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Neuroinflammation modifies the relationship between stress and perivascular spaces in an elderly population with different levels of cognitive impairment
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Background: Perivascular spaces (PVS) are fluid-filled spaces surrounding the brain parenchymal vasculature. Literature suggests that PVS may play a significant role in aging and neurological disorders, including Alzheimer’s disease (AD). The aim of this study is to investigate whether the relationship between MRI-visible PVS and stress is influenced by neuroinflammation in an elderly population with different levels of cognitive impairment.

Methods: Using brain MRI scans acquired at 1.5 T, PVS were quantified in a cohort of 461 individuals, consisting of cognitively healthy controls (n = 48), people with mild cognitive impairment (MCI, n = 322) and Alzheimer’s disease (AD, n = 91). PVS volume fraction was calculated in the basal ganglia and centrum semiovale using a semi-automated segmentation approach. Stress was quantified with levels of salivary cortisol. Inflammatory biomarkers measured from plasma included cytokines, matrix metalloproteinases and C-reactive protein. General linear models were used to test the relationship between PVS and cortisol, when interacting with inflammatory markers. This was done on the whole cohort and within each clinical cognitive group.

Results: In the centrum semiovale, higher inflammation levels reduced the relationship of cortisol with PVS. In basal ganglia, higher levels of C-reactive protein reduced the negative relationship of cortisol with PVS. All analyses were accounted for age, sex, body mass index (BMI) and total hippocampal volume. There was a significant interaction effect between cortisol and C-reactive protein on PVS volume fraction in the MCI group.

Discussion: These findings suggest an influence of neuroinflammation on the PVS structure in Alzheimer’s disease spectrum, and offer insight for better understanding physiological processes of cognitive impairment onset.
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1 Introduction

Perivascular spaces (PVS) are fluid-filled spaces in the brain surrounding blood vasculature (Doubal et al., 2010). Their function is thought to facilitate the drainage of cerebro-spinal fluid (CSF) between the interstitial space and the blood vessel space, allowing the outflow of waste-soluble proteins from the brain (Zong et al., 2020). PVS are a key part of the glymphatic system, hypothetically responsible for cleansing the brain of neurotoxins (Figure 1a). In healthy populations, an increase in PVS number and volume is seen on brain MRI during normal aging (Lynch et al., 2022), especially in basal ganglia, centrum semiovale and hippocampus (Wardlaw et al., 2020). In clinical populations, studies have shown an association between dilated PVS and severity of neurological diseases, including Huntington’s disease (Chan et al., 2021), cerebral small vessel disease (Brown et al., 2018), and Alzheimer’s disease (AD) (Boespflug et al., 2018).
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FIGURE 1
 Perivascular space and neuroinflammation. (a) Anatomical representation of the perivascular space (PVS) in the brain vasculature. PVS surrounds the blood vessel lumen. It is involved in the fluid exchange between blood vessels and brain parenchyma through the aquaporin 4 channels, located on the astrocyte endfeet. (b) During neuroinflammation, lymphocytes cross the endothelial cell layer as a result of blood brain barrier leakage. Perivascular macrophages (PVMs) then form, leading to PVS enlargements. As a result, there is a higher accumulation of neurotoxins such as amyloid beta, leading to neuronal death.


Increased PVS volume and number might be caused by the alteration of CSF flow in the interstitial space (Barisano et al., 2022). Among environmental and external factors disrupting this balance, psychosocial stress has been found to delay the hemodynamic response and neurovascular coupling that regulate cerebral flow of metabolites needed for cerebral function (Dunlop and Liston, 2018). Higher levels of stress were also linked to hyperproduction of tau and amyloid, neuropathological changes typical of dementia and cognitive impairment (Ennis et al., 2017). Chronic and acute stress have distinct effects on inflammation and brain health. Acute stress activates the hypothalamic–pituitary–adrenal (HPA) axis (Justice, 2018), leading to a temporary increase in cortisol and release of acute inflammatory markers like C-reactive protein (CRP), which helps regulate immune responses. In contrast, chronic stress results in prolonged cortisol exposure, that can disrupt immune function and compromise the integrity of the blood–brain barrier (BBB) promoting neuroinflammation. Increased permeability of the BBB allows immune cells and inflammatory mediators to enter the brain, contributing to structural changes, such as PVS enlargement. This enlargement is associated with impaired drainage of interstitial fluid and accelerated accumulation of waste products (Figure 1b), further exacerbating neuroinflammatory processes and potentially accelerating neurodegenerative diseases.

