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Editorial on the Research Topic
 Biomarkers to Disentangle the Physiological From Pathological Brain Aging



The worldwide increase of human life expectancy (“lifespan”) along with the concomitant rapid population aging represents the major social phenomena of the last century. This has substantially impacted our societies by virtue of the huge economic implications and public health challenges (Lim et al., 2018). In order to promote healthy aging and further increase the years of life spent without disabilities (“healthspan”) (Beard et al., 2016; Olshansky, 2018), it is necessary to delve deep into the biology of aging and disentangle the mechanisms that underpin the physiological processes from those leading to pathological manifestation.

In this context, dementia as well as others common neurodegenerative diseases are strongly correlated with age. Although advancing age represents the major risk factor for cognitive decline, dementia is not an inevitable consequence of long life, as clearly demonstrated by centenarians who managed to preserve normal cognitive performance despite their age (Arosio et al., 2017). Against this backdrop, the ongoing “biomarker revolution” has been instrumental in transforming the landscape of medical research and practice. The relevance of biomarkers to the field of physiological and pathological brain aging is underscored by two considerations. Firstly, the relative lack of accessibility of brain issue for diagnostic or research purposes, and secondly, the understanding that neurodegenerative diseases are often characterized by a long preclinical phase has fuelled transition toward a biology-grounded framework and definition such as the NIA-AA Research Framework for Alzheimer's disease (AD) (Jack et al., 2018).

However, the available biomarkers currently used for AD generally describe single aspects of the patient's state and are only modestly associated with clinically meaningful manifestations. The combination of biomarkers capable of assessing the “real” biological age of the individual may thus represent a viable strategy to support the identification of disease-specific trajectories and, in parallel, provide insights about the aging phenomenon. The present Research Topic is therefore timely in advancing the ongoing discourse beyond the need of disentangling “physiological” from “pathological” brain aging to deepening existing understanding and offering new vistas for further development in the field.

Using cerebrospinal fluid (CSF) biomarkers for AD as a paradigmatic example, Canevelli et al. discussed the methodological issues and challenges that pertain to four key areas: (1) definition of reference values; (2) identification of reference standards specific for the disease of interest (i.e., AD); (3) proper inclusion and contextualization within the diagnostic process; and (4) statistical processes supporting the whole framework. They concluded that various methodological issues remain to be addressed in order to perform an adequate and complete clinical validation of candidate CSF biomarkers for AD.

Five papers in this Research Topic shed precious insights into emerging biomarkers from readily available biological samples. In their comprehensive review, D'Anca et al. explored the current understanding of role of exosomes in physiological aging and age-related neurodegenerative diseases such as AD, Parkinson's Disease (PD) and frontotemporal dementia. Insights from the study of exosomes and their genetic cargo (such as lipid, proteins, mRNAs, and ncRNAs) have elevated their role beyond mere waste disposal function to fundamental mediators of intercellular communication, akin to the proverbial double-edge sword serving as Trojan horses of neurodegeneration vis-à-vis providing neuroprotection from neurodegeneration. Exosomes can be detected in many biological fluids, enhancing their appeal as potential sources of biomarkers suitable for use in clinical practice.

Similarly, Tay et al. prospectively studied serum levels of Dickkopf-1 (Dkk-1) in older adults with mild cognitive impairment (MCI) and mild-to-moderate AD. The findings revealed that Dkk-1 increased significantly from baseline amongst progressors, while non-progressors exhibited decremental Dkk-1 at 1 year, alluding to the putative role in MCI and AD progression of dysfunctional Wnt signaling through Dkk-1 antagonism. Sun et al. demonstrated that cofilin 2 expression was significantly increased in AD patients and different AD models (animal and cell), with good discriminatory ability that distinguish AD from healthy subjects and in differential diagnosis of AD from vascular dementia. By studying 391 cognitively normal subjects aged 23–91 years from Asia, USA and Europe, Lue et al. characterized the relationship between age and three plasma AD core biomarkers (Aß40, Aß42, and t-Tau), provided the normal ranges of Aß species and t-Tau in plasma, and explicated the development of a dynamic relationship between these biomarkers from middle to old age. Lastly, Falconi et al. investigated the transcriptional regulation of the Adenosine A2A receptors (A2ARs) gene in human peripheral blood mononuclear cells obtained from PD patients and in the striatum of the 6-hydroxydopamine-induced PD mouse model. They reported an increase in A2AR mRNA expression and protein levels in both human cells and mice that is accompanied by histone acetylation and DNA methylation, paving the way for therapeutic interventions in future.

Another prominent theme in this Research Topic was the contribution of advanced neuroimaging biomarkers. For instance, in terms of explicating mechanisms that underpin underlying pathophysiological processes, Wang, Li et al. shed light on the neural mechanisms of working memory deficits in MCI. By combining static and temporal dynamic examination of amplitude of low-frequency fluctuations (ALFF) from functional magnetic resonance imaging, they reported background network changes especially in the parietal and temporal lobes during working memory states in MCI. Similarly, Pur et al. enhanced understanding by demonstrating the moderating effect of cortical thickness on blood oxygen level-dependent (BOLD) signal variability age-related changes and highlight the importance of considering these effects when evaluating BOLDSD alternations across the lifespan. Kobayashi et al. examined whether dementia with Lewy Bodies (DLB) follows an AD-type trajectory whereby amyloid-ß deposition begins considerably before onset of dementia. They observed a low amyloid load in REM sleep behavioral disorder, a prodromal symptom of DLB, suggesting that this phenomenon does not always precede the onset of cognitive decline in DLB. Lastly, through the use of MRI voxel studies to examine neural substrates, Wu, Geng et al. implicated the left-precentral cortex and left inferior frontal gyrus areas that accounted for olfactory impairment in a cohort of AD and MCI patients in the Chinese Han population.

Other papers in this Research Topic illuminated the knowledge gap in our understanding about the role of misfolded protein accumulation in neurodegenerative diseases. The extracellular accumulation of amyloid beta (Aβ) peptide is the paradigmatic example, with recent neuroimaging capabilities in tracking Aβ deposition a fascinating way to distinguish if the observed Aβ accumulation is characteristic of the aging process or conversely, an etio-pathogenetic mechanism of AD (Canevelli et al., 2017). Hatashita et al. examined [18F]-flutemetamol (FMM), a fluorinated derivative of the prototypic [11C]-Pittsburgh Compound B (PIB), and demonstrated that [18F]-FMM PET imaging can track longitudinal changes in Aβ deposition across the AD spectrum, similarly to [11C]-PIB PET. Notably, they reported that the increase in Aβ deposition is not constant across the AD spectrum but faster in the predementia stage (Hatashita et al.). Using dynamic [18F] florbetapir PET, Verfaillie et al. investigated the possibility that self-perceived cognitive decline (SCD), generally associated with a three- to six-fold increased risk of AD, may reflect an early symptom of Aβ related pathology. They concluded that Aβ load was associated with SCD related worries rather than subjective cognitive functioning per se (Verfaillie et al.).

Other papers highlight advances in neuroimaging techniques that pave the way for fresh perspectives in early diagnosis of AD. Utilizing sophisticated measurements of cortical thickness with 3.0-Tesla MRI in a large population of cognitively normal individuals and patients with AD continuum, Lee et al. described an age-dependent cortical thinning with relative sparing of the precuneus and inferior temporal regions. In contrast, late-stage amnestic MCI and moderate to severe AD were associated with widespread cortical thinning including the precuneus and inferior temporal regions (Lee et al.). Furthermore, the study by Wu, Xu et al. provides proof-of-concept evidence that a topological examination of the structural connectivity networks with different parcellation schemes can provide important complementary AD-related information and thus contribute to a more accurate and earlier diagnosis of AD. Another promising technique involved amide proton transfer (APT) imaging as an imaging modality to detect tissue protein. In fact, Wang, Chen et al. adopting a modified APT method (APTSAFARI on a 7.0T animal MRI scanner) in animal models, demonstrated that APT imaging could potentially provide molecular biomarkers for non-invasive diagnosis of AD. Using direct non-invasive brain network electrophysiological imaging, Zifman et al. established that this new technique can be used both to monitor brain aging and for early detection of abnormal changes leading to neurodegeneration.

Bioimaging techniques are also useful for the differential diagnosis of PD. Dopamine-transporter SPECT (DAT-SPECT), diffusion tensor imaging (DTI), and structural magnetic resonance imaging (sMRI) provide unique information about neurotransmitters and microstructural properties in PD. The longitudinal study of Lorio et al. described how the combination of these imaging modalities can be used as biomarkers of PD severity and prognosis which can be potentially useful for clinical trials. Likewise, Pelizzari et al. proposed the concomitant use of DTI to detect brain tissue microstructural alterations, together with arterial spin labeling (ASL) MRI to analyse abnormal cerebral perfusion patterns in PD. The study showed that DTI is a more sensitive technique than ASL to detect alterations in the basal ganglia in the early phase of PD, suggesting that a relationship between microstructural integrity and perfusion changes in the caudate may be present (Pelizzari et al.).

Papers in this Research Topic also addressed the issue of age-associated co-morbidities, particularly cardiovascular diseases, and related risk factors such as Type II diabetes mellitus (T2DM), which often confound the measurement and interpretation of neurodegenerative biomarkers. Exploring the association between white matter hyperintensities with higher Intima-media thickness (IMT) and blood pressure variability, Chen et al. developed an innovative predictive model to evaluate white matter burden in hypertensive patients using metrics in 24-h ambulatory BP monitoring (systolic blood pressure [SBP] and daytime SBP standard deviation) and carotid ultrasound IMT. Leveraging upon the diagnostic potential of diabetic retinopathy (DR) afforded by its time-course which precedes the occurrence of T2DM cognitive impairment, Lu et al. verified the correlation between DR from fundus examination and T2DM cognitive impairment. They further established using magnetic resonance spectroscopy (1H-MRS) that this may be attributed to bilateral changes in hippocampal brain metabolism, alluding to the potential role of 1H-MRS for early diagnosis of T2DM cognitive impairment (Lu et al.).

A major pathogenetic influence of co-morbidities or their treatment that have emerged in recent years is that of concomitant inflammatory processes that may alter disease manifestation and confound biomarker interpretation. An example is the cognitive decline observed in some HIV subjects during ART-mediated viral suppression, a phenomena which has been ascribed to cytokine-mediated inflammation. Bandera et al. suggested an omics approach (transcriptomics, proteomics, and metabolics) to accelerate the discovery of reliable biomarkers of HIV-associated neurocognitive disorders in the current era of virological suppression with modern anti-retroviral therapy. Similarly, persistent inflammation has been implicated as a cardinal mechanism of neurocognitive impairment and neurodegenerative features in Multiple Sclerosis (MS). Jakimovski et al. reported the novel finding that almost half the elderly subjects with MS are impaired on tests of cognitive processing speed or verbal fluency. Since the deficit in verbal fluency is not a typical hallmark of the cognitive profile associated with MS, it may represent a unique trait of old persons with MS neurocognitive profile (Jakimovski et al.).

Lastly, there is growing interest in the role of physical activity and exercise as “medicine” that can be prescribed for brain health. In their comprehensive review, Barha et al. underlined the role of biological sex as a potential moderator in the relationship between physical activity and brain health in older adults. They suggested that different neurobiological mechanisms (e.g., neurotrophic factors, neuroplastic processes, hormones, and neurotransmitter systems) as well as physiological adaptations to physical activities could be responsible for the differences in trajectories of decline observed in men and women (Barha et al.). This highlights the importance of taking into consideration the potent moderating influence of sex differences for both cognitive and neural outcomes in future therapeutic and rehabilitative interventions involving physical activity in older adults.

As guest editors for this Research Topic, we commend this collection of 23 articles to our readers as a timely addition and important contribution to the field. We are confident that this will spur further discourse and open avenues for further research into the rapidly evolving and fascinating area of biomarkers to disentangle physiological from pathological brain aging.
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Objective: Subjective cognitive decline (SCD) is associated with an increased risk of Alzheimer’s Disease (AD). Early disease processes, such as amyloid-β aggregation measured with quantitative PET, may help to explain the phenotype of SCD. The aim of this study was to investigate whether quantitative amyloid-β load is associated with both self- and informant-reported cognitive complaints and memory deficit awareness in individuals with SCD.

