametric image of the binding potential 
(BPND) using the following formula:  

(VT 
tissue - VT 

ref)/VT 
ref                                                                         

, where VT 
tissue and VT 

ref are the total volume distribution of the target 
and reference tissues, respectively. The mean ± SD of VT 

ref values of 19 
patients is 10.3 ± 3.3, while that of VT 

tissue values is 11.6 ± 3.6 in Braak 
stages 1–3. 

2.4. Statistical analysis 

Voxel-based analysis was performed to investigate the correlation 
between 11C-DPA-713-BPND values at each voxel and the STAI-S and 
STAI-T scores and CSF Aβ42/40 ratio and CSF p-tau 181. The Statistical 
Parametric Mapping (SPM) 12 software was used for the analysis. The 
11C-DPA-713-BPND images were smoothed with a Gaussian kernel of 12 
mm full-width at half-maximum. 

For whole-brain analysis, statistical maps were thresholded at P <
0.001 (uncorrected) at the voxel level and P < 0.05 (familywise error 
(FWE)-corrected) at the cluster level. For brain regions with a hypoth-
esized relationship between neuroinflammation and anxiety, such as the 
amygdala and its associated regions, less strict statistical thresholds 
were applied, with the voxel-level at P < 0.001 (uncorrected) and a 
minimum cluster size of k ≥ 100, based on the expected voxels per 
cluster computed according to the random field theory (Hayasaka and 
Nichols, 2004). Subsequently, the regional 11C-DPA-713-BPND values 
were calculated by averaging the values for all voxels within the sig-
nificant clusters. 

Voxel-based morphometric (VBM) analyses were performed using 

the MATLAB-based Computational Anatomy Toolbox (CAT12, http 
://dbm.neuro.uni-jena.de/cat/), which is an extension of SPM12 (Ash-
burner and Friston, 2000) to determine structural changes in the sig-
nificant clusters in the above-described analysis. Structural images were 
corrected for bias-field inhomogeneity and registered using linear 
(12-parameter affine) and non-linear transformations. Tissue classifi-
cation into gray matter (GM), WM, and CSF was performed within the 
same generative model (Ashburner and Friston, 2005). GM images were 
modulated to account for volume changes based on the normalization 
process. Images were spatially normalized into the stereotactic space of 
the Montreal Neurological Institute (MNI) and smoothed with a 6 mm 
(FWHM) Gaussian kernel (final voxel size: 1 mm × 1 mm × 1 mm). 
Further analyses were restricted to voxels with an a priori GM proba-
bility of >0.1 to avoid borderline effects between GM and WM. Mean 
VBM signals (gray matter voxel intensity) were calculated in the sig-
nificant clusters shown in the voxel-based correlation analysis. 

A stepwise multiple linear regression analysis was performed to 
identify the predictors of STAI-S and/or STAI-T scores that were found to 
be related to 11C-DPA-713-BPND values in the voxel-based analysis. A 
stepwise backward-selection model was used. The STAI-T and/or STAI-S 
scores of each patient were measured as dependent variables. The in-
dependent variables included age, sex, years of education, ApoE4 posi-
tivity, CSF Aβ42/40 ratio, p-tau 181 concentration, and regional 11C- 
DPA-713-BPND values within significant clusters. Significant clusters 
found in the same bilateral brain areas were combined to avoid 
multicollinearity. 

A Bayesian multiple regression analysis was performed to overcome 
the limitations of stepwise model selection and sample size constraints 
of using advanced methods (e.g., regularized model fitting) and secure 
the robustness of our findings and reliance on our null results (Malpetti 
et al., 2020). Bayes factor (BF10) was calculated for each model relative 
to the null model; BF10 > 1, BF10 > 3, BF10 > 10, and BF10 > 100 
indicated weak/anecdotal, substantial, strong, and decisive evidence for 
a relationship (against the null hypothesis), respectively (Kass and 
Raftery, 1995). 

11C-DPA713-BPND values within significant clusters were compared 
between patients with AD continuum with low-to-moderate (<45) and 
high (>45) STAI scores (Bogavac et al., 2023) using multivariate anal-
ysis of covariance (MANCOVA) with covariates of variables mentioned 
as predictors of STAI score in multiple regression analysis. 