High cortisol levels can affect blood pressure (BP) and cause hypertension (Ouanes and Popp, 2019). High BP induces a change in vessel dynamics that reduces perivascular pumping, and decreases the net flow of CSF in PVS, with a consequent reduction of parenchymal waste transport (Ennis et al., 2017). Blood pressure is regulated by the renin-angiotensin-adrenal system (RAS). Angiotensin-converting enzyme (ACE) is an enzyme that is part of RAS and is involved in the production of Angiotensin II; high levels of Angiotensin II cause arterial stiffness and structural remodeling, which lead to hypertension and enlarged PVS (Mestre et al., 2017). Increased ACE activity was found to be correlated with parenchymal A[image: image] load in AD (Mestre et al., 2017).

Together with the release of cortisol, the interaction of pro-inflammatory factors with the RAS is also crucial for the maintenance of brain vasculature (Xue et al., 2020). ACE has been shown to exert a damaging proinflammatory action on the endothelial and vascular smooth muscle cells (Dandona et al., 2007) that contributes to the onset of cerebral small vessel diseases by disrupting blood brain barrier. Matrix metalloproteinases (in particular MMP-2 and MMP-9) were found to be related to hypertension (Cancemi et al., 2020) and overexpressed around astrocytes in Alzheimer’s disease, promoting accumulation of amyloid beta (A[image: image] plaques. MMP-2 and MMP-9 expression is regulated by tumor necrosis factor alpha (TNF-[image: image]); in turn, the action of TNF-[image: image], TNF-receptor-2 (TNFr2) and TNF-receptor-apoptosis-inducing-ligand (TRAIL), interleukin-6 receptor (IL-6r) and C-reactive protein (CRP) plays a role in the immune system response to physiological and pathological alterations (Burgaletto et al., 2020).

A perturbation in the physiological level of biomarkers in the brain can lead to alterations of the clearance system, where PVS is a crucial component. Exploring the relationship between alterations in PVS volume and plasma biomarkers of inflammation may help understand the mechanisms of neuroinflammation that contribute to the onset of cognitive impairment and neurodegenerative diseases; these mechanisms are understudied so far.

The objective of this study is to investigate the associations of plasma biomarkers of stress and inflammation with PVS volume fraction in older participants of the Alzheimer’s Disease Neuroimaging Initiative 1 (ADNI-1) cohort. Specifically, we tested whether PVS associations with cortisol are influenced by levels of inflammatory biomarkers (TNF-[image: image], TNFr2, TRAIL, CRP, IL-6, MMP-2 and MMP-9). A description of each biomarker is reported in Table 1.



TABLE 1 Description of the stress-related, hypertension and inflammatory markers considered in this study.
[image: Table1]

To our knowledge, this is the first study evaluating associations of stress-related and inflammatory plasma biomarkers with PVS volume fraction in an elderly population, using a novel semi-automated segmentation technique to measure PVS.



2 Materials and methods


2.1 Participants

Data used in the preparation of this article were obtained from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu). The ADNI was launched in 2003 as a public-private partnership, led by Principal Investigator Michael W. Weiner, MD. The primary goal of ADNI has been to test whether serial magnetic resonance imaging (MRI), positron emission tomography (PET), other biological markers, and clinical and neuropsychological assessment can be combined to measure the progression of mild cognitive impairment (MCI) and early Alzheimer’s disease (AD).