Methods: We included 106 SCD patients (mean ± SD age: 64 ± 8, 45%F) with 90 min dynamic [18F]florbetapir PET scans. We used the following questionnaires to assess SCD severity: cognitive change index (CCI, self and informant reports; 2 × 20 items), subjective cognitive functioning (SCF, four items), and five questions “Do you have complaints?” (yes/no) for memory, attention, organization and language), and “Does this worry you? (yes/no).” The Rivermead Behavioral Memory Test (RBMT)-Stories (immediate and delayed recall) was used to assess objective episodic memory. To investigate the level of self-awareness, we calculated a memory deficit awareness index (Z-transformed (inverted self-reported CCI minus episodic memory); higher index, heightened self-awareness) and a self-proxy index (Z-transformed self- minus informant-reported CCI). Mean cortical [18F]florbetapir binding potential (BPND) was derived from the PET data. Logistic and linear regression analyses, adjusted for age, sex, education, and depressive symptoms, were used to investigate associations between BPND and measures of SCD.

Results: Higher mean cortical [18F]florbetapir BPND was associated with SCD-related worries (odds ratio = 1.76 [95%CI = 1.07 ± 2.90]), but not with other SCD questionnaires (informant and self-report CCI or SCF, total scores or individual items, all p > 0.05). In addition, higher mean cortical [18F]florbetapir BPND was associated with a higher memory deficit awareness index (Beta = 0.55), with an interaction between BPND and education (p = 0.002). There were no associations between [18F]florbetapir BPND and self-proxy index (Beta = 0.11).

Conclusion: Amyloid-β deposition was associated with SCD-related worries and heightened memory deficit awareness (i.e., hypernosognosia), but not with severity of cognitive complaints. Our findings indicate that worries about self-perceived decline may reflect an early symptom of amyloid-β related pathology rather than subjective cognitive functioning.

Keywords: subjective cognitive decline (SCD), Alzheimer’s diseaese, amyloid PET, self-awareness, early – biomarkers


INTRODUCTION

Amyloid-β plaques and neurofibrillary tangles are neuropathological hallmarks of Alzheimer’s disease (AD), which start to appear 10–20 years before the onset of dementia (Jack et al., 2013). Self-perceived cognitive decline in cognitively normal individuals is associated with a three- to six fold increased risk of AD (Schmand et al., 1996; Geerlings et al., 1999; Jessen et al., 2010). As such, a proportion of individuals with subjective cognitive decline (SCD) may harbor the earliest pathological changes associated with AD (Verfaillie et al., 2016, 2018a,b), particularly amyloid-β accumulation (i.e., preclinical AD) (Buckley et al., 2016; Perrotin et al., 2016; Hu et al., 2018).

Only a minority of individuals with SCD will develop AD within a few years (Slot et al., 2018a), but it is conceivable that individuals with preclinical AD exhibit a specific phenotype of cognitive complaints compared with individuals without underlying AD. There are many questionnaires to investigate the nature and severity of SCD, but the appropriate items enabling prediction of conversion to mild cognitive impairment (MCI) and dementia have not yet been identified (Rabin et al., 2015, 2017). There are various methodological challenges associated with SCD assessment, one of which is that cognitive complaints tend to vary as a function of demographic characteristics, such as level of education and age (Rabin et al., 2015). In addition, these factors can also act in synergy; for example, it has been shown that cognitive complaints in highly educated individuals are associated with increased risk of progression to AD, while this is not found in individuals with lower education levels (Jonker et al., 2000; van Oijen et al., 2007). SCD plus criteria were proposed in an effort to increase the likelihood of identifying preclinical AD in individuals with SCD. One of these criteria suggests that especially individuals who worry about their self-perceived cognitive decline are more likely to have preclinical AD, but associations between worries and amyloid-β load have not been confirmed in prospective studies yet (Geerlings et al., 1999; Jessen et al., 2010, 2014). Furthermore, former studies investigating associations between amyloid-β load and various SCD questionnaires have generated highly inconsistent results in cognitively normal individuals (Rodda et al., 2010; Amariglio et al., 2012; Mielke et al., 2012; Perrotin et al., 2012, 2016; Buckley et al., 2013; Holland et al., 2015; Snitz et al., 2015). These discrepancies could be due to the less precise amyloid-β positron emission tomography (PET) semi-quantitative cut-off values in preclinical stages of AD (Villeneuve et al., 2015), and variability of implemented SCD questionnaires, including the lack of informant reports or objective memory tests relative to self-reports (Rabin et al., 2015, 2017).

Another approach is to explore whether preclinical AD is linked to the insight in cognitive deficits (i.e., self-awareness) rather than to the severity of SCD. The degree of memory deficit awareness takes into account the contribution of objective memory performance or informant reports relative to self-reports of cognitive decline (Barba et al., 1995; Perrotin et al., 2015). A lack of awareness of memory deficits, anosognosia, is a striking symptom in patients with AD dementia (Barba et al., 1995; Perrotin et al., 2015). On the contrary, it is has been suggested that the earliest changes in cognition during preclinical stages of the disease are best perceived by the individual including a heightened sense of self-awareness for early brain changes (i.e., hypernosognosia) (Caselli et al., 2014; Langer and Levine, 2014). In a recent study self-awareness was defined as a discrepancy score between subjective and objective episodic memory performance and they found that cognitively normal individuals harboring amyloid-β pathology had a heightened sense of self-awareness (Vannini et al., 2017). It has, however, not yet been investigated whether the earliest changes in cognition are best perceived by the individual rather than the observer or objective memory tests in a memory clinic setting.

We hypothesized that increased amyloid-β load is related to specific cognitive complaints and heightened level of self-awareness. Therefore, the purpose of the present study was to investigate whether amyloid-β load, as measured using quantitative PET, may help to explain the phenotype of SCD in cognitively normal individuals who initially have been referred to a memory clinic. A second aim was to investigate whether amyloid-β load is associated with altered levels of self-awareness and informant reports of cognitive change.



MATERIALS AND METHODS

We included 106 SCD memory-clinic patients with [18F]florbetapir PET scans from the ongoing Subjective Cognitive ImpairmENt Cohort (SCIENCe) study (Slot et al., 2018b). Subjects were referred to our memory clinic by their general practitioner or medical specialist because of cognitive complaints. Prior to inclusion via the memory clinic, all patients underwent a standardized dementia screening according to the procedures of the Amsterdam Dementia Cohort (Van Der Flier et al., 2014). Screening included extensive neuropsychological assessment, physical and neurologic examination as well as laboratory serum tests (hemoglobin, thrombocytes, leucocytes, TSH, MCH, MCV, erycytes), and brain magnetic resonance imaging (MRI). A Dutch translation of the mini-mental state examination (MMSE) was used to screen for global cognition (Folstein et al., 1975). Clinical diagnosis was established by consensus in a multidisciplinary team. Individuals were labeled as having SCD when they presented with cognitive complaints, and results of clinical investigations were within normal range. Criteria for MCI, dementia, or any other neurological or psychiatric (e.g., major depression) disorders known to cause cognitive complaints were not met (Jessen et al., 2014; Molinuevo et al., 2017). In addition, we used the Hospital Anxiety and Depression Scale- Anxiety subscale (HADS-A) and Center for Epidemiological Studies Depression Scale (CES-D) scale to evaluate (subclinical) anxiety and depressive symptoms (cut-off ≥ 16), respectively (Radloff, 1977; Zigmond and Snaith, 1983). The study had been approved by the Medical Ethics Review Committee of the VU University Medical Center. All patients provided written informed consent.

Image Acquisition and Analyses

Ninety minutes dynamic [18F]florbetapir PET scans were acquired on a PET/CT scanner (n = 59 on an Ingenuity TF and n = 47 on a Gemini TF, both from Philips Medical Systems, Best, Netherlands). PET images were corrected for attenuation, scatter, randoms, decay and dead time using standard software provided by Philips Healthcare. Three-dimensional T1-weighted MRI scans were co-registered to the PET scans, and regions of interest (Hammers template, n = 68 regions of interest [ROI]) were defined on the MRI scan (in native space) and superimposed onto the dynamic PET scan to obtain regional time activity curves using PVElab (Hammers et al., 2003; Rask et al., 2004). Receptor parametric mapping (RPM) with optimized settings (parameters settings 0.01–0.1, 50 basis functions) and cerebellar gray matter as reference region was used to generate images of binding potential (BPND) relative to the non-displaceable compartment (Lammertsma and Hume, 1996; Gunn et al., 1997; Golla et al., 2018). From the BPND images, gray matter volume-weighted mean cortical BPND values were obtained. To investigate potential regional specificity, volume-weighted bilateral frontal, temporal (medial and lateral), and parietal cortical BPND values were also extracted. In addition, standardized uptake value (SUV, 50–70 min post-injection) images were visually assessed by a trained and experienced reader (BvB), leading to “normal” or “abnormal” classification of amyloid accumulation (for more details regarding visual reading of [18F]florbetapir PET images, please see https://www.accessdata.fda.gov/drugsatfda_docs/label/2012/202008s000lbl.pdf).

SCD Assessment

We used four questionnaires with the following characteristics: two self-, one informant-based questionnaires, and one which was composed of five cognitive questions to assess SCD. The maximal time window between these assessments and the PET scan was 1 year (median = 3 months). We used both self- and informant reports of the Dutch translation of the Cognitive Change Index (CCI self and informant versions; each 20 questions [range 0–4], total score: 20–100) to assess cognitive function compared to 5 years ago (Rattanabannakit et al., 2016). We used the Subjective Cognitive Functioning (SCF, self-report) questionnaire (4 questions, range: –12 to +12) to assess self-experienced cognitive decline over a one-year time period.(Van Der Flier et al., 2014) SCF scores were inverted in such a way that higher scores reflect more complaints, comparable to the CCI. Finally, we used a structured patient interview to assess SCD. We used the following question “What complaints do you report?”. Based on the individuals’ spontaneous response the following cognitive domains were scored “yes/no”: memory, attention, organization, language, together with the follow-up question: “Does this worry you?” (Geerlings et al., 1999; Jessen et al., 2010). In addition, for descriptive purposes, the following question was used to inquire SCD onset “when was the first time that you talked with a physician about these problems?”

Memory Self-Awareness Indexes

To investigate the level of self-awareness, two index scores were calculated. First, the memory deficit awareness index, was defined for each participant by calculating the difference between subjective and objective episodic memory scores (Barba et al., 1995; Perrotin et al., 2015; Vannini et al., 2017). In concordance with previous studies we used episodic memory (%remembered = [immediate/delayed recall] ∗ 100%) for the memory deficit awareness index, i.e., the Rivermead Behavioral Memory Test (RBMT)-Stories. To allow comparison between both measures, (1) the CCI-self was inverted in such a way that, similar to the objective memory score, a lower score indicated more severe subjective memory impairment; (2) both objective and the subjective memory scores were Z-transformed (Barba et al., 1995; Perrotin et al., 2015; Vannini et al., 2017). A positive index score reflects heightened self-awareness (hypernosognosia), whereas negative scores lowered self-awareness (anosognosia) (Barba et al., 1995; Perrotin et al., 2015; Vannini et al., 2017). To test the robustness of the memory deficit awareness index, we repeated the aforementioned procedures while using the Dutch version of the Rey auditory verbal learning test (RAVLT; immediate [5 trials summed] and delayed recall). Second, a self-proxy index (self-reported CCI minus informant-reported CCI) was calculated. A positive index score reflects more self-reported cognitive complaints than informant-reported complaints (hypernosognosia), whereas negative scores reflect more informant-based complaints than self-reported complaints (anosognosia).