Stepwise multiple linear regression, Spearman’s correlation analysis, 
and MANCOVA were performed using SPSS for Windows (version 26.0; 
IBM Corp., Armonk, NY, USA). Bayesian multiple linear regression 
analysis was conducted using JASP version 0.17.1 (JASP Team). The 
statistical tests were two-tailed, and a P value < 0.05/n, calculated using 
the Bonferroni correction (where n refers to the number of multiple 
comparisons), was considered statistically significant. Under the 
assumption of a significant relationship, a P value < 0.05 was considered 
statistically significant. 

3. Results 

3.1. Parametric image analysis of the correlation between STAI scores 
and 11C-DPA713-BPND values 

Participant characteristics are summarized in Table.1 and box-plots 
of the value of CSF Aβ42/40 ratio and CSF p-tau 181 in Fig. 1 

When we perform a correlation of Braak 1-3-11C-DPA713-BPND with 
MMSE score, ADAS J-cog score, CSF Aβ42/40 ratio, CSF p-tau 181, and 
STAI-S and -T score trait, we found no significant association of DPA-713 
SUVR with MMSE score (r = − 0.21, p = 0.39), ADAS J-cog score (r =
− 0.01, p = 0.98), CSF Aβ42/40 ratio (r = − 0.15, p = 0.55), CSF p-tau 
181 (r = 0.05, p = 0.85) and STAI-S score (r = 0.19, p = 0.44) excepting 
STAI-T score (r = 0.60, p = 0.006). 

In the whole-brain voxel-based parametric mapping, significant 
positive correlations were identified between STAI-T scores and regional 
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11C-DPA713-BPND values in clusters in the left inferior occipital area and 
bilateral centromedial amygdala (CMA) (Fig. 2, Table 2). No significant 
correlations were identified between STAI-S scores and regional 11C- 
DPA713-BPND values. No significant correlations were identified be-
tween regional 11C-DPA713-BPND values and CSF Aβ42/40 ratio and 

CSF p-tau 181 (P < 0.001, uncorrected). 
Fig. 3 illustrates a scatterplot of the relationships between the STAI-T 

scores and 11C-DPA713-BPND values in significant clusters. Pearson’s 
correlation analyses revealed a significant relationship between STAI-T 
scores and 11C-DPA713-BPND values in each cluster (r = 0.84, P < 0.001 
for cluster #1; r = 0.75, P < 0.001 for cluster #2; and r = 0.71, P = 0.001 
for cluster #3). 

Mean VBM signals are 0.47 ± 0.07, 0.43 ± 0.06, 0.45 ± 0.07 for 
cluster#1, #2 and #3 respectively. We found no significant correlation 
between mean VBM signals and 11C-DPA713-BPND values in these 
clusters. There was no significant correlation between the STAI-T scores 
and mean VBM signals in these clusters. 

3.2. Stepwise multiple linear regression analysis 

Table 3 presents the results of the stepwise multiple linear regression 
of STAI-T scores. The final model of this analysis included 11C-DPA713- 
BPND values in cluster #1(occipital area) and #2 and #3 (amygdala), 
and Alzheimer’s Disease Assessment Scale-Cognitive subscale (Japanese 
version) (ADAS-J-Cog) scores as predictors. Other variables such as age, 
sex, years of education, APOE4 positivity, Aβ42/40 ratio, and p-tau 181 
concentration were excluded from the model. The STAI-T scores were 
significantly associated with 11C-DPA713-BPND values in cluster #1 
(occipital area) (standardized β [sβ] = 0.41, P = 0.03) and #2 and #3 
(amygdala) (sβ = 0.48, P = 0.01) and ADAS-J-Cog scores (sβ = 0.34, P =
0.01). 