Participants were older adults from the ADNI-1 population (n = 461, age range = 55–90). Inclusion and exclusion criteria can be found on the ADNI dataset manual.1 In brief, ADNI inclusion criteria included age between 55 and 90, not enrolled in other studies, generally healthy, fluency in English/Spanish and Geriatric Depression Scale less than 6. Exclusion criteria included the use of specific medications within 4 weeks of screening, such as antidepressants, narcotic analgesics, and anti-Parkinsonian medications with anti-cholinergic activity. Patients with stroke or CAA were also excluded.

The selection of participants for this analysis included those who had complete demographic and plasma biomarker information at the 12-month assessment from the baseline diagnosis. Participants were excluded if they were missing data on age, sex, medication history, biological biomarkers or missing T1w-MPRAGE scans at month-12. From an initial number of 697 that had MRI scans acquired at 1.5 T, no cases were missing for demographics; there were 232 cases with missing biomarker information; for 4 people the PVS segmentation pipeline was not successful; therefore, our final sample size was n = 461. The majority of the scans of participants in ADNI 1 were acquired at 1.5 T; plasma biomarkers used in this study (i.e., cortisol, ACE and inflammatory markers) were collected in ADNI 1.

Demographic, biomarker and imaging data were downloaded from the ADNI website.2 Participants were categorized based on their diagnosis at ADNI enrollment into cognitively intact healthy controls (CN), persons with mild cognitive impairment (MCI) and persons with more advanced Alzheimer’s diseases (AD). Body mass index (BMI) was considered a hypertension-related factor, expressed as weight (kg) divided by height (m2). The number of APOE-4 allele copies was included as a marker of genetic predisposition for AD. Medications were dummy coded based on the type of medication participants reported using (ACE-inhibitors, steroids, other hypertension-related medication). Detailed demographic information of the whole cohort and divided by clinical diagnosis are shown in Table 2.



TABLE 2 Demographic information about ADNI-1 participants.
[image: Table2]



2.2 Plasma inflammatory and physiological biomarkers

The plasma biomarkers used in this study (cortisol, ACE, TNF-[image: image], TRAIL, TNFr2, CRP, MMP-2 and MMP-9) were collected as part of the Biomarkers Consortium Plasma Proteomics Project RBM multiplex data.3 A 190-analyte multiplex immunoassay panel was developed on the Luminex xMAP platform by Rules-Based Medicine (RBM, Austin, TX). The panel, referred to as the human discovery map, contains plasma proteins previously reported in the literature to be altered as a result of cancer, cardiovascular disease, metabolic disorders or inflammation. The Luminex xMAP technology uses a flow-based laser apparatus to detect fluorescent polystyrene microspheres which are loaded with different ratios of two spectrally distinct fluorochromes. Using a ratio of the fluorochromes, up to 100 different beads can be generated such that each of them contains a unique color-coded signature. The beads are bonded with either ligand or antibodies and then standard sandwich assay formats are used to detect the analytes. The beads are read one at a time as they pass through a flow cell on the Luminex laser instrument using a dual laser system. One laser detects the color code and the other reports biomarker concentration. Each plasma biomarker was quantified from blood collected in the morning and is expressed in ng/ml units. The 12-month visit biomarkers measures were correlated with imaging data collected at the same visit.



2.3 Medication use

Since both antihypertensive medications and steroids can influence blood pressure and cortisol levels, the history of hypertension-related medication use was evaluated for each participant. ACE-inhibitors were of particular interest as hypertension-related drugs, as their mechanism of action can influence physiological ACE levels. In ADNI-1, each participant provided information on the type of medications ever taken, the dose, the clinical condition for which it was prescribed, and whether they were currently taking the medication at the time of the study visit. Each hypertension medication was assigned to a specific category (ACE-inhibitors, steroid or other hypertension-related medications). A medication variable defined whether each participant ever used a medication related to hypertension or cortisol levels, in particular ACE-inhibitors, steroids (that control cortisol levels), or other hypertension-related medication (0 = ‘no medication’; 1 = ‘ACE-inhibitors’, 2 = ‘steroids’, 3 = ‘other hypertension medications’). Secondly, a 3-level variable was applied to indicate whether participants were currently using any of these medications (0 = ‘no medication history’, 1 = ‘past use of medications’; 2 = ‘current use of medications’).