Statistical Analyses

Statistical analyses were performed using Statistical Package for the Social Sciences (SPSS, IBM v22). We used linear regression (for continuous outcome measures) or binary logistic regression (for dichotomous outcome measures) analyses to investigate associations between mean cortical [18F]florbetapir BPND (independent variable) and measures of SCD (i.e., CCI, SCF [total and single items scores], complaints questions). Analyses were adjusted for age, sex, education and depressive symptoms (CES-D). As cognitive complaints in highly educated individuals may be more predictive of dementia (Jonker et al., 2000; van Oijen et al., 2007), we also tested for an interaction education∗[18F]florbetapir BPND. We repeated analyses for cortical lobar [18F]florbetapir BPND. Linear regression analyses, adjusted for age, sex, education and depressive symptoms, were used to investigate associations between [18F]florbetapir BPND (independent variable) and memory self-awareness indexes (dependent variables; separate models). In addition, we also tested for an interaction education∗[18F]florbetapir BPND. Associations were considered significant if p < 0.05.



RESULTS

Demographic and clinical data are presented in Table 1. Individuals (43% females) were (mean ± SD) 64 ± 8 years old and had an MMSE of 29 ± 1. Twenty-four individuals (23%) showed abnormal amyloid-β accumulation. On average, subjects had a mean cortical BPND of 0.18 ± 0.15 (Figure 1; frontal cortex 0.18 ± 0.18, temporal cortex 0.13 ± 0.13, cingulate cortex 0.25 ± 0.19, parietal cortex 0.22 ± 0.17). On average, individuals reported lower subjective cognitive functioning than 1 year earlier (SCF = –1.54 ± 2.92), and slight to occasional problems (CCI self-report: 41.23 ± 15.05; CCI informant report: 37.17 ± 16.44) compared to 5 years ago. There were no differences between self- and informant-based reports regarding the degree of cognitive change over a 5 year period (i.e., both CCI versions). About 68% (n = 73), 34% (n = 36), 13% (n = 14) and 25% (n = 27) of the individuals reported complaints in the domains of memory, language, organization and attention, respectively, whilst 47% (n = 50) felt worried about their self-perceived decline.

TABLE 1. Clinical and demographic data.

[image: image]


[image: image]

FIGURE 1. Distribution of global and regional [18F]florbetapir BPND with corresponding 95% confidence intervals.



Associations between mean cortical [18F]florbetapir BPND and measures of SCD are presented in Table 2. Adjusted for age, sex, education and depressive symptoms (CES-D), higher mean cortical (Figure 2) [18F]florbetapir BPND was associated with two-fold increased risk of SCD-related worries, but neither with any item nor total score of the SCF nor CCI (neither informant-based nor self-reported) nor dichotomous memory (Figure 2), attention, organization or language questions (all p > 0.05). There were no interaction effects between mean cortical [18F]florbetapir BPND and education for any of the SCD questionnaire outcomes (all p > 0.05). If we repeated analyses with cortical lobar [18F]florbetapir BPND, we found that frontal (Odds ratio (OR) [95% confidence interval] = 1.70 [1.05–2.76]), cingulate (OR = 1.70 [1.06–2.73]), parietal (OR = 1.72 [1.08–2.74]), and temporal (OR = 1.86 [1.10–3.14]) cortical regions were associated with SCD-related worries, but not with other SCD questionnaires (all p > 0.05). Results remained essentially comparable when we repeated analyses while additionally adjusting for PET/CT scanner systems (data not shown).

TABLE 2. Associations between mean cortical amyloid-β load and SCD.
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FIGURE 2. (A) Mean cortical amyloid-beta load in relation to raw (untransformed) scores of the self-report cognitive change index (CCI) and (B) informant-based CCI, and (D) the subjective cognitive functioning (SCF) questionnaire. (C) Mean cortical amyloid-beta load stratified for memory complaints (yes/no) and worries (yes/no). (E) Associations between mean cortical amyloid load and self-awareness index based on the RBMT % delayed recall (left) and RAVLT % delayed recall (right) with stratification for low and high education level. Memory deficit awareness index: A positive index score reflects heightened self-awareness (hypernosognosia), whereas negative scores lowered self-awareness (anosognosia).



We furthermore investigated associations between mean cortical [18F]florbetapir BPND and two self-awareness indexes. We found that higher mean cortical [18F]florbetapir BPND was associated with a higher memory deficit awareness index (i.e., hypernosognosia) (Table 2 and Figure 2), with an interaction between BPND and education implying that this effect was stronger for individuals with relatively lower education (please see the full statistical models in Supplementary Table S1). When we repeated analyses with the memory deficit awareness index based on the RAVLT we found comparable results (Table 2 and Figure 2E right panel). There were no associations between mean cortical BPND and the self-proxy index, indicating that amyloid load was not related to discrepancy scores between self- and informant reports (based on the CCI).



DISCUSSION

The main finding of the present study is that amyloid-β load is associated with an approximately two-fold increased risk of SCD-related worries and a heightened memory-deficit self-awareness, but not with severity or specific cognitive complaints.

Amyloid-β load may insidiously affect cognition and self-perceived decline prior to symptom onset (Perrotin et al., 2012; Snitz et al., 2015; Baker et al., 2017), which could be amongst others a reason for individuals to visit a memory clinic. Some population-based and mixed population and memory clinic studies have shown that amyloid-β load is related to SCD (Amariglio et al., 2012; Mielke et al., 2012; Perrotin et al., 2012, 2016; Snitz et al., 2015), but other studies did not find this association with SCD (Buckley et al., 2013; Holland et al., 2015). To the best of our knowledge, associations between amyloid-β load and cognitive complaints have not been investigated in a pure memory clinic sample, and earlier findings could have been affected by the recruitment policy, particularly in the case of mixed recruitment studies (Jansen et al., 2015; Slot et al., 2018a). Therefore, it remains unclear to what extent amyloid-β is contributing to the phenotype of SCD in individuals who seek medical evaluation for their complaints (Jonker et al., 2000; Stewart, 2012). In the present study we investigated relatively young individuals with a recent SCD onset (<5 years), and compared to literature (Jansen et al., 2015; Ossenkoppele et al., 2015), a substantial fraction of almost one out of four showed abnormal amyloid-β accumulation. We furthermore used quantitative PET (i.e., BPND) because it can more accurately determine amyloid-β load than standardized uptake ratio values (SUVr), which is especially important to capture potentially early – subtle – disease processes, and SCD-related worries are related to a sixteen and six fold increased risk of clinical progression, respectively (Jessen et al., 2010; Van Harten et al., 2013; Buckley et al., 2016), and we now show that they associated with each other in cognitively normal individuals. The SCD plus criteria have suggested that the presence of SCD-related worries are associated with an increased risk of future cognitive decline (Jessen et al., 2014), and our results support this notion.

Apart from the relationship with SCD-related worries, no associations between amyloid-β load and any of the SCD questionnaires or single items that measure various aspects of cognitive change were observed, indicating that these questionnaires are not specific for amyloid-β accumulation in a memory clinic. There is much controversy about which questionnaire can be used to unveil cognitive normal individuals at increased risk for AD, but the present results indicate that it does not necessarily matters which questionnaire, but rather whether the SCD assessment includes a “worry” inquiry. Earlier studies have used SUVr to assess abnormal amyloid-β accumulation, which have generated inconsistent results (Mielke et al., 2012; Perrotin et al., 2012, 2016; Holland et al., 2015; Snitz et al., 2015). Compared with BPND, SUVr is liable to overestimation of amyloid-β load together with a higher variability (van Berckel et al., 2013), which could hamper a correct interpretation and reduce statistical power especially in early disease stages (Yaqub et al., 2008; van Berckel et al., 2013; Golla et al., 2018). Other possible explanations for our findings are recruitment criteria used and the operationalization of SCD (Perrotin et al., 2016; Molinuevo et al., 2017). A recent study has demonstrated elevated levels of amyloid-β load in memory clinic SCD patients compared with community-dwelling individuals without SCD, but not compared with community-recruited subjects with SCD (Perrotin et al., 2016). The present investigations were restricted to individuals with SCD, who had visited a memory clinic for their self-perceived decline. By definition these individuals experience cognitive complaints, but these may be caused by various factors other than amyloid-β accumulation. For example, it has been shown that memory clinic SCD patients have higher (subclinical) depressive symptoms compared with community-dwelling individuals with SCD (Perrotin et al., 2016). In the present study, however, individuals with a current psychiatric diagnosis were excluded prior to enrolment. In addition, analyses were adjusted for depressive symptoms, which makes it unlikely that mental illness was responsible for the lack of associations. Nevertheless, irrespective of the nature of cognitive complaints, higher mean cortical amyloid-β load was associated with SCD related worries, and this appeared to be consistent for all cortical lobar regions.

It has been claimed that earliest changes in cognition are best perceived by the individual rather than by an observer (Caselli et al., 2014). In order to investigate the awareness of memory deficits, two discrepancy scores were calculated to adjust cognitive complaints for episodic memory performance (i.e., memory deficit awareness index) and informant reports (i.e., self-proxy index). Although SCD conceptually refers to the self-perception of cognitive decline and does not require confirmation by informants, we did not find different associations between amyloid-β and the self-proxy index. In line with a study on cognitively normal individuals from the community (Vannini et al., 2017), we found a positive relation between amyloid-β load and memory deficit awareness, which indicated that individuals with increased amyloid-β load showed heightened memory deficit awareness or hypernosognosia. We furthermore found that associations were dependent on the level of education. The previous indicates that when taking into account the degree of delayed memory recall with cognitive complaints this could result in a stronger relationship with amyloid-β load, particularly for individuals with relatively lower education levels. Earlier studies have used this index to investigate anosognosia, and showed that AD patients have an impaired memory deficit awareness, i.e., more severe episodic memory performance compared with self-rated cognitive performance (Barba et al., 1995; Perrotin et al., 2015). In the present study we found opposite patterns compared to patients with AD dementia (Perrotin et al., 2015). Although it needs to be interpreted with care, these positive associations could reflect a higher level of memory deficit self-awareness in individuals with elevated amyloid-beta accumulation (Vannini et al., 2017). The index scores seemed to be slightly driven by episodic memory performance, and our findings imply that higher amyloid-β load can be observed in cases when individuals’ self-rated cognitive complaints are less severe than their episodic memory performance, which is in line with studies showing that episodic memory starts to deteriorate early in the disease course (Hanseeuw et al., 2017; Lim et al., 2018).

Although individuals with SCD who visit a memory clinic are a clinically relevant group since they seek help for their complaints and are at increased risk for clinical progression (Geerlings et al., 1999; Jonker et al., 2000; Jessen et al., 2010), some limitations need to be acknowledged. First, while we have incorporated every available SCD item from our cohort, there may be other questionnaires which are better able to isolate SCD due to preclinical AD. On the other hand, the use of other SCD questionnaires may not provide very different results, because questionnaires will likely show high correlations, and typically inquire about memory complaints (Rabin et al., 2015). In addition, questionnaires rely on self-perception of cognitive decline, which in the present study did not show any relation with amyloid-β load or could have been distorted by other non-AD or subthreshold psychiatry SCD phenotypes (Buckley et al., 2015; Slot et al., 2018b). Notwithstanding, our results indicate that not SCD severity, but rather worries about self-perceived decline can be relevant. Second, we have not included individuals without cognitive complaints, therefore we cannot extrapolate our findings to the general population. On the other hand, we do expect that individuals who feel worried about their cognitive decline will most likely visit a memory clinic. Third, our memory self-awareness index seemed driven by relatively lower, but non-significant, episodic memory performance in individuals with higher amyloid-β burden. Lastly, the present study had a cross-sectional design. Therefore, it is not possible to make inferences as to whether individuals with more severe amyloid-β accumulation and SCD related worries will show an increased risk of clinical progression to symptomatic stages of AD. Future longitudinal studies are necessary to fully elucidate these associations, while taking into account the effects of concomitant AD pathology such as tau burden (measured with PET, CSF or blood) and hippocampal atrophy.