3.3. Stepwise Bayesian regression analysis 

Table 4 summarizes the final model, the list of models investigated, 
and their BF10 values in the stepwise Bayesian regression analysis of the 
STAI-T scores. The results of the stepwise Bayesian regression analysis 
were consistent with those of the stepwise linear multiple regression 
analysis (Table 3). A comparison of models using BF10, with all brain 
measures and demographic variables as candidate predictors, suggested 
that the best model contained 11C-DPA713-BPND values in clusters #1 
(occipital area) and #2 and #3 (amygdala) and the ADAS-J-Cog score as 
a predictor of the STAI-T scores (BF10 = 4.53 × 103; R2 = 0.83). 

3.4. 11C-DPA713-BPND values in cluster #1- #3 in patients with AD 
continuum with low and high trait anxiety 

Comparison of 11C-DPA713-BPND values in clusters #1–3 using 
MANCOVA with the ADAS-J Cog score as a covariate revealed signifi-
cantly higher 11C-DPA713-BPND values in patients with AD continuum 
with high trait anxiety than in those with low trait anxiety. Under the 
assumption of a significant difference in 11C-DPA713-BPND values, a 
follow-up analysis of covariance (ANCOVA) revealed that 11C-DPA713- 
BPND values in each cluster were significantly higher in patients with 
high trait anxiety than in those with low trait anxiety (Table 5). 

4. Discussion 

This whole-brain voxel-based parametric mapping study investi-
gated the correlation between anxiety severity and focal glial-mediated 
neuroinflammation, as indicated by STAI scores and 11C-DPA713-BPND, 
respectively, in patients with AD continuum. It allows for the exami-
nation of the entire brain regions, providing a comprehensive view 
without restricting the analysis to predefined regions of interest. The 
results revealed a positive correlation between trait anxiety levels and 
11C-DPA713-BPND values in the bilateral CMA and the left inferior oc-
cipital area, and therefore we focused on these regions. Stepwise mul-
tiple linear regression analysis revealed that 11C-DPA713-BPND values in 
the bilateral CMA and left occipital lobe, along with the ADAS-J Cog 
score, could predict STAI trait scores in patients with AD continuum. In 
contrast, Bayesian stepwise multiple regression analysis confirmed the 

Table 1 
Descriptive characteristics of patients with AD continuum.  

Characteristic/Test Patients with 
MCI 

Patients with 
AD 

Total patients 

No. 5 14 19 
Sex, M/F 3/2 6/8 9/10 
Age, y, mean (SD) 80.0 (5.1) 77.7 (4.1) 78.3 (4.4) 
Education, y, median 

(IQR)a 
16 (12.5–16) 12 (10.5–12) 12 (12–16) 

ApoE4(+)/(− ) 2/3 8/6 10/9 
MMSE, mean (SD) 26.6 (2.1) 20.7 (2.5) 22.3 (3.5) 
ADAS-J-Cog score, 

mean (SD) 
11.6 (7.2) 13.4 (4.8) 12.9 (5.4) 

LM-1, median (IQR) 7.0 (4.0–14.5) 7.5 (4.0–10.3) 7 (4–10) 
LM-2, median (IQR)a 0.0 (0.0–10.0) 0.0 (0.0–1.0) 0.0 (0.0–1.0) 
CSF Aβ42/40 ratio 

values, median 
(IQR)a 

0.035 
(0.030–0.070) 

0.052 
(0.041–0.067) 

0.050 
(0.037–0.068) 

CSF p-tau 181, median 
(IQR)a 

48.7 
(42.2–90.6) 

46.7 
(38.3–64.2) 

48.7 
(41.0–74.2) 

STAI state score, mean 
(SD) 

39.4 (12.8) 39.1 (5.1) 39.2 (7.4) 

Low-to-intermediate 
(<45) 

32.0 (9.5) (n =
3) 

38.1 (4.8) (n =
12) 

36.9 (6.1) (n =
15) 

High (≥45) 50.5 (7.8) (n =
2) 

45.0 (0.0) (n =
2) 

47.8 (5.5) (n =
4) 

STAI trait score, mean 
(SD) 

45.8 (13.0) 44.1 (12.0) 44.5 (11.9) 

Low-to-intermediate 
(<45) 

34.0 (14.1) (n =
2) 

35.4 (7.6) (n =
7) 

35.1 (8.3) (n =
9) 

High (≥45) 53.7 (2.1) (n =
3) 