2.4 Imaging


2.4.1 Data acquisition

T1w MPRAGE images (n = 465) were acquired using scanners from GE Healthcare, Philips Medical Systems, or Siemens Medical Solutions at 1.5 T (voxel resolution was 1.25×1.25×1.2 mm3), TR = 2,400–2,500 ms, TE = 3.6 ms, flip angle = 8–9 degree, FOV = 24–25 cm, slice thickness = 1.2 mm.



2.4.2 Data processing

PVS segmentation followed a previously published technique from our lab (Sepehrband et al., 2019, 2021). In brief, after data wrangling and preprocessing, PVSs were mapped from T1w images: a non-local mean filtering method was applied to denoise the MRI T1w images (Manjón et al., 2010) which is based on how a voxel of interest is similar to neighboring voxels based on their intensity values. A filtering patch with a radius of 1 voxel was applied to retain PVS voxels while removing the image noise at a single-voxel level (Manjón et al., 2010). The Rician noise of MRI scans was considered as the noise reference level for the filtering algorithm. After this, a Frangi filter was applied (Frangi et al., 1998) to detect tubular structures (in this case PVS) on the T1w at a voxel level using the Quantitative Imaging Toolkit (QIT) (Cabeen et al., 2018). A range of 0.1–5 voxels was chosen for this step, as it enhances the detection of vessel-like structures. The output of this step is a probabilistic map of vesselness (Frangi et al., 1998), which was thresholded to obtain a binary PVS mask. The threshold of 0.00008 for the white matter and 0.00015 for the basal ganglia, respectively, was used based on expert opinion to capture true positives and true negatives. White matter lesions (WML) were also removed to eliminate false positives in the PVS segmentation. WML were segmented using a previously validated approach on T1-weighted images: this contrast-adaptive method is based on a generative approach, in which a forward probabilistic model is inverted to obtain automated and robust segmentations of WML (Cerri et al., 2021).

Freesurfer (v.7.1.1) was run to perform image pre-processing (motion correction and image normalization and skull stripping) and to obtain brain volume and parcellation, by running the recon-all module on the Laboratory of Neuro Imaging (LONI) pipeline system.4 PVS volumes were extracted from both total white matter and basal ganglia (BG), as well as for brain regions based on the Freesurfer’s Desikan-Killiany-Tourville adult cortical parcellation atlas (Klein and Tourville, 2012). The centrum semiovale (CSO) was selected because this region has been historically used as the clinical ROI to assess PVS; PVS volume in the CSO was obtained by adding regions parcellated by the Desikan-Killiany atlas. The regions forming the CSO are listed in Table A1 and Figure A1 (the red-green-blue (RGB) values indicated in the table are from the Freesurfer atlas).

For CSO and basal ganglia, the PVS volume fraction was calculated by dividing the PVS volume by the total volume of the region in each participant (PVS distribution is reported in Figure A2 for both regions). Total hippocampus volume was obtained by Freesurfer volumetric analysis and was used as an indicator of AD-related brain atrophy. A visual example of the PVS segmentation is shown in Figure A3.




2.5 Statistical analysis

PVS volume fractions for both basal ganglia and CSO were used as a dependent variable (DV). The primary independent variable (IV) of interest for each model was represented by the interaction between cortisol (as a measure of stress) and inflammatory biomarkers. To model the positive, continuous skewed PVS data, we used generalized linear regression specifying a Gamma distribution and log link function. Distributions of the inflammatory biomarkers are reported in Figure A4. Continuous independent variables used in interaction analyses (cortisol and inflammatory markers) were centered around their median values. Sex, age, plasma ACE, BMI, and hippocampal volume were included as covariates in all analyses. In sensitivity analyses, we also included an indicator variable for APOE4 positivity as a model covariate. Models were re-run including medications also as covariates, coding them as factor variables as described in Section 2.3, to investigate whether including medications as a covariate would change the results of our models. The interaction terms in the Gamma regression models are described by the mathematical formula below. The statistical models were run considering separately the PVS volume fraction ([image: image] of the centrum semiovale and basal ganglia as dependent variables. Equation 1 depicts our primary analysis regression model. The log of the mean PVS volume fraction (dependent variable) is modeled as a function of (1) primary independent variables of interest (inflammation, cortisol); (2) adjusting covariates (age, sex, ACE, BMI, hippocampal volume); (3) a product interaction term of cortisol*inflammation. Regression coefficients test the association of each independent variable with log(mean PVS volume fraction); beta estimates that are not significantly different from zero indicate no association with PVS volume fraction. In the presence of the cortisol-inflammation interaction term, the main inflammation term tests the association of inflammation with log(mean PVS volume fraction) in persons at the median level of cortisol (i.e., median-centered cortisol = 0). The regression coefficient for the product interaction term tests if the association of inflammation with PVS volume fraction changes with level of cortisol; for example, a positive regression coefficient indicates that the association of inflammation with log(mean PVS volume fraction) is more strongly positive as cortisol levels increase:

[image: image]

Equation 1: Regression models describing the interaction between plasma cortisol and inflammatory markers; they were run for both PVS volume fraction in centrum semiovale and basal ganglia.

The same models were run within each cognitive diagnosis group (AD, MCI, CN).

For statistical analysis, a glm function with Gamma family and log link was run in RStudio (v.2022.07.2). To illustrate interactions, we showed plots of statistically significant fitted associations of cortisol at two levels (minimum and maximum) of inflammatory markers. We utilized the Benjamini–Hochberg (BH) false discovery rate (FDR) approach (Benjamini and Hochberg, 1995) to adjust for multiple hypothesis testing of cortisol interactions with inflammatory markers, with alpha value of 0.05; FDR testing was completed separately within each dependent variable.



2.6 Standard protocol approvals, registrations, and patient consents

Approval to use ADNI data was obtained by sending a request online to ADNI. The ADNI study was approved by the Institutional Review Boards of all the participating institutions. Informed written consent was obtained from all participants at each site. More details can be found at https://adni.loni.usc.edu/.




3 Results

Demographic information for both the whole sample and divided by clinical diagnosis is reported in Table 2. There was no significant association between PVS volume fraction and cortisol levels (in both CSO and BG), either in the whole sample (results are reported in Table A2) or within cognitive diagnosis groups (p > 0.2 adjusted for ACE, age, sex, BMI, hippocampal volume).


3.1 Cortisol-inflammation interactions


3.1.1 Centrum semiovale (CSO-PVS) and cortisol

Interactions of cortisol with inflammatory biomarkers showed inverse associations with CSO-PVS, indicating that higher levels of inflammation reduced positive associations of cortisol with PVS. At lower levels of neuroinflammation, higher levels of cortisol are associated with enlargement of PVS volume fraction; when neuroinflammatory biomarkers levels are higher, higher levels of cortisol are associated with decreases in PVS volume fraction. This interaction effect was observed for TNFr2 (q value = 0.0106), TNF-[image: image] (interaction q value =0.011), CRP (q value = 0.0036) and MMP9 (q value = 0.0106) (Figure 2). The model used was:

[image: image]

[image: Figure 2]

FIGURE 2
 Statistically significant interactions between Cortisol and TNFr2, TNF-[image: image], CRP and MMP-9 in centrum semiovale (CSO) PVS volume fraction (vf). Plots indicate model-fitted cortisol-PVS curves at two different levels of each inflammatory biomarker. The two levels of inflammatory markers indicate the minimum and the maximum values. Shaded areas represent 95% confidence intervals.


Regression model results are shown in Table 3. The interactions between cortisol and TRAIL, MMP2 and IL-6r were not statistically significant.



TABLE 3 Estimated beta coefficients, standard error, and p-values for significant interactions between cortisol and inflammatory biomarkers (TNF-[image: image], TNFr2, CRP and MMP-9) in the centrum semiovale PVS volume fraction.
[image: Table3]

Results were confirmed when information on whether participants ever used medications was added to the model.