In conclusion, amyloid-β load was associated with SCD related worries and higher memory deficit self-awareness (i.e., hypernosognosia), but not with severity or specific pattern of cognitive complaints. Our findings indicate that worries about self-perceived decline may therefore help to identify amyloid-β related SCD.
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The time course of neuroanatomical structural and functional measures across the lifespan is commonly reported in association with aging. Blood oxygen-level dependent signal variability, estimated using the standard deviation of the signal, or “BOLDSD,” is an emerging metric of variability in neural processing, and has been shown to be positively correlated with cognitive flexibility. Generally, BOLDSD is reported to decrease with aging, and is thought to reflect age-related cognitive decline. Additionally, it is well established that normative aging is associated with structural changes in brain regions, and that these predict functional decline in various cognitive domains. Nevertheless, the interaction between alterations in cortical morphology and BOLDSD changes has not been modeled quantitatively. The objective of the current study was to investigate the influence of cortical morphology metrics [i.e., cortical thickness (CT), gray matter (GM) volume, and cortical area (CA)] on age-related BOLDSD changes by treating these cortical morphology metrics as possible physiological confounds using linear mixed models. We studied these metrics in 28 healthy older subjects scanned twice at approximately 2.5 years interval. Results show that BOLDSD is confounded by cortical morphology metrics. Respectively, changes in CT but not GM volume nor CA, show a significant interaction with BOLDSD alterations. Our study highlights that CT changes should be considered when evaluating BOLDSD alternations in the lifespan.
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INTRODUCTION

Normal aging is associated with marked functional and structural neuroanatomical alterations in cortical thickness (CT), gyrification, cortical surface area (CA), gray (GM), and white matter volume (WM) (Salat et al., 2009; Thambisetty et al., 2010; McGinnis et al., 2011; Hogstrom et al., 2013). Importantly, magnetic resonance imaging studies (MRI) show that the magnitude and rate of change of these cortical morphometry metrics is not constant across the cortex but rather it varies with age and brain region (Raz, 2005; Jiang et al., 2014; Storsve et al., 2014; Dotson et al., 2016), and is reported to accelerate with increasing age (Driscoll et al., 2009; Jiang et al., 2014). For example, a longitudinal study of alterations in cortical morphometry in older adults found accelerated changes with increasing age in temporal and occipital cortices (Storsve et al., 2014). Furthermore, other studies report that the temporal lobes are most vulnerable to age-related morphometric changes, and that these changes reflect age-related cognitive impairment (Singh et al., 2006; Fjell et al., 2009; Pacheco et al., 2015). There is considerable evidence that neuroanatomical alterations reflect underlying functional alterations, especially in cognition (Fjell et al., 2006; Rossini et al., 2007; Ziegler et al., 2010; Achiron et al., 2013). In fact, functional magnetic resonance imaging (fMRI) studies, which rely on the blood oxygen level-dependent (BOLD) signal as a correlate of neuronal activity, report that changes in cortical morphology across adult lifespan impact the hemodynamic properties of the brain. For example, there are cortical laminar differences in BOLD signal (Tian et al., 2010; Huber et al., 2015), thicker cortical regions were reported to have a lower relative oxygen extraction fraction (Zhao et al., 2016). Therefore, since aging is associated with significant neuroanatomical alterations, these should be considered when assessing function (i.e., cognitive ability) using the BOLD signal.

The Standard Deviation of the BOLD signal can be used to estimate variability (hereafter, “BOLDSD”), and is believed to reflect the brain’s dynamic ability to undergo fast moment-to-moment switching through network reconfigurations (Garrett et al., 2010, 2014; Grady and Garrett, 2014). It is an emerging index of cognitive health in aging, with higher regional BOLDSD being associated with enhanced performance on certain cognitive tasks (i.e., task switching) but not on others (i.e., distractor inhibition) (Armbruster-Genc et al., 2016; Guitart-Masip et al., 2016). Generally, increased BOLDSD is associated with younger age, faster and more consistent performance on cognitive tasks, and cognitive flexibility (Garrett et al., 2013a; Armbruster-Genc et al., 2016). The physiological mechanisms underlying BOLDSD remain largely unknown. For instance, decreased dopaminergic transmission is proposed to be associated with decreased BOLDSD in subcortical areas in older adults compared to younger ones (Guitart-Masip et al., 2016). Another study reported that higher BOLDSD is associated with superior pain coping capabilities (Rogachov et al., 2016). However, there are few studies investigating the interaction between age-related alterations in cortical morphology and BOLDSD. One study reported that increased microstructural integrity of WM pathways is associated with greater BOLDSD (Burzynska et al., 2015). Given that neuroanatomical alterations associated with normative aging are known to influence cognitive performance, and that they influence the BOLD signal, their impact as physiological confounds to BOLDSD should be investigated. This is particularly relevant because there is a considerable degree of inconsistency of methods used and results across studies investigating BOLDSD. In fact, some studies report greater regional BOLDSD in older adults (Garrett et al., 2010, 2011; Nomi et al., 2017), individuals with stroke (Kielar et al., 2016), multiple sclerosis (Petracca et al., 2017), Alzheimer disease (Makedonov et al., 2013, 2016; Scarapicchia et al., 2018) and other neurological disorders (Zöller et al., 2017).

The objective of this study is to investigate the contribution of cortical morphology (i.e., CT, CA, and GM volume) to age-related BOLDSD changes in older adults. A longitudinal framework, consisting of two scan points, should help reduce some of the inter-individual variance in neuroanatomy by accounting for external factors such as lifestyle, and various socio-economic and demographic factors. To this end, we investigated global and regional differences in BOLDSD in a group of older adults scanned twice at an interval of approximately 2.5 years, and regressed the effect of cortical morphology by introducing CT, CA, and GM as covariates. We hypothesized that cortical morphology metrics show an interaction with BOLDSD. We predict that age-related neuroanatomical alterations in CT, CA, GM are physiological confounds to BOLDSD measures, and that consequently adjusting for these metrics may help “unmask” the functional relevance of BOLDSD.



MATERIALS AND METHODS

Participants

All data obtained for the present study were obtained from the longitudinal Geneva Aging Study, after approval by the ethics committee of the Faculty of Psychology and Educational Sciences of the University of Geneva and the Swiss Ethic committee. Older subjects were initially recruited either from the University of the Third Age of Geneva or through newspaper and association advertisements for pensioners, as part of a larger longitudinal study. All participants gave written informed consent and older adults received a small amount of money as a compensation for their transportation fees.

Our initial sample consisted of 31 older adults scanned twice (mean age at first scan = 71.65 ± 6.03 years, mean age at second scan = 74.06 ± 5.99 years; 9 males). These subjects were chosen, within our pool, because they were the only ones that had undergone two T1 structural images and task fMRI scans, as well as other cognitive tests. Participants were screened for health problems with a questionnaire. The structural MRIs were inspected to rule out severe abnormalities (white matter changes, ventricular enlargement, tumors etc.). Three of the participants showed signs of Parkinson or lesion on their anatomical MRI, so they were excluded from the final sample (n = 28). All models and results in this current paper thus reflect 28 older adults (mean age at first scan = 71.61 ± 6.21 years, mean age at second scan = 74.07 ± 6.15 years; 7 males). The scans were 2.46 ± 0.69 years apart.

MRI Data Acquisition

Participants were scanned in a Siemens Trio 3T magnet. A BOLD fMRI task-rest sequence was administered using a reaction time paradigm, where the participant had to indicate on which side a cross was changing into a square, as fast as possible (Mella et al., 2013). The task consisted of eight experimental blocks, interspersed with eight resting blocks (respectively, 52–20 s). The BOLD activity was obtained using an echo planar imaging acquisition (echo time, TE = 30 ms, time repetition, TR = 2100 ms, flip angle = 80°, field of view, FOV = 205 mm). Then, a structural T1-weighted MRI was acquired (TE = 2.27 ms, TR = 1900 ms, FOV = 256 mm, voxel size 1.0 mm × 1.0 mm × 1.0 mm).

Structural Data Processing

Structural T1-weighted MR images were analyzed using Freesurfer version 6.0, a widely used and freely available automated processing pipeline1, which allows surface-based three dimensional reconstruction and quantification of cortical morphology. The standard steps for analysis were implemented (using “recon-all” pipeline with the default set of parameters). Regional measures of GM, CT, and CA for each hemisphere were obtained using the automated anatomic parcellation procedure. Technical details are found in prior publications (Dale et al., 1999; Fischl et al., 1999a,b, 2001; Fischl and Dale, 2000; Zhang et al., 2001; Salat et al., 2004; Winkler et al., 2012). In brief, T1-weighted images underwent preprocessing steps including motion correction, brain extraction, intensity normalization, and Talairach transformation (Sled et al., 1998; Smith, 2002; Ségonne et al., 2004; Reuter et al., 2010). GM and WM surface boundaries were reconstructed to estimate the distance between them across the cortex (Fischl and Dale, 2000). The generated cortical models were inflated into spheres to be registered to a spherical atlas and parcellated into regions of interest using Destrieux atlas (Fischl and Dale, 2000; Segonne et al., 2007; Destrieux et al., 2010).

Functional Data Processing

Processing of the functional data were performed using FSL version 5.0 (Analysis Group, FMRIB, Oxford, United Kingdom (Smith et al., 2004). Standard preprocessing were followed using FSL’s FEAT and FSL’s Melodic for functional data (Jenkinson et al., 2012). Briefly, for each participant preprocessing steps included motion correction, slice timing, spatial normalization, highpass temporal filtering (100 s), smoothing (kernel 5 mm FWHM), and linear registration (12 degrees of freedom) of the functional data to the high-resolution T1 structural image, and from T1 to 1 mm standard space (MNI 152). Additionally, FSL’s Melodic was used to correct each functional image for artifacts using automatic dimensionality estimation via independent component analysis (ICA) (Beckmann and Smith, 2004). Change in cortical morphology between the two scanning sessions was determined as cortical morphology metrics GM (delta.volume), CT (delta.thickness), CA (delta.area) at timepoint 2–at timepoint 1.

BOLD Signal Variability Calculation

As part of the Geneva Dataset, the subjects were performing different cognitive tasks, and for the current study, only the fixation/rest blocks from the block design task fMRI were selected to calculate BOLDSD, as previously described (Garrett et al., 2010). BOLDSD analysis was restricted to the GM using participant specific GM mask obtained from FSL’s FAST. First, fixation blocks were normalized so that the overall four-dimensional mean across brain and block was 100. Next, for each voxel, the block mean was subtracted to remove block-wise drift, followed by concatenation of all blocks. The standard deviation of the normalized mean of the concatenated fixation blocks was used to obtain BOLDSD values for each brain region (n = 148) of each subject, as defined by the Destrieux Atlas (Destrieux et al., 2010), using in-house MATLAB code. Change (delta.variability) in variability between the two scanning sessions was calculated as variability at timepoint 2–variability at timepoint 1. BOLDSD encompassing both timepoints was introduced as “variability” (see section “Regional Model”).

Statistical Analysis

Linear mixed effects models (LMMs) were used to investigate the potential confounding effect of cortical morphology, GM, CT, CA on BOLDSD (Bates, 2005; Zuur et al., 2011).The LMMs allow estimation of the effects of explanatory variables (“fixed effects”) and their interactions on the dependent variable (i.e., BOLDSD), while statistically controlling for the effects of randomly selected participants (“random effects”) on the dependent variable (BOLDSD). Multiple models were run and the likelihood-ratio test was used to (1) investigate if introducing subjects as random effects improves the fit of the model (2) to select the optimal combination of fixed effects fitted with maximum likelihood, while keeping the random effects structure the same. Therefore, the likelihood-ratio test via ANOVA was used to compare the goodness of fit of different models. R statistical software package (R Core Team, 2013)2 was used for all statistical analyses. Correlation between cortical morphology measures were computed using cor function in R. All models were fitted using the “lmer” or “lm” function in R. “lmerTest” R package was used to obtain summary table and p-values for linear mixed models via Satterthwaite’s degrees of freedom method (Kuznetsova et al., 2017). A spatio-temporal approach to LMMs allowed characterization of regionally specific variation across the brain (Bernal-Rusiel et al., 2013). This approach was implemented to investigate if there is a significant change in BOLD variability across time (1) all cortical regions (2) region specific. Random effect structure with subjects varying in their “baseline” BOLD variability was retained (random intercept, 1| ID). Additionally, to model a different rate of change in the expected response levels, time varying predictors were introduced by random slopes (i.e., thickness, time) (“Regional Model”). To reduce spatial correlation issues an LMM model with the described structure was applied at each spatial location (i.e., region of interest) independently. Each model produced a parameter which quantifies the mean change in BOLD variability (delta.variability) for that region. P-values were corrected for multiple comparisons using false discovery rate (FDR) at q = 0.05 (Benjamini and Yekutieli, 2001).