52.7 (9.0) (n =
7) 

53.0 (7.4) (n =
10) 

Braak 1-3-11C- 
DPA713-BPND, mean 
(SD) 

0.12 (0.05) 0.14 (0.06) 0.13 (0.05) 

Abbreviations: AD, Alzheimer’s disease; MCI, Mild cognitive impairment; SD, 
standard deviation; IQR, Interquartile range; ApoE4, Apolipoprotein E4; MMSE, 
Mini-Mental State Examination; ADAS-J-Cog, Alzheimer’s Disease Assessment 
Scale- Cognitive subscale (Japanese version); LM-1, Wechsler Logical Memory 
Scale I; LM-2, Wechsler Logical Memory Scale II; CSF, cerebrospinal fluid; STAI, 
State-Trait Anxiety Inventory. 

a Non-normal distribution. 

Fig. 1. Box-plots of the value of CSF Aβ42/40 ratio and CSF p-tau 181 (pg/mL).  
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validity of these values. This study found that patients with high trait 
anxiety had significantly higher 11C-DPA713-BPND values in each cluster 
than those with low trait anxiety. This study is the first to demonstrate a 
correlation between neuroinflammation and trait anxiety severity in 
brain regions associated with emotional processing, such as the amyg-
dala and its associated regions, in patients with AD continuum. 

In the whole-brain voxel-based parametric mapping, no significant 
correlations were identified between regional 11C-DPA713-BPND values 
and CSF Aβ42/40 ratio and CSF p-tau 181. While both amyloid beta and 
tau play important roles in the pathogenesis of Alzheimer’s disease, tau 
pathology is regarded to be central to the neurodegenerative process and 
clinical manifestation of the disease (Nelson et al., 2012). Previous 
studies have reported inconsistent associations between tau and glial 
activation, considering the in vivo relationship between these patho-
logical processes in AD (Dani et al., 2018; Parbo et al., 2018; Terada 

et al., 2019; Zou et al., 2020). In our study, the degree of glial activation 
was not correlated with the amount of tau pathology. Thus, tau toxicity 
is affected not only by the extent of tau pathology but also by other 
factors influencing tau-induced glial activation. The types of factors that 
influence tau-mediated glial stimulation remain unknown, and their 
identification is important for the development of therapeutic strategies 
to treat tauopathy. 

In the previous longitudinal study (Yasuno et al., 2023), we found 
that TSPO-PET imaging of microglial activation is a stronger predictor of 
the progression of cognitive decline in AD. However, we found no sig-
nificant relationship between 11C-DPA713-BPND and ADAS-J cog and 
MMSE score in this cross-sectional examination. Differences in results 
may occur because longitudinal studies provide insights into the tem-
poral dynamics of phenomena, whereas cross-sectional studies do not 
capture changes over time. The effects of brain inflammation on 

Fig. 2. Images of voxel-based maps exhibiting significant positive correlations between 11C-DPA713-BPND and the State-Trait Anxiety Inventory trait 
scores 
Voxel-level at P < 0.001 (uncorrected) and a minimum cluster size of k ≥ 100. Statistical parametric mapping projections are superimposed on representative sagittal 
(x = − 20), transaxial (z = − 12), and coronal (y = 0) magnetic resonance images. 

Table 2 
Clusters of regions with a significant correlation between the STAI trait score and regional11C-DPA713-BPND values.  

Comparison Brain region MNI coordinates (x, y, z)a t- 
value 

Cluster size 
(voxels) 

Mean ± SD of11C-DPA713-BPND value in the 
cluster 

Negative 
correlation 

none      

Positive correlation Cluster #1: Left inferior occipital area   485 0.23 ± 0.06  
Lingual gyrus − 14, − 64, − 4 6.37    
Cuneus − 18, − 80, 6 4.86    
Middle occipital gyrus − 26, − 82, 4 4.18     

Cluster #2: Left centromedial 
amygdala 

− 24, − 2, − 14 5.35 196 0.21 ± 0.08   

Cluster #3: Right centromedial 
amygdala 

30, 0, − 12 4.42 108 0.23 ± 0.08 

Abbreviations: STAI, State-Trait Anxiety Inventory; BPND, binding potential; MNI: Montreal Neurological Institute; SD, standard deviation. 
a x, y, and z reflect coordinates for peak voxel or other local maxima in MNI space. 
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cognitive decline may be based on long-term, gradual neurodegenera-
tive processes and may not be reflected in cross-sectional studies. 
However, anxiety is likely to be an immediate consequence of inflam-
mation in the brain, and cross-sectional studies may be more likely to 
detect its effects. 