3.1.2 Basal ganglia (BG-PVS) and cortisol

Results showed significant negative interactions between cortisol and both MMP9 and CRP. After FDR correction, only the interaction between cortisol and CRP remained statistically significant (q value = 0.046). At lower levels of CRP, higher cortisol is associated with enlarged BG-PVS volume fraction; when CRP levels increase, higher levels of cortisol are associated with decreased PVS volume fraction. Age, ACE and BMI had significant positive associations with BG-PVS (Figure 3). The model used was:

[image: image]
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FIGURE 3
 Estimated beta coefficients, standard error, and p-values for the significant interaction between Cortisol and CRP in the basal ganglia PVS. SE, standard error; HC, hippocampal volume. Plots indicate model-fitted cortisol-PVS curves at two different levels of each inflammatory biomarker. The two levels of inflammatory markers indicate the minimum and the maximum values. Shaded areas represent 95% confidence intervals.


When we included ApoE4 as a model covariate representing genetic predisposition to Alzheimer’s disease, the presented cortisol-inflammation interaction results did not change either for CSO-PVS or BG-PVS.




3.2 Within-cognitive group analysis

To better understand the effect of cognitive impairment on the PVS volume fraction, we conducted within-group analyses by dividing our sample in CN (n = 48), MCI (n = 322) and AD (n = 91) groups. The diagnosis for each participant was based on clinical and syndromic diagnosis, considering subjective memory concerns reported by the participant, study partner or clinician; cut-off scores of cognitive assessments, such as Mini–Mental State Examination (MMSE), Clinical Dementia Rating (CDR), rather than biological markers. In fact, most of the participants in ADNI-1 lacked biological markers information; CSF and PET data were missing for more than 50% of the population we considered. The groups were age and gender equivalent (chi-square test p-value = 0.95 and 0.21 respectively). We ran the same regression models as for the entire population.


3.2.1 Healthy controls

Following correction for multiple comparisons, no statistically significant associations with CSO-PVS or BG-PVS were observed within the healthy control group.



3.2.2 MCI

The MCI group represented the majority of our sample (70%). In this group, the level of cortisol was positively associated with higher PVS volume fraction in CSO for cases with lower CRP levels (interaction beta = −1.55, SE = 0.45, q value =0.00042); the same was found in the BG (interaction beta = − 0.677, SE = 0.19 and q value =0.0043). This indicates that at low levels of CRP, higher levels of cortisol are associated with enlarged CSO-PVS and BG-PVS volume fraction; when CRP levels are higher, cortisol increase is associated with lower PVS volume fraction. Interaction plots are shown in Figure A5.



3.2.3 AD patients

In the AD group, interaction of cortisol with MMP-9 showed inverse associations with CSO-PVS (p value = 0.0206, q = 0.08), with a positive effect of hippocampal volume (p value = 0.015, q = 0.08), indicating that at low levels of MMP9, higher levels of cortisol are associated with enlarged CSO-PVS and BG-PVS volume fraction; when MMP9 levels increase, higher levels of cortisol are associated with decreased PVS volume fraction. Such association did not survive correction for multiple comparisons.





4 Discussion

We show novel associations between stress, inflammation cytokines, and perivascular space (PVS) volume fraction. The association between neuroinflammation and PVS was recently described by Zeng et al. (2022) as a “vicious cycle.” While the accumulation of inflammatory cellular components can cause PVS enlargements, associated with A[image: image] accumulation, neurodegeneration can trigger a neuroinflammatory cascade, linked to further PVS enlargements and decrease of the glymphatic clearance activity.


4.1 Interactions with cortisol

In the CSO-PVS, we found statistically significant interactions between cortisol and TNF-[image: image], MMP9, TNFr2 and CRP, suggesting that baseline levels of inflammatory markers modulate the association between cortisol and PVS volume fraction. Older age and hippocampal volume were also showed statistically significant correlates; these variables were previously shown to contribute to PVS enlargement in healthy individuals (Barisano et al., 2021).

In the healthy brain or during short-term stress, cortisol plays a pivotal role as a powerful anti-inflammatory hormone. When levels of inflammatory markers are low, cortisol activity is crucial to ensure an efficient brain clearance, by limiting the spread of damaged cells in the brain, regulating the levels of glucose, and being involved in the suppression of pro-inflammatory cytokines, modulation of immune cell activity, and maintenance of blood–brain barrier (BBB) integrity (Turner et al., 2020; Hannibal and Bishop, 2014).