Models

Model 1 < lm (delta.variability∼ region).

Model 2 < - lmer [delta.variability∼ region+(1| ID), REML = F].

Model 3 < - lmer [delta.variability ∼ delta.thickness + region+(1| ID), REML = F].

Model 4 < - lmer [delta.variability ∼ delta.area + region + (1| ID), REML = F].

Model 5 < - lmer [delta.variability ∼ delta.thickness + delta.area + region+(1| ID), REML = F].

Model 6 < - delta.variability ∼ delta.volume + region + (1 | ID).

Final Model

lmer [delta.variability∼ delta.thickness + region+(1| ID)].

Regional Model

lmer [variability∼ time + thickness + (1+thickness + time| ID)].



RESULTS

Relations Between Cortical Thickness and BOLD Signal Variability Age-Related Changes

The functional and structural data of 28 participants was assessed. As expected, our study showed that CA and GM are highly correlated r = 0.904, p < 0.001 (95% Cl 0.901–0.908) and consequently collinearity was suspected. Multiple LMMs were utilized to assess the effect of neuroanatomical metrics CT, CA, and GM on BOLDSD age-related changes. Results from the linear mixed effect models run with likelihood-ratio test via ANOVA, are presented in Table 1. (A) indicates that subject intercept should be introduced as a random effect, while (B–E) show the steps that have led to the final model. Specifically, Table 1. (B,C) indicate that introducing CT or CA as covariates, separately, each significantly improve the fit of the model p < 0.0001, p < 0.05, respectively. However, from (D) it is apparent that adding CA to a model that already has CT as a covariate does not improve the fit of the model, meaning that CT only should be included in the final model (see section “Final Model”). (E) indicates that introducing GM as a covariate does not improve the fit of the model. Neither CT, GM, nor CA mean changes were significant as tested with LMMs. Regional Model LMM indicated that neither overall nor regionally specific mean BOLDSD change was significant after FDR correction.

TABLE 1. Results from likelihood-ratio test via ANOVA for model comparison (fit with “lmer” function in R).
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DISCUSSION

Cortical Thickness and Its Association With BOLDSD

In this study we aimed at determining the contribution of cortical morphology to BOLDSD in order to better understand the physiological nature of brain function capture by BOLDSD. BOLDSD changes across the lifespan have been shown to be robust to certain vascular factor such as cerebral blood flow, BOLD cerebrovascular reactivity, maximal BOLD signal change (Garrett et al., 2017), as well as GM volume changes (Nomi et al., 2017). However, using LMMs, we found that functional alterations in aging as captured by BOLDSD are confounded by the structural metric CT. This is not surprising, considering that it is well known that BOLD signal change/activation is dependent on the laminar organization of the cortex, and consequently is influenced by its depth or thickness (Koopmans et al., 2010; Tian et al., 2010; Bandettini, 2012). In fact, neurovascular coupling is reported to vary by cortical depth and layer (Goense et al., 2012).

In a longitudinal study investigating CT, GM volume, CA across the lifespan, Storsve et al. (2014) reported cortical morphology metric specific and region specific rates of mean annual percentage change (APC) in healthy adults aged 23–87 years. In most regions, GM volume has a mean APC of –0.51, CT of –0.35, and CA of –0.19. Other longitudinal studies in older adults, report similar reductions: in GM volume, mean APC ranging from –0.5 to –2.1 ± 1.6% (Tang et al., 2001; Fjell et al., 2009), in CT, mean APC –0.3% (Shaw et al., 2016), in WM tracts, mean APC ranging from –0.20 to –0.65 depending on the tract location (Storsve et al., 2016). In our sample, the change in cortical morphology from scan 1 to scan 2 (2.5 years apart) was not statistically significant. However, the findings reported by these longitudinal studies suggest that while the neuroanatomical alterations may be too subtle to reach statistically significance in the investigated timespan of 2.5 years, they may still contribute to BOLDSD age-related findings. Particularly, accounting for CT age-related changes may help “unmask” the functional value of BOLDSD.

While the relationship between cortical morphology metrics in aging is dynamic, GM volume changes were largely accounted by changes in CT rather than CA, highlighting the importance of tracking changes in CT (Storsve et al., 2014). In fact, studies show that CT and CA are genetically independent (Panizzon et al., 2009). Their neurodevelopment in the lifespan is largely independent of each other suggesting that they should be considered as separate metrics with different contributions to cortical volume (Im et al., 2008; Winkler et al., 2010; Eyler et al., 2011; Lemaitre et al., 2012; Storsve et al., 2014). Furthermore, studies show that that some cortices experience decrease in cortical morphology metrics at a higher rate than others (Storsve et al., 2014).

The hemodynamic properties of each brain region are highly correlated with its cortical structure (Ulrich and Yablonskiy, 2016; Wen et al., 2018). Studies based on quantitative gradient recalled echo (qGRE) analysis use the GRE signal decay rate parameter (R2t∗) to gather information on tissue-specific contributions to the fMRI signal. Regional R2t∗ metric variations are associated with variations in neuronal density and myelination (positive correlation), as well as glial cells and synapses concentration (i.e., negative correlation) (Wen et al., 2018). In normal aging R2t∗ increases in all cortical regions (Zhao et al., 2016). Thicker regions show the opposite pattern, respectively, decreased neuronal density, and higher concentration of glial cells and synapses relative to neurons. Thicker areas also tend to extract less oxygen from the blood, as measured by oxygen extraction ratios (i.e., expressed as local-to-global ratio). These findings indicate that laminar differences in cellular content impact neurovascular coupling mechanisms, which in turn may compromise the power of BOLDSD measurements to detect “real” changes in neuronal variability processing (Harris et al., 2011). Although, laminar differences in BOLDSD remain rather elusive, our study suggests the that CT should be considered in BOLD variability studies.

Age-Related Changes in BOLDSD

In our study, we did not find a significant change in BOLDSD, likely due to the low timespan between scans (2.5 years), and relatively low sample (n = 28). Overall, most studies reporting a decrease in BOLDSD suggest that this finding may indicate structural reductions in synaptic complexity and integrity, as well as functional decline in neural optimization and flexibility (Garrett et al., 2010). Burzynska et al. (2015) reported a positive correlation between increased microstructural integrity of WM and BOLDSD in healthy adults, consequently warranting the consideration of structural alterations in variability studies. Nomi et al. (2017) found increases in variability in bilateral anterior insula, anterior cingulate and ventral temporal cortex, and decreases in BOLDSD in sensory brain regions and other subcortical areas, in participants with ages ranging from 6 to 86 years. In their study they accounted for GM volume but not CT or CA. Two seminal studies investigated BOLDSD differences in aging alone (Garrett et al., 2010) and in relation to performance on cognitive tasks (Garrett et al., 2011) between a young group of participants (20–30 years) and an older one (56–85 years) and found both increases and decreases in regional variability with younger age alone, and younger age and better performance (Garrett et al., 2011) making it rather difficult to isolate specific key contributing regions. Most regions in these two studies showed the same trend but there were some inconsistencies. For example, superior frontal gyrus was reported to show greater variability with younger age and better performance (Garrett et al., 2011) in one study, while another one reported that its variability increases with age (Garrett et al., 2010). CT was not considered in any of these studies. The relationship between cognitive performance and/or flexibility and BOLDSD is definitely complex and task dependent. Behavioral studies indicate age-related differences in intra-individual variability on cognitive performance tests involving reaction time, and working memory. Older adults showing higher intra-individual variability on reaction time tests than younger adults, while the opposite is observed on working memory tests (Fagot et al., 2018). Additionally, the relationship between BOLDSD change, aging and cognitive health has not been a consistent finding. Some studies have found increased BOLD in healthy older adults (Baum and Beauchamp, 2014), Alzheimer’s (Scarapicchia et al., 2018), attention deficit hyperactivity disorder (ADHD) (Nomi et al., 2018), and other neurological disorders (Zöller et al., 2017).

Other Possible Confounds in BOLDSD Studies

Most studies investigating BOLD variability utilized a cross-sectional design while we used a within-subject design. This design is a highlight of our study because it allows for the investigation of normative age-related differences, specifically intra-individual effects of the processing of aging on cortical morphology and BOLDSD, rather than process of aging simply age differences across groups. Importantly, the within-subject design helps account for numerous sources of individual differences that may affect BOLD variability such as differences in dopaminergic neurotransmission (Guitart-Masip et al., 2016; Alavash et al., 2018), significant differences in vascular features, pain sensitivity and coping (Rogachov et al., 2016), clinical symptomology (Ke et al., 2015; Nomi et al., 2018; Zöller et al., 2018), and even differences in tendency for financial risk taking (Samanez-Larkin et al., 2010). Given that in our study the participants were scanned at an interval of approximately 2.5 years, we were able to at least partially account for such factors. Furthermore, it is clear from the literature that there are numerous environmental factors [i.e., socioeconomic status, education (Chan et al., 2018)] that may contribute to individual neuroanatomical alterations, which in turn may confound BOLD variability studies. This further supports the findings of our study, specifically that CT is a neuroanatomical metric that should be accounted for.

Lastly, there may be inconsistency in results between studies due to: (1) using task-fMRI and resting-state fMRI, (2) calculation of BOLD signal variability using standard deviation vs. mean-square successive difference) (for review, Garrett et al., 2013b), (3) type of statistical analysis performed (e.g., partial least squares method, LMM, general linear model), and (4) not accounting for contribution of CT and the other mentioned sources of individual differences.



STUDY LIMITATIONS

The main limitations, as discussed above and further addressed by Garrett et al. (2013b); Scarapicchia et al. (2018), are the lack of standardization in acquiring and analyzing the fMRI data. Additionally, the sample used in our study consists of a relatively small sample of older adults and rather short scan-rescan time, consequently this limits our ability to make strong generalization to other age groups or longer time spans, respectively. Nevertheless, since studies show that the brain undergoes extensive annual structural alterations across the lifespan at different rates, our finding that CT contributes to BOLDSD alterations, remains an important consideration.



CONCLUSION

In conclusion, contrary to a view that BOLD variability is just “noise,” we consider it to be emerging as an important metric of normal aging. Keeping in mind that across the lifespan there are considerable cortical morphometry alterations and that cortical depth affects the BOLD signal, we reported that CT contributes to BOLDSD changes, in an older sample of health adults. An increasing number of studies are considering healthy regional BOLDSD changes in the context of functional networks (Rogachov et al., 2016; Nomi et al., 2017). Pursuing this direction while accounting for CT and other possible confounding factors such as dopaminergic neurotransmission, socioeconomic background etc., should reveal new insights into the mechanisms behind age-related neural processes.
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The Combination of DAT-SPECT, Structural and Diffusion MRI Predicts Clinical Progression in Parkinson’s Disease
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There is an increasing interest in identifying non-invasive biomarkers of disease severity and prognosis in idiopathic Parkinson’s disease (PD). Dopamine-transporter SPECT (DAT-SPECT), diffusion tensor imaging (DTI), and structural magnetic resonance imaging (sMRI) provide unique information about the brain’s neurotransmitter and microstructural properties. In this study, we evaluate the relative and combined capability of these imaging modalities to predict symptom severity and clinical progression in de novo PD patients. To this end, we used MRI, SPECT, and clinical data of de novo drug-naïve PD patients (n = 205, mean age 61 ± 10) and age-, sex-matched healthy controls (n = 105, mean age 58 ± 12) acquired at baseline. Moreover, we employed clinical data acquired at 1 year follow-up for PD patients with or without L-Dopa treatment in order to predict the progression symptoms severity. Voxel-based group comparisons and covariance analyses were applied to characterize baseline disease-related alterations for DAT-SPECT, DTI, and sMRI. Cortical and subcortical alterations in de novo PD patients were found in all evaluated imaging modalities, in line with previously reported midbrain-striato-cortical network alterations. The combination of these imaging alterations was reliably linked to clinical severity and disease progression at 1 year follow-up in this patient population, providing evidence for the potential use of these modalities as imaging biomarkers for disease severity and prognosis that can be integrated into clinical trials.
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INTRODUCTION

Parkinson’s disease (PD) is primarily characterized by progressive accumulation of aggregated α-synuclein in the brainstem, leading to a degeneration of dopaminergic neurons in substantia nigra (Lang and Lozano, 1998; Xu et al., 2002; Braak et al., 2003; Kraemmer et al., 2014). This presumably toxic accumulation induces a progressive loss of dopaminergic input to the striatum and further degeneration of striato-cortical pathways, resulting in the occurrence of different motor and non-motor symptoms (Houk and Wise, 1995; Lang and Lozano, 1998; Kraemmer et al., 2014). Current PD drugs focus on the symptoms treatment, however, the main goal of pharmaceutical research is to develop drugs able to slow or even stop the clinical progression.