Previous studies identified the amygdala as a pivotal brain region for 
the expression of anxiety, signaling the existence of threats and salience 
information (Kujawa et al., 2016; Michely et al., 2020; Tovote et al., 
2015). The amygdala, with its widespread connections to 
emotion-related cerebral regions, is considered an important neural hub 
for modulating anxiety-related behaviors (Asami et al., 2018). Anxiety 
may be triggered by information transmitted from the amygdala to other 
brain regions (Asami et al., 2018). Structural neuroimaging studies in 
both humans and animals that examined the association between anx-
iety severity and amygdala volume have consistently found a negative 
correlation between these variables (Foell et al., 2019; Pedraza et al., 
2014; Yang et al., 2008; Zhao et al., 2013). Other neuroimaging studies 
have found that administering inflammatory stimuli affects brain re-
gions involved in processing fear, anxiety, and emotions, such as the 
amygdala (Felger, 2018; Harrison, 2019). Notably, evidence of an as-
sociation between inflammation and transdiagnostic symptoms such as 
anxiety has increasingly been demonstrated (Hou et al., 2017; Kennedy 
and Niedzwiedz, 2022; Milaneschi et al., 2021; van Eeden et al., 2021). 

In the previous study, including a dual approach using stereological 
and proteomic techniques with the aim of assessing neuronal and glial 
involvement in the amygdala in AD, synaptic alterations, as well as the 

potential participation of glial cells in response to pathology have been 
identified as particularly relevant in amyloid pathology in AD (Gonza-
lez-Rodriguez et al., 2023). Progressively impaired amygdala intrinsic 
connectivity with other regions was also indicated in very early AD 
(Ortner et al., 2016). A central mechanism in the pathogenesis of anxiety 
disorders is associative learning or conditioning, which can lead to both 
conscious and unconscious aversive memories, and animal models and 
human studies have shown that the amygdala has a central role in the 
modulation of memory by emotion (de Quervain et al., 2017). Chronic 
exposure to stress causes anxiety, and a previous study showed that the 
inactivation of the amygdala in stressed rats prevents stress-induced 
anxiety (Tripathi et al., 2019b). In optogenetic approaches in 
behaving mice, activating the amygdala-medial prefrontal cortex 
(mPFC) projection increases anxiety-like behavior. It reduces social 
interaction, whereas inhibiting this pathway reduces anxiety-like 
behavior and increases social behavior. Such bidirectional modulation 
suggests that the pathway of the amygdala and its related region 
pathway is implicated in the regulation of the behavioral manifestations 
of anxiety and sociability (Felix-Ortiz et al., 2016). 

The human amygdala comprises three major subregions: the CMA, 
basolateral amygdala (BLA), and superficial amygdala (SFA) (Amunts 
et al., 2005; Ball et al., 2007; Roy et al., 2009). Our voxel-based analysis 
revealed significant clusters in the CMA, which have been associated 
with depression and anxiety (Eckstein et al., 2017; Etkin et al., 2009). 
Abnormal dynamic functional connectivity of the CMA has been 
demonstrated in clinical depression (Qiu et al., 2018), while 

Fig. 3. Scatter plots of relationships between 11C-DPA713-BPND values in significant clusters from the voxel-based analysis and the State-Trait Anxiety 
Inventory trait scores (n = 19) 
Filled circle: MCI, Unfilled circle: AD 
r = 0.84, P < 0.001 for cluster #1; r = 0.75, P < 0.001 for cluster #2; and r = 0.71, P = 0.001 for cluster #3. 

Table 3 
Results of a stepwise multiple linear regression analysis predicting the STAI trait score.  