However, in pathological states, microglia-macrophages can disturb the BBB and neurogenesis by producing excessive cytokines. Chronic inflammation can disrupt the blood–brain barrier and permeability, linked to fluid accumulation and enlargement of the perivascular spaces. During a brain insult, activated macrophages and microglia release pro-inflammatory cytokines and lead to cortisol hyper-production as stress response, contributing to faster A[image: image] accumulation and accelerated cognitive impairment (Toledo et al., 2012; Pistollato et al., 2016). In animal studies, the release of cortisol increases the accumulation of tau and beta-amyloid and brain atrophy. In an experimental study, aged mice exhibited elevated proinflammatory cytokines (in particular TNF-[image: image] and CRP), HPA axis dysregulation, and reduced glucocorticoid synthesis (Watanabe et al., 2016). The dysregulation of glucocorticoid production (including cortisol) associated with aging has an impact on inflammatory processes and immune system activation (Valbuena Perez et al., 2020). Furthermore, the microglia response to brain insult and neurotoxins accumulation becomes ineffective in chronic stress situations, contributing to cognitive impairment. Once activated, glial cells release cytokines and chemokines into the extra-synaptic space, causing neurotransmitter system dysregulation, an imbalance between excitatory and inhibitory signals, and impairing neural circuitry plasticity and adaptation.

The hippocampus is one of the first regions affected during neurodegenerative processes, with increased oxidative stress. During chronic stress, the hippocampus is also one of the most susceptible brain regions as it contains a high concentration of glucocorticoid receptors (Knezevic et al., 2023). It remains uncertain whether the hyperproduction of glucocorticoids precedes and contributes to hippocampal neuron damage and accelerated atrophy, or if regional atrophy itself leads to dysfunction of the HPA-axis.

Excessive production of cortisol modulates the expression and function of tight junction proteins, associated with increased BBB permeability (Sweeney et al., 2018). This disruption of the BBB can exacerbate neuroinflammation by allowing peripheral immune cells and pro-inflammatory cytokines infiltration. High cortisol levels also impact the perivascular spaces, impairing the brain’s ability to efficiently remove interstitial fluid and metabolic waste, including amyloid-beta (Plog and Nedergaard, 2018). People with cognitive impairments present dysfunctions also in the negative feedback system of the HPA axis (de Souza-Talarico et al., 2011), which leads to higher production of cortisol. Previous studies suggest that cognitive impairment is linked to elevated basal cortisol levels, driven by accelerated cerebral A[image: image] accumulation (Pistollato et al., 2016; Boespflug et al., 2018) and enlarged PVS volume fraction (Sepehrband et al., 2021). A previous study showed an association between decreased levels of salivary cortisol and higher levels of neuroinflammatory markers in people with AD (Daniilidou et al., 2023), while MCI showed higher levels of chemokines compared to AD, suggesting a more active role of neuroinflammation at early stages of the disease.

It has been proposed that cortisol plays a dual effect in regulating inflammation processes and immune response (Yeager et al., 2011). Glucocorticoids (GCs), among which cortisol is the most common, have both pro- and anti-inflammatory effects. Optimal glucocorticoid levels are key for effective acute inflammation responses; decreases of GCs trigger prolonged inflammation, while excessive levels impair infection defense and tissue repair. In humans, GCs low levels are associated with a weaker immune response and recurrent infections; this highlights that the balance between glucocorticoids activity and inflammatory mediators’ action is necessary for immune mechanisms and the removal of pathogens (Cruz-Topete and Cidlowski, 2015).