To improve the monitoring of disease progression and the evaluation of drug effectiveness, it is essential to identify biomarkers able to detect the neurodegenerative alterations at all circuitry levels. Such biomarkers should demonstrate a strong and reproducible correlation with pathological changes and symptoms severity in multicenter studies (McGhee et al., 2013).

Several imaging modalities have been suggested for that purpose in the literature. Dopamine transporter single photon emission tomography (DAT-SPECT) provides a semi-quantitative assessment of striatal dopaminergic deafferentation. It is a well-established diagnostic biomarker of PD, owing to the strong correlation between the amount of dopamine transporters in the striatum and the number of dopaminergic neurons in substantia nigra (Kraemmer et al., 2014). However, DAT-SPECT does not provide information on non-dopaminergic disease aspects, and its link to disease progression in de novo PD patients remains unclear (Kägi et al., 2010). Structural MRI (sMRI) and diffusion tensor imaging (DTI) are powerful tools to assess whole brain atrophy patterns and microstructural tissue integrity (Le Bihan et al., 2001; Ashburner et al., 2003; Burton et al., 2004). Several sMRI studies reported volumetric changes in PD using voxel-based morphometry (VBM) analysis (Burton et al., 2004; Nagano-Saito et al., 2005; Wattendorf et al., 2009). However, only few studies reported the association between volumetric changes or cortical thinning and PD symptoms severity, measured by neuropsychological scores for testing attention and memory, and olfactory alterations (Junqué et al., 2005; Camicioli et al., 2011; Melzer et al., 2012; Segura et al., 2014; Campabadal et al., 2017). Also microstructural brain changes assessed through DTI using mean diffusivity (MD) and fractional anisotropy (FA) maps were found in PD throughout different brain regions (Gattellaro et al., 2009; Peran et al., 2010; Wang et al., 2011; Zhang et al., 2011, 2015; Du et al., 2012; Zhan et al., 2012; Kim et al., 2013; Schwarz et al., 2013; Tan et al., 2015; Lim et al., 2016; Loane et al., 2016; Nagae et al., 2016). However, most of these studies measured structural changes in small, heterogeneous PD patient cohorts (e.g., highly varying disease duration), resulting in variable magnitude and directionality of the respective findings (McGhee et al., 2013; Meijer et al., 2013; Weingarten et al., 2015). Moreover single DTI measures failed to accurately assess disease severity and prognosis, hampering their application in standard clinical practice or as biomarkers in clinical trials (McGhee et al., 2013; Pyatigorskaya et al., 2014; Atkinson-Clement et al., 2017). In contrast, in a small proof-of-concept study in PD patients, multimodal MRI measures based on DTI and R2∗ maps have been shown to provide complementary information allowing for a better differentiation of patients and controls (Peran et al., 2010). However, the relative and combined value of MRI measures and DAT-SPECT as biomarkers of disease severity and prognosis remains unknown.

Despite imaging changes in individual brain regions can be used as diagnostic biomarker, theories on neuro-degenerative disease increasingly focus on the role of brain network alterations as potential predictors of early disease severity and prognosis (Helmich et al., 2010; Woo et al., 2017). In fact previous studies showed that PD targets regions that, in healthy individuals have a well-defined correlation patterns (Helmich et al., 2010; Woo et al., 2017). However, the interaction between changes in the striatal dopamine and the morphological and microstructural alterations in the striato-cortical circuits remains unclear. This interaction can be evaluated using structural covariance analysis, which examines whether an imaging measure in one region correlates with the variation of the same, or other modalities measures in other brain regions (Mechelli et al., 2005; Schmitt et al., 2009; Alexander-Bloch et al., 2013a). Complementary to functional MRI (fMRI) and DTI-based connectomics, population covariance in brain anatomy represents another source of information about inter-regional anatomical associations (Alexander-Bloch et al., 2013b). A crucial difference between fMRI, diffusion MRI networks, and structural covariance is that the latter estimates inter-regional correlations based on group of images, while the first two networks can be constructed from connectivity measures computed for an individual image (Alexander-Bloch et al., 2013a,b). Another challenge of the structural covariance networks might be the biological interpretation of the results (Alexander-Bloch et al., 2013a). However, recent studies showed that the structural covariance pattern are influenced by synaptic connectivity between brain regions, genetic and developmental relationships, and different degenerative processes (Gong et al., 2012; Chou et al., 2015; Chang et al., 2017; de Schipper et al., 2017; Oosterwijk et al., 2018; Yee et al., 2018). Therefore, we applied this method to investigate structural network alterations using MRI-based measurements and striatal dopamine transporter uptake derived from DAT-SPECT.

Here, we evaluated DAT-SPECT, DTI and sMRI as biomarkers of disease severity and progression in de novo PD patients. Disease severity was assessed longitudinally through the modified version of the unified Parkinson’s disease rating scale (MDS-UPDRS) evaluated at baseline (same time point at which the imaging data was acquired) and at 1 year follow-up. We used well-established VBM, voxel-based quantification (VBQ) (Draganski et al., 2011) and structural covariance analyses to identify disease-related alterations in a large cohort of de novo PD patients. We then tested whether combinations of imaging alterations identified in drug-naïve de novo PD were associated with current clinical severity measured by baseline MDS-UPDRS scores. Moreover, we employed those imaging measure to predict the future disease progression quantified by the MDS-UPDRS variations between the two time points. As the dopaminergic treatments taken by some patients after the baseline evaluation have substantial effects on the clinical symptoms measured with MDS-UPDRS, we accounted for those effects by applying the prediction models separately to the group of patients receiving medication and to the one without treatment employing off medication clinical assessment (Mueller et al., 2018; van Ruitenbeek et al., 2018).



MATERIALS AND METHODS

Subjects

Data of de novo PD patients (N = 205) and healthy controls (HC) (N = 105) included in this study were obtained from the Parkinson’s Progression Markers Initiative (PPMI) database1. PPMI is a large multicenter study and each site independently received ethics approval of the protocol. This study was carried out in accordance with Good Clinical Practice (GCP) regulations and International Conference on Harmonization (ICH) guidelines. Written informed consent was obtained from all participants in accordance with the Declaration of Helsinki.

All subjects underwent sMRI, DTI, and DAT-SPECT at baseline, and had MDS-UPDRS 1, 2, 3, and total, acquired at baseline (BL) and after 1 year (TP1). De novo PD patients included in the PPMI database had a diagnosis confirmed by DAT-SPECT scans and Hoehn and Yahr stage I or II. The exclusion criteria were diagnosis of dementia, psychiatric disorders or other neurological disease detectable with MRI at baseline. At BL all patients were drug-naïve, while at TP1 some patients started drug treatment with L-Dopa, dopamine agonist, and other unspecified medications. Only categorical (yes/no) information was recorded on the respective treatment categories (L-Dopa, dopamine agonists or other PD medication) without information about the dosage. In the current study, we included patients remaining without drug treatment at TP1 (called as PD no med) and patients taking only L-Dopa treatment at TP1 (called as PD on med). The PD on med group was composed of patients having the MDS-UPDRS3 evaluation performed off medication (patients were asked not to take L-Dopa for 24 h before the evaluation). From the 205 patients, we identified 56 subjects for the PD no med group, and 44 subjects for the PD on med group.

Image Acquisition and Processing

Whole-brain MRI was performed using standardized protocols on different 3T scanners. All acquisition protocols included a standard T1-weighted MPRAGE sequence (TI/TR = 900/2,300 ms, TE = 2.98 ms, 1 mm isotropic resolution), and a 2D single-shot echo-planar DTI sequence for diffusion weighted images (TR/TE = 900/88 ms, 2 mm isotropic resolution, diffusion weighting along 64 gradient directions, b-value = 1000 s/mm2).

DAT-SPECT images were obtained using different camera systems. Details about SPECT image reconstruction are available on the PPMI website (see footnote 1) (reconstructed image matrix 91 × 109 × 91, 2 mm isotropic resolution).

VBM analysis was performed on the T1-weighted images using automated tissue classification and enhanced subcortical tissue probability maps embedded into the unified segmentation framework of SPM12 (Ashburner and Friston, 2005; Lorio et al., 2016). Image registration to the MNI space was performed for each subject applying subject-specific diffeomorphic estimates obtained using DARTEL (Ashburner, 2007) with default settings on the gray and white matter tissue maps (respectively, GM and WM). The warped GM maps were scaled by the Jacobian determinants of the deformation fields to account for local compression and expansion due to linear and non-linear transformation (Ashburner and Friston, 2000), resulting in GM volume maps. The GM volume maps were then smoothed using an isotropic Gaussian kernel of 6 mm full width at half maximum (FWHM).

The DTI maps were calculated from the diffusion weighted data using a group of libraries called TEEM2. The pre-processing steps for the estimation of FA and MD maps included correction for distortions due to eddy currents and head motion (Rohde et al., 2004; Tao et al., 2009), and affine registration of the corrected diffusion weighted data to the T1-weighted images using FLIRT from FSL5.03 (Greve and Fischl, 2009).

For VBQ analysis, FA and MD maps were warped into MNI space using a non-linear registration approach based on the subject-specific diffeomorphic estimates (Ashburner, 2007), derived for the GM and WM maps without scaling by the Jacobian determinants. In order to enhance the specificity of the warped FA and MD values for brain tissue classes, we used the combination of weighting procedure with the GM and WM probability maps derived from the T1-weighted data, and Gaussian smoothing with a 6 mm FWHM isotropic smoothing kernel as described by Draganski et al. (2011). Separate FA and MD maps were generated for GM and WM sub-spaces.

DAT-SPECT data pre-processing was performed within SPM12 and included normalization to an average size DAT-SPECT template with subsequent normalization into the MNI space performed using the “normalization” function. Then the images were non-linearly warped from the MNI to the native space of the T1-weighted data using the spatial transformation parameters estimated for the GM and WM probability maps. This allowed the correction for partial volume effects using the modified Müller-Gartner method (Müller-Gärtner et al., 1992; Rousset et al., 1998) based on the convolution of the DAT-SPECT data with the tissue classification maps estimated from T1-weighted images. The GM SPECT images were then normalized to MNI space using parameters derived from T1-weighted data and scaled to the global mean GM signal for each subject. Finally, the SPECT images were smoothed with an isotropic Gaussian kernel of 6 mm FWHM.

Statistical Analysis and Voxel-Based Group Comparison

We used odds ratios and t-test, as implemented in Matlab 2012b, to assess gender and age differences between PD patients and HC, and between PD on med and PD no med groups (Table 1). We compared the values of MDS-UPDRS scales (1, 2, 3, and total) measured at BL, TP1 and the differences between the two time points, using two-sample t-tests between the respective groups (see Table 1). Only MDS-UPDRS 3 values measured off medication were compared at TP1. Fisher’s exact test was used to compare the disease dominant side between PD on med and PD no med subgroups (see Table 1).

TABLE 1. Demographic and clinical data of subjects included in the study.
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To test for local differences in GM volume maps, FA and MD between PD patients and HC, we used SPM12 to perform a voxel-wise t-statistic separately for every map and tissue class (GM and WM), using a flexible factorial design, controlling for sex, age, total intracranial volume (TIV) and image acquisition site. These tests were carried out using explicit masks defining GM and WM voxels. The masks were generated as follows: smoothed (FWHM of 6 mm isotropic), Jacobian-modulated tissue probability maps in MNI space were averaged across all subjects for each tissue class (GM and WM). Then binary masks were generated by applying a threshold of 20%, voxels for which neither the GM nor the WM probability exceeded that value were excluded from the analysis. This approach was used to ensure that each voxel was analyzed in only one subspace and that non-brain tissue was excluded.