Step t sβ P VIF F df P Adjusted R2 

Full Model     6.88 9, 9 0.004 0.75 
Age − 0.32 − 0.05 0.76 1.41     
Sex 0.53 0.08 0.61 1.76     
Education 0.49 0.06 0.64 1.23     
ADAS-J-Cog score 2.40 0.36 0.04 1.60     
ApoE4 positivity 0.89 0.15 0.40 2.05     
Aβ42/40 0.15 0.03 0.88 2.43     
p-tau 181 0.70 0.10 0.50 1.53     
11C-DPA713-BPND value in cluster #1 (occipital area) 1.99 0.43 0.08 3.35     
11C-DPA713-BPND value in cluster #2 & #3 (amygdala) 1.85 0.43 0.10 3.80     

Final model     10.9 3, 15 <0.001a 0.80 
11C-DPA713-BPND value in cluster #1 (occipital area) 2.46 0.41 0.03 2.51     
11C-DPA713-BPND value in cluster #2 & #3 (amygdala) 2.97 0.48 0.01 2.35     
ADAS-J-Cog score 2.82 0.34 0.01 1.27     

Abbreviations: STAI, State-Trait Anxiety Inventory; sβ, Standardized β; VIF, Variance Inflation Factor; ADAS-J-Cog, ‘Alzheimer’s Disease Assessment Scale- Cognitive 
subscale (Japanese version); ApoE4, Apolipoprotein E4; BPND, binding potential. 

a P < 0.05. R2 = Multiple regression value squared. 
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resting-state functional connectivity of the CMA may predict vulnera-
bility to depression (Zhang et al., 2022). Moreover, the synaptic adhe-
sion protein IgSF9b-in the CMA, which regulates anxiety-like behavior, 
is a target for anxiolytics (Babaev et al., 2018). The studies mentioned 
above support our findings of an association between inflammatory 
changes in the CMA and anxiety in patients with AD continuum. Pre-
vious neuroimaging studies have linked the CMA to behavioral response 

generation and attention allocation, the BLA to higher-order learning 
and sensory processes such as fear conditioning, and the SFA to social 
and emotional information processing (Bzdok et al., 2013; Goossens 
et al., 2009; LeDoux, 2003). Another study reported that functional 
connectivity of the CMA and BLA is associated with the control of 
emotional output and emotional information input, respectively (Li 
et al., 2012). In summary, anxiety in patients with AD continuum may 
mainly induced by the dysfunction of the control of emotional output 
related to behavioral responses and attention allocation, which the CMA 
subserves. 

Several studies have reported on the role of the occipital lobe in 
anxiety. The amygdala projects directly into the ventral visual stream in 
the occipital lobe (Amaral et al., 2003; Amaral and Price, 1984) and 
modulates neuronal activity in these brain regions based on the affective 
stimulus properties (Phelps and LeDoux, 2005). A negative correlation 
was found between trait anxiety degree and gray matter volume in the 
middle occipital gyrus in healthy brain samples (Yin et al., 2016). 
Additionally, changes in network properties such as nodal degree and 
efficiency have been observed in the calcarine sulcus of individuals with 
social anxiety disorder (Yang et al., 2019). Thus, structural and func-
tional changes in the occipital cortex may trigger or be a consequence of 
abnormal emotional information processing in patients with anxiety 
disorders. Previous studies have suggested that the occipital cortex is 
involved in uncertain cue processing (Zhang et al., 2016) and conscious 
processing (Yang et al., 2019). Individuals with anxiety tend to experi-
ence greater worry in uncertain situations (Zhang et al., 2016). 
Furthermore, the left hemisphere appears to play a more significant role 
in anxiety arousal than the right hemisphere (Heller et al., 1997). 
Inflammation-induced changes in the left occipital cortical activity may 
increase the risk of anxiety disorders by impairing uncertain cue 
processing. 