4.2 PVS in clinical settings

Many of our results showed statistically significant associations and interactions on the CSO-PVS compared to BG-PVS. While alterations in BG-PVS are more linked to hypertension and small vessel diseases, CSO-PVS structural alterations are associated with cognitive impairment due to A[image: image] (Kim et al., 2021). They found a high degree of CSO-PVS was associated to A[image: image] positivity in neurodegenerative processes and cognitive impairment. Another study evaluated PVS changes in Asian individuals with intracerebral hemorrhage who developed cerebral amyloid angiopathy (CAA) (Tsai et al., 2021). Their results showed that patients developing CAA had a higher degree of CSO-PVS associated with higher vascular A[image: image] retention compared to those with a low-degree CSO-PVS. A high degree of CSO-PVS was also found in microglia-related inflammation in older people (Zeng et al., 2022), suggesting that inflammatory processes can lead to the glymphatic system dysfunction and deposition of Alzheimer’s disease-related biomarkers (i.e., A[image: image] and Tau).

We found CRP levels modified cortisol associations with PVS volume fraction, both in basal ganglia and centrum semiovale. CRP is known as a biomarker for acute inflammation but is also involved in chronic inflammation state of neurodegenerative diseases (Noble et al., 2010). Lower levels of CRP have been associated with a cognitive impairment in stroke patients developing dementia after ischemia (Luan and Yao, 2018). In addition, CRP levels differences across individuals were found to be influenced by lifestyle factors, for example obesity (Natale et al., 2022) and ethnicity (Morimoto et al., 2014; Watanabe et al., 2016). Physiologically, CRP levels exhibit stability and lack diurnal variations, indicating its potential as a reliable measure in clinical settings to examine brain vasculature changes associated with neurodegenerative diseases.

In the basal ganglia, advancing age, ACE, and BMI were associated with an increased PVS volume fraction and heightened inflammation. This aligns with previous research indicating a connection between higher BMI and elevated cytokine levels, especially in individuals classified as overweight or obese, presenting excess adipose tissue (Schmidt et al., 2016; Landi et al., 2018). Moreover, mood disorders, including depression, have also been linked to both higher BMI and neuroinflammation (Lorena et al., 2021). It has been proposed that the pro-inflammatory environment in the brain can affect neurotransmitter systems and neural adaptability, potentially contributing to the onset and persistence of mood disorders (Rosenblat et al., 2014). When systemic inflammation occurs, whether due to obesity, hypertension or other factors, these cytokines can breach the blood–brain barrier, trigger the activation of microglia and prolong neuroinflammation.



4.3 Strengths and limitations

Most of the literature on neuroinflammation and PVS neuroimaging is based on PVS count using visual rating scores. Our semi-automated technique detects changes in PVS morphology and volume (i.e., enlargement) that reflect waste accumulation in the brain, and therefore represents a methodological strength for this study.

Although the lack of 3D FLAIR images in the ADNI-1 population and the decreased specificity of T1w images with respect to vascular abnormalities can be seen as a limitation, we were able to remove WMLs as false positives. The main results shown in this study considered the population as one group of older individuals, although their diagnoses included CN, MCI and AD. We ran further analyses splitting the population based on diagnosis; the sample size for each group was quite unbalanced (most of our participants were MCIs—70% MCI, 20% AD and 10% CN), and this could affect the results. The lack of significant results in the CN group especially could reflect the small sample size (n = 48), rather than having clinical significance. Another limitation is the lack of plasma A[image: image] and tau measures in the analysis as markers of Alzheimer’s disease. This was not possible as these data were not available in more than half of participants in the ADNI-1 cohort. We tested for the APOE4 allele presence as a covariate in the model, which did not alter our cortisol-inflammation interaction results.

This study shows how the interaction between inflammation with cortisol is related to PVS volume fraction size in older people with and without cognitive impairment. The concentration of cytokines is crucial for the physiological maintenance of the brain immune response. Future studies should build on these findings to investigate cell populations that are mostly found in PVS during neuroinflammation, and how the accumulation of inflammatory markers can disrupt the fluid exchange weakening the glymphatic system and brain clearance mechanisms. Understanding if higher levels of plasma biomarkers indicating chronic and acute inflammation, such as TNF-[image: image], TNFr2, MMP9 and CRP are related to enlargement of PVS or vice versa can be helpful to develop therapeutic solutions to prevent neurovascular damage.
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