Similarly, differences in DAT-SPECT were evaluated using voxel-based comparisons, restricting analyses to GM voxels and controlling for age and sex. We applied to all voxel-wise statistical analyses a family-wise error (FWE) corrected cluster threshold of p < 0.05 combined with a voxel-wise p < 0.001. We further estimated the effect size (Cohen’s d) of the observed differences.

To test for differential interaction between striatal dopamine transporter uptake derived from DAT-SPECT and MRI-based measurements, we performed voxel-wise covariance analyses (Mechelli et al., 2005) between DAT-SPECT values in the putamen (region showing strongest differences between PD patients and HC) and GM volume, FA and MD maps. The putamen was delineated according to the basal ganglia human area template (Prodoehl et al., 2008). We computed separate covariance analyses for each MRI-based measure (GM volume, FA, MD) and each tissue type (gray and white matter for FA and MD), controlling for age, sex, TIV, disease dominant side and image acquisition site. The covariance analyses were carried out using GM and WM masks obtained as previously described.

An FWE-corrected cluster threshold of p < 0.05 combined with a voxel-wise p < 0.001 was applied for all analyses. To quantify the differential inter-modality correlations identified in the covariance analyses, we computed Spearman correlation coefficients between the putamen DAT-SPECT signal and the average value of the age and sex adjusted MRI-based measures showing significant between-group differences in the covariance analysis.

Prediction Models: Symptoms Severity and Disease Progression

To evaluate the combined value of imaging measures as biomarkers of symptoms severity we used multiple linear regression models to predict each MDS-UPDRS subscale. The MDS-UPDRS 1, 2, 3, and total were the dependent variables, while the models regressors were the mean imaging measures extracted from regions showing significant differences between PD patients and HC (group differences: FA in pons nuclei, prefrontal MD, DAT signal in putamen; covariance differences: prefrontal GM volume, brainstem MD). For regions identified in covariance analyses we included in the model an interaction term between the MRI measure and DAT-SPECT. All analyses were controlled for age, sex, and symptoms dominant side. The goodness of fit for each model was assessed using the determination coefficient (R2), while the model overfit was evaluated by means of the leave-one-out adjusted R2 coefficient. Additionally, we estimated the Pearson correlation coefficient between each of the above-mentioned imaging measures and the MDS-UPDRS 1, 2, 3, and total separately.

To test if the BL imaging measures were prognostic biomarkers of disease progression, we used multiple linear regression models for predicting the changes in MDS-UPDRS scores (ΔMDS-UPDRS) between TP1 and BL. The ΔMDS-UPDRS 1, 2, 3, and total were the dependent variables, while the model regressors were the FA values in pons nuclei, prefrontal MD, DAT signal in putamen, and the interaction between putamen DAT signal and prefrontal GM volume, brainstem MD, respectively. The longitudinal prediction models were computed using data of both PD no med and on med groups. Patients receiving dopamine agonists at TP1 were not included in this analysis due to the longer wash out time of those treatments and their potential effect on the off medication assessment of symptoms severity.

To account for the effect of L-Dopa treatment on the prediction models, we performed separate regression analyses for the PD on med and no med groups. Demographic and clinical details of the two subgroups are provided in Table 1. Moreover we computed the Pearson correlation coefficient between each of the imaging measures and the ΔMDS-UPDRS 1, 2, 3, and total separately for the PD on med and no med groups.

The multiple regression models for each MDS-UPDRS and ΔMDS-UPDRS subscales were considered as significant at p < 0.05. In case of a significant multiple regression model, single regressors were considered as significant at p < 0.01. The Pearson correlation coefficients were corrected for multiple comparison using the false discovery rate (FDR) at q < 0.05.



RESULTS

Demographic and Clinical Variables

Patients and HC were matched for gender and age, as shown in Table 1. The groups PD on med and PD no med did not differ with respect to sex, age, and disease dominant side (see Table 1). All clinical scores were significantly higher for patients as compared to HC (Table 1). The group PD on med showed significantly higher MDS-UPDRS 1, 2, and total scores at BL and TP1, as well as higher ΔMDS-UPDRS1 and ΔMDS-UPDRS2 in comparison to the PD no med group (Table 1). No significant differences were found for the MDS-UPDRS3 at BL, TP1, and ΔMDS-UPDRS3 between PD on med and no med groups.

Voxel-Based Group Comparison

In PD patients significantly higher FA values were found in the brainstem WM corresponding to the pontine tegmentum (Table 2 and Figure 1a). Increased MD values were found in patients with respect to HC in the operculum (Table 2 and Figure 1b). No significant differences between patients and HC were observed for GM volume.

TABLE 2. Main differences for group comparisons and covariance analyses done at baseline between healthy controls (HC) and Parkinson’s disease patients (PD).
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FIGURE 1. Results of group comparisons for diffusion MRI measures. (a) Increased FA values in Parkinson’s disease patients compared to healthy controls at pFWE < 0.05. (b) Higher MD values for Parkinson’s disease patients with respect to healthy controls at pFWE < 0.05.



In the structural covariance analyses, we found significant differences in the correlation between DAT-SPECT in the putamen and MD values in the pons nuclei across patients and HC. The Spearman correlation coefficients showed a significant positive correlation in PD patients (ρ = 0.25; p < 0.001), and a significant negative one in HC (ρ = −0.52; p < 0.001) (Figures 2a,b).
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FIGURE 2. Differences between healthy controls (HC) and Parkinson’s disease patients (PD) in voxel-wise correlation of MD maps with DAT-SPECT measured in putamen (a), and GM volume with mean DAT-SPECT in putamen (c). (b) Scatter plot showing the correlation between the DAT-SPECT measured in the putamen and the mean MD values computed within the region highlighted in red on panel (a), for HC (yellow triangles) and PD (red circles). (d) Scatter plot showing the correlation between the DAT-SPECT measured in the putamen and the mean GM volume estimated within the region highlighted in red on panel (c), for HC (yellow triangles) and PD (red circles). Plot legend reports Spearman’s correlation coefficients.



Furthermore, we found significant differences between patients and HC in the covariance analysis evaluating the association between DAT-SPECT signal in the putamen and GM volume in the left prefrontal, premotor cortex and in the insula. We observed a significant positive correlation (ρ = 0.22; p < 0.001) for patients, and a significant negative correlation for controls (ρ = −0.44; p < 0.001) (Figures 2c,d). No significant differences were found for structural covariance between DAT-SPECT and FA values across groups.

Prediction Models: Symptoms Severity and Disease Progression

The linear combinations of DAT-SPECT values in the putamen, and MRI differences found in the group comparison, significantly predicted the BL MDS-UPDRS2 and MDS-UPDRS total but not the other subscales (see Tables 3, 4). The MD values in the operculum, the DAT-SPECT signal in the putamen and age were the most significant predictors for the MDS-UPDRS2, as summarized in Tables 3, 4. The significant predictors for the MDS-UPDRS total were the MD values in the operculum, the putamen DAT-SPECT values, and the interaction between putamen DAT-SPECT – GM volume in premotor, prefrontal cortex and insula (see Tables 3, 4).

TABLE 3. Summary of the linear models explaining the MDS-UPDRS components at baseline (BL) and the MDS-UPDRS variation (ΔMDS-UPDRS) 1 year after the baseline.
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TABLE 4. Summary of the slopes (β) of the linear regressions explaining the MDS-UPDRS components at baseline (BL) and the MDS-UPDRS variation (ΔMDS-UPDRS) 1 year after the baseline.
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We did not find any significant correlation between the single imaging measures and the BS MDS-UPDRS scores.

For the longitudinal prediction models we found that the combination of BL DAT-SPECT and MRI measures was not able to significantly predict the ΔMDS-UPDRS scores for the group of patients with and without medication (see Tables 3, 4).

However the linear combination of BL imaging measures significantly predicted ΔMDS-UPDRS2 for the PD no med group, and ΔMDS-UPDRS1 and 2 for the PD on med (Tables 3, 4). The significant regressors for the prediction of ΔMDS-UPDRS2 in the PD no med group were GM volume in the premotor and prefrontal cortex, putamen DAT-SPECT, FA in the pontine tegmentum and the interaction between DAT signal in the putamen – GM volume in premotor, prefrontal cortex and insula (Tables 3, 4). For the PD on med, the significant predictors of ΔMDS-UPDRS1 were the MD in the pons nuclei, the DAT-SPECT in the putamen, interaction DAT – MD in the pons nuclei and age. The premotor and prefrontal GM volume, putamen DAT binding, MD in the pons nuclei and the interaction DAT in putamen – MD in pons nuclei significantly predicted ΔMDS-UPDRS2 for the PD on med group.

We did not find any significant correlation between the single imaging measures and the ΔMDS-UPDRS scores for both the PD no med and on med groups.



DISCUSSION

Here, we evaluated the relative and combined value of MRI and DAT-SPECT measures as biomarkers of disease severity and clinical progression in de novo PD patients. Consistent with prior literature, we identified DAT-SPECT and MRI abnormalities in patients compared to the HC (Brooks, 1998; Lee et al., 2000; Isaias et al., 2007; Gattellaro et al., 2009; Wang et al., 2011). Most importantly, we found that in combination, these imaging abnormalities could reliably predict both current clinical symptoms and their progression over time, suggesting that they could be used as prognostic biomarkers.

Clinical Variables

Prior to perform the image comparison and the prediction analysis of the clinical scores, we statistically compared the MDS-UPDRS across groups. As expected, we found significantly higher clinical scores for the PD patients with respect to the HC. Moreover, we observed significantly higher increase of the MDS-UPDRS 1, 2, and total scores at BL and TP1, as well as ΔMDS-UPDRS1 and ΔMDS-UPDRS2 for the PD group on med with respect to the PD no med group. Those results are in agreement with the fact that patients on medication exhibit more advanced disease stages. The lack of significant difference in MDS-UPDRS3 between the PD on med and PD no med groups might be explained by the fact that the motor assessment is a highly variable measure, involving both patient- and rater-dependent variability (Mentzel et al., 2016; Rahmim et al., 2017). The use of a longitudinal clinical assessment over 1 year might have increased this variability, confounding potential differences between the groups.

Regional Findings

Earlier studies have reported altered diffusion MRI measures across different brain areas in PD and associated animal models (Peran et al., 2010; Wang et al., 2011; Zhang et al., 2011, 2015; Du et al., 2012; Schwarz et al., 2013; Tan et al., 2015; Lim et al., 2016; Loane et al., 2016; Nagae et al., 2016). Consistent with those findings, we showed distinct patterns of MD alterations in the prefrontal cortex, suggesting underlying microstructure degradation that might be due to the loss of dopaminergic input into the striatum (Hornykiewicz, 1998; Mattay et al., 2002; Gattellaro et al., 2009; Zhan et al., 2012; Kim et al., 2013).

Furthermore, we found increased FA values in PD patients in midbrain regions corresponding to the location of pontine tegmentum. This region is affected by the alpha synuclein pathology at early disease stages (Braak et al., 2003; Mori et al., 2008; Venda et al., 2010), and it is associated with the patho-physiology of sleep behavior disorder frequently observed at prodromal disease stage (Iranzo et al., 2006; Burke and O’Malley, 2013). There is substantial controversy in the literature about the magnitude, directionality and neurobiological interpretation of FA changes in this region. While Wang et al. (2011) also found increased FA values in the substantia nigra, other studies reported lowered FA in PD patients in this region (Peran et al., 2010; Rolheiser et al., 2011; Du et al., 2012; Prakash et al., 2012; Zhang et al., 2016). The reason for this divergence remains unclear but might be related to the inclusion of more advanced PD patients in those studies.