In summary, the CMA–occipital lobe circuit controls emotional 
processing. The results of our TSPO-PET study revealed that disruption 
of this circuit by AD pathology-induced microglial- and astrocyte- 
mediated inflammation impairs emotional regulation and may 
contribute to anxiety. No significant correlations were identified be-
tween STAI-S scores and regional 11C-DPA713-BPND values. STAI-S fo-
cuses on the current emotional state, whereas STAI-T assesses a more 
enduring characteristic of an individual’s personality related to anxiety. 
The CMA–occipital lobe circuit influences the control of emotional 
generation, and disruption of this network by AD pathology-induced 
inflammation may contribute to the expression of anxiety not tempo-
rarily or transitory but sustainably in everyday lives. Increasing evi-
dence indicates that excessive inflammatory responses play a crucial 
role in the pathophysiology of psychiatric diseases, including depression 
and anxiety disorders (Park et al., 2018). Previous studies identified the 
amygdala as a pivotal brain region for the expression of anxiety, 
signaling the existence of threats and salience information (Kujawa 
et al., 2016; Michely et al., 2020; Tovote et al., 2015). Therefore, dys-
regulation of the amygdala and its projection areas may account for 
neuroinflammation-induced anxiety- and depressive-like behavior. Our 
results are consistent with this notion and show that this theory is 
applicable to anxiety in AD. Our findings support the hypothesis that 
inflammation reduction or anti-inflammatory signaling enhancement, 
achieved by reducing damage to the amygdala and its associated re-
gions, can be effective anxiety treatment strategies. 

In preclinical studies, some phenyl benzoxazole or piperazine de-
rivatives are shown to be effective as a potent acetylcholinesterase in-
hibitor with antioxidant properties (Srivastava et al., 2019; Tripathi 
et al., 2019a). Mitochondrial dysfunction plays a vital role in the path-
ogenesis of AD, and antioxidants like coenzyme Q and glutathione can 
reduce the production of mitochondrial reactive oxygen species and 
oxidative stress and also decrease the process of inflammation (Rai et al., 
2020). As another immunologic intervention, mild endoplasmic reticu-
lum stress (MERS) preconditioning is shown to be able to alleviate 
neuroinflammation and cognitive impairment, thereby suggesting that 

Table 4 
Results of the stepwise Bayesian multiple linear regression analysis predicting 
the STAI trait score.  

Bayesian regression β 95% Credible 
interval  

Mean SD Lower Upper 

The final model for predicting the STAI trait score 
ADAS-J-Cog score 0.69 0.26 0.16 1.23  
11C-DPA713-BPND value in 

cluster #1 (occipital area) 
81.7 34.4 9.39 154.0  

11C-DPA713-BPND value in 
cluster #2 & #3 (amygdala) 

68.4 23.9 18.3 118.6  

Models for predicting the STAI 
trait scorea 

P(M) P(M| 
data) 

BFM BF10 R2 

ADAS-J-Cog score + 11C- 
DPA713-BPND value in cluster 
#1 (occipital area) + 11C- 
DPA713-BPND value in cluster 
#2 & #3 (amygdala) 

0.002 0.064 35.0 4.53 ×
103 

0.83 

ADAS-J-Cog score + ApoE4 
positivity + 11C-DPA713-BPND 

value in cluster #1 (occipital 
area) + 11C-DPA713-BPND 

value in cluster #2 & #3 
(amygdala) 

0.002 0.032 16.9 2.26 ×
103 

0.85 

ADAS-J-Cog score + 11C- 
DPA713-BPND value in cluster 
#2 & #3 (amygdala) 

0.002 0.030 15.6 2.09 ×
103 

0.77 

11C-DPA713-BPND value in 
cluster #1 (occipital area) 

0.002 0.023 12.6 1.70 ×
103 

0.70 

Sex + 11C-DPA713-BPND value in 
cluster #1 (occipital area) 

0.002 0.022 12.0 1.62 ×
103 

0.76 

Null model 0.002 1.42 ×
10− 5 

0.007 1.00 0 

Abbreviations: STAI, State-Trait Anxiety Inventory; ADAS-J-Cog, Alzheimer’s 
Disease Assessment Scale-Cognitive subscale (Japanese version); ApoE4, 
Apolipoprotein E4; BPND, binding potential. 

a Models are presented as follows: higher Bayes Factor (BFM) to lower. The 
table lists the five most likely models and the null model. 

Table 5 
11C-DPA713-BPND values in cluster #1–#3 in patients with AD continuum with 
low and high trait anxiety.  

Region Binding potentiala  

Low trait 
anxiety (n =
9) 

High trait 
anxiety (n =
10) 

Analysis of 
covariance 

Mean SD Mean SD F 1, 16 P 
11C-DPA713-BPND value in 

cluster #1 (occipital area) 
0.19 0.05 0.26 0.05 6.80 0.02 

11C-DPA713-BPND value in 
cluster #2 (left amygdala) 

0.17 0.07 0.25 0.06 10.23 0.006 

11C-DPA713-BPND value in 
cluster #3 (right 
amygdala) 

0.19 0.08 0.27 0.07 6.86 0.02 

Abbreviations: BPND, binding potential; AD, Alzheimer’s disease; ADAS-J-Cog, 
Alzheimer’s Disease Assessment Scale-Cognitive subscale (Japanese version); 
SD, standard deviation. 

a Multivariate analysis of covariance with ADAS-J-Cog score as a covariate to 
test for group differences between patients with AD with low and high trait 
anxiety (Wilks’ lambda = 0.53; F = 4.16, df = 3. 14, P = 0.03). 
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moderate level of ER stress can act as a new therapeutic possibility to 
delay the progression of neurodegenerative diseases (Rai et al., 2018; 
Wang et al., 2017). These immunologic interventions targeting neuro-
inflammation pathways could be explored in preclinical models to 
evaluate their potential efficacy in reducing anxiety symptoms in AD. 

This study has some limitations. First, the findings were based on 
modest sample size; nevertheless, the agreement between different sta-
tistical models mitigated sample bias. The study results need to be 
validated in larger clinical cohorts to establish their reproducibility and 
generalizability. Second, the study included only participants with MCI 
and mild-to-moderate AD, and TSPO binding was poorly observed in the 
neocortical regions at this disease stage. Therefore, the correlation be-
tween trait anxiety and TSPO binding in the amygdala and occipital lobe 
suggests that it is a sensitive, albeit specific marker of anxiety symptoms. 
Future studies involving patients with more severe AD are necessary to 
clarify the involvement of neuroinflammation in other neocortical re-
gions. Third, there are no matched healthy control subjects enrolled in 
the study as a comparison, as the focus of this study is on understanding 
the effect of pathological neuroinflammation on anxiety within the AD 
continuum. A future study is necessary to determine whether the same 
correlation exists between trait anxiety and inflammation in healthy 
subjects without AD pathology. Fourth, anxiety levels were evaluated 
using the STAI in this study. Some patients with relatively late disease 
stages may not answer these questions correctly. In regards to the issue 
of the ability to consent to this study, only MCI and mild-to-moderate AD 
were included. In the examination of the anxiety of patients with late 
disease stage, different evaluation methods of anxiety are necessary. 
Fifth, the direction of causality between anxiety and TSPO binding could 
not be determined in this study. We speculate that these factors influ-
ence each other. Therefore, future longitudinal immunologic interven-
tion studies that assess changes in anxiety and TSPO binding could 
clarify the strength of this relationship. 

5. Conclusions 

Our voxel-based analysis revealed a positive correlation between 
trait anxiety levels and 11C-DPA713-BPND values in the CMA and the left 
inferior occipital area in patients with AD continuum. The degree of trait 
anxiety in patients with AD continuum as strongly predicted by 11C- 
DPA713-BPND in these regions. Additionally, patients with AD contin-
uum and high trait anxiety exhibited increased 11C-DPA713-BPND in 
these regions. These findings suggest the involvement of glial-mediated 
neuroinflammation in the amygdala and its associated regions in the 
development of trait anxiety in patients with AD continuum. Immuno-
logic interventions for anxiety may be an alternative treatment for de-
mentia. In future studies, non-invasive neuroimaging techniques, 
combined with biochemical assays or genetic analyses, are to be 
employed to elucidate further the molecular mechanisms linking glial- 
mediated neuroinflammation to anxiety severity in patients with AD. 
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