Structural Network Findings

In agreement with previous research showing 40–60% loss of striatal dopaminergic innervations from substantia nigra in de novo PD patients, we found a significantly reduced DAT-SPECT signal in the striatum (Brooks, 1998; Lee et al., 2000; Isaias et al., 2007). Our findings on significant interactions between putamen DAT uptake and MD values in the pons nuclei are in line with the known disruption of brainstem projections to the striatum. More specifically, we found that a lower striatal DAT uptake was linked to lower MD values in PD patients, which was the opposite of what we observed in HC. This finding supports the idea that structural covariance might be more sensitive to axonal and neuronal damage in the ponto-mesencephalic tegmentum, which did not show significant MD changes in direct group comparisons. The pons nuclei represent the anatomical origin of projections modulating the dopaminergic action of the substantia nigra and they are under dopaminergic inhibitory control from the ventral tegmental area, which is known to degenerate in PD (Guiard et al., 2008). According to the physiological functions attributed to the noradrenergic system, impaired functioning of pons nuclei in PD results primarily in affective disorders (Remy et al., 2005), cognitive disturbances (Javoy-Agid and Agid, 1980), sleep disorders (Boeve et al., 2007), sensory impairment (Braak et al., 2003) and autonomic dysfunction (Orskov et al., 1987).

Furthermore, in PD patients we found a decrease in putamen DAT being linked to lower GM volume values in the premotor-prefrontal cortex, while in HC a reduction in putamen DAT was associated to a bigger GM volume. While, we did not detect any significant atrophy in those cortical regions using group comparisons, these findings suggested that progressive loss of striatal DAT uptake translates into GM volume loss in premotor-prefrontal regions. This result is in line with studies showing that significant GM volume loss is predominantly observed in more advanced PD patients exhibiting cognitive deficits (Beyer et al., 2007; Melzer et al., 2012). The clinical stage arises when the disease spreads from brainstem to basal ganglia nuclei and then to cortical regions in an ascending course (Lang and Lozano, 1998; Braak et al., 2003).

Prediction of Symptom Severity and Disease Progression

After identifying these alterations in patients compared to HC, we then evaluated their link to current disease severity and their prognostic value for future symptoms progression measured by the MDS-UPDRS subscales. We showed that the combination of the imaging measures was significantly related to the current clinical severity measured by MDS-UPDRS2 and MDS-UPDRS total. The imaging measures that better predicted the BL MDS-UPDRS2 were the MD values in the operculum and the DAT-SPECT signal in the putamen, while the MDS-UPDRS total was better predicted by the MD values in the operculum, the putamen DAT-SPECT values, and the interaction between putamen DAT-SPECT – GM volume in premotor, prefrontal cortex and insula. The absence of significant correlation between each of those imaging measures and the MDS-UPDRS2 and MDS-UPDRS total is in agreement with results previously reported literature (McGhee et al., 2013). Moreover this result highlights the fact that the combination of those imaging measures, rather than each single one, could be used as biomarker for predicting symptoms measured by MDS-UPDRS2.

The MDS-UPDRS2 is a subscale evaluating the subject’s impairment in daily life activities (Goetz et al., 2008), and it is often used to evaluate symptoms severity perceived by the patient. Consequently MDS-UPDRS2 can be used to assess improvements related to pharmacological treatments or surgical therapies such as deep brain stimulation (Rodriguez-Oroz et al., 2005).

One key objective of the study was to evaluate the association between the imaging biomarkers and disease progression. As dopaminergic treatments have substantial effects on the clinical symptoms measured with MDS-UPDRS, those treatments represent a potential confound that needs to be controlled for. Due to this reason we first performed the predictive analysis of symptoms progression using the entire PD cohort and then we employed separate models for the PD no med and on med groups. For the patients on medications we employed the MDS-UPDRS scores assessed off medication. The off medication clinical assessments performed for the PPMI study were acquired asking the patients not to take PD medication the day before. While, the half-life of L-Dopa is short enough to achieve a sufficient wash out in 24 h, the half-life of dopamine agonists or other medications could be longer and therefore be not sufficient to estimate a proper off medication symptom severity (Brooks, 2008; Onofrj et al., 2009; Reichmann, 2009). For this reason, we restricted our analyses of the patients treated only with L-Dopa.

We found that GM volume extracted from the premotor cortex, putamen DAT, the interaction between both, and brainstem FA values were significant predictors for ΔMDS-UPDRS2 in the untreated patients. The ΔMDS-UPDRS2 in the group on medication was significantly predicted by the same measures with the addition of MD assessed in the pons nuclei. Though the separation of PD patients in no med and on med groups was performed to exclude confounds of treatment onto the MDS-UPDRS scales, the separate analyses could be also considered as independent replication samples of the prognostic link of MRI and DAT measures onto clinical symptoms measures. This consistency of the significant association between the identified structural measures and ΔMDS-UPDRS2 across both groups strengthens the confidence in these findings.

Finally, we found that the MD in the pons nuclei, putamen DAT-SPECT, interaction DAT – MD in the pons nuclei were significant predictors of ΔMDS-UPDRS1, which is associated to non-motor and cognitive deficits. However, the significant prediction of the ΔMDS-UPDRS1 was only observed in the on med group. Beside the possibility of being a false positive finding, this difference could also reflect the more severe phenotype in the on med group or the more complex effects of treatment onto clinical severity captured by MDS-UPDRS1. In fact the L-Dopa treatment of the on med group is likely to interfere with the clinical measures of symptoms severity as no off medication assessment was performed for the MDS-UPDRS1. Therefore it is important to replicate this association in an independent cohort in order to evaluate the prognostic ability of those imaging measures for the ΔMDS-UPDRS1.

The linear combination of DAT-SPECT and MRI measures was not able to significantly predict the symptoms progression at TP1 using the data of both PD no med and on med groups. This results might be indicative of the fact that using heterogeneous groups of patients could confound the reliability of predictive analysis (Miller and O’Callaghan, 2015; Tuite, 2016).

The lack of significant correlation between each of the imaging measures used in this study and the ΔMDS-UPDRS scores confirms previous literature results (McGhee et al., 2013). The crucial finding of this analysis was that the combination of DAT-SPECT imaging, structural and diffusion MRI achieved reliable prediction of some symptom severity scores and disease progression in 1 year in homogeneous cohort of patients, as reported by a previous study (Rahmim et al., 2017), while the single imaging measures failed to provide significant correlation with those scores. Many studies in literature assessed the correlations between disease severity-progression and brain changes in PD patients using uni-modal approaches (Burton et al., 2004; Nagano-Saito et al., 2005; Benninger et al., 2009; Wattendorf et al., 2009; Schwarz et al., 2013). The results cover different regions with a wide variety of repeatability and low correlations with clinical scores.

The findings obtained in the current study can be indicative of the presence of microstructural tissue changes induced by the disease in the early stages. In light of the correlation with the clinical progression, the combination of the imaging measures affected by those tissue changes could be employed as disease progression biomarker.

Cross-sectional and longitudinal studies in PD patients will be crucial to confirm our results and establish the value of the identified imaging alterations in more advanced and prodromal PD populations.

Limitations and Outlook

Here, we investigate the association between different imaging and clinical measures in a large cohort of de novo untreated PD patients. The acquisition of all those imaging modalities might be time-consuming and expensive, limiting their use in clinical protocols. However, recent advances in MRI hardware, such as improved scanner gradient performance, and software, such as parallel imaging and multi-band imaging sequences (Griswold et al., 2002; Setsompop et al., 2012; Uecker et al., 2014), can substantially reduce the time required for acquiring MRI data.

Despite the good correlation between brain changes and clinical scores, the study provides a reliable prediction only for some symptom subtypes. This might be due to the fact that the disease progression differentially affects the various cortical-subcortical circuits (Kish et al., 1988).

We find several potential structural and molecular imaging biomarkers altered in de novo PD patients. We further show the potential of these alterations as biomarkers of current symptom severity and their prognostic value with respect to evolution of specific PD symptom domains.
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Background: Increasingly favorable mortality prognosis in multiple sclerosis (MS) raises questions regarding MS-specific cognitive aging and the presence of comorbidities such as Alzheimer’s disease (AD).

Objective: To assess elderly with MS (EwMS) and age-matched healthy controls (HCs) using both MS- and AD-specific psychometrics.

Methods: EwMS (n = 104) and 56 HCs were assessed on a broad spectrum of language, visual-spatial processing, memory, processing speed, and executive function tests. Using logistic regression analysis, we examined cognitive performance differences between the EwMS and HC groups. Cognitive impairment (CI) was defined using a -1.5 SD threshold relative to age and education years-matched HCs, in two cognitive domains.

Results: CI was observed in 47.1% of EwMS with differences most often seen on tests emphasizing cognitive processing speed as measured by Symbol Digit Modalities Test (SDMT) (d = 0.9, p < 0.001) and verbal fluency (both category-based d = 0.87, p < 0.001; letter-based d = 0.67, p < 0.001). After adjusting for age, sex and years of education, MS/HC diagnosis was best predicted (R2 = 0.27) by differences in category-based verbal fluency (Wald = 9.935, p = 0.002) and SDMT (Wald = 13.937, p < 0.001).

Conclusion: This study confirms the common hallmark of slowed cognitive processing speed in MS among elderly patients. Defective verbal fluency, less often observed in younger cohorts, may represent emerging cognitive pathology due to other etiologies.

Keywords: aging, MS, cognition, processing speed, verbal fluency


INTRODUCTION

Multiple sclerosis (MS) is a chronic demyelinating disease of the central nervous system (CNS) which presents with acute inflammatory episodes and co-occurring widespread neurodegeneration (Reich et al., 2018). These neuropathological processes are not only linked to physical disability progression, but also to cognitive impairment (Benedict et al., 2014). The increasingly favorable mortality prognosis with new disease modifying therapies raises new questions about quality of life, the influence of frailty, prevalence of comorbidities, and cognitive aging among the elderly with MS (EwMS) (Sanai et al., 2016; Koch-Henriksen et al., 2017).

Alzheimer’s disease (AD) and its prodromal state, amnestic mild cognitive impairment (aMCI), are among the many comorbidities expected to increase within the aging population. Furthermore, the progressive MS phase is associated with neurodegenerative features resembling an AD-like phenotype. Although both diseases may lead to dementia, their cognitive hallmarks are thought to differ. MS patients commonly present with slowed cognitive processing speed (CPS) and deficient learning, a cognitive profile frequently associated with lesion disruption of neural networks and atrophy of major hubs that facilitate information exchange (e.g., thalamus) (Van Schependom et al., 2015; Bergsland et al., 2018). Contrarily, AD is characterized by progressive decline in episodic memory, rapid forgetting, and impairments in semantic language. These defects are associated with neurodegeneration starting within the hippocampus, and entorhinal cortex (Hyman et al., 1984; McKhann et al., 2011; Reitz et al., 2011). The prevalence of MS in the United States is now estimated at one million persons, and the average age of the population is increasing (Nelson et al., 2019). Therefore, the possibility that an EwMS patient may develop AD should be considered with new onset cognitive complaints (Luczynski et al., 2018). Nevertheless, only a few case reports of MS and AD dual diagnosis are found in the literature (Luczynski et al., 2018). Therefore, understanding the cognitive profiles EwMS is highly warranted.

In a preliminary cross-sectional investigation, we compared EwMS (an average of 60 years old) with age and education-matched aMCI and AD patients (Roy et al., 2018). On a test of semantic verbal fluency, we found no significant difference between cognitively impaired MS and aMCI patients (Roy et al., 2018). Therefore, one may propose that as the MS cognitive decline progresses, additional cognitive features apart from processing speed are likely to emerge. Herein we endeavored to comprehensively examine the cognitive profile of a larger group of EwMS and age-matched healthy controls (HCs) using MS and AD-specific psychometric tests. We hypothesized that if EwMS have a true impairment in the language aspects of verbal fluency, this deficit should remain significant after controlling for the influence of cognitive processing speed.



MATERIALS AND METHODS

Study Population

The study sample was composed of prospectively enrolled EwMS and HCs. The inclusion criteria for EwMS were (1) age ≥50 years old, (2) neuropsychological and clinical examination, and (3) MS diagnosis per 2010-revised McDonald criteria (Polman et al., 2011). The exclusion criteria for the EwMS consisted of (1) history of psychiatric and major depressive disorder prior to the onset of MS, (2) active relapse within 30 days of the examination, and (3) use of corticosteroids within 30 days of the study. Inclusion and exclusion criteria for HCs were (1) ≥50 years old, (2) neuropsychological examination, (3) self-reported intact cognition, (4) no history of neurological or medical illness that might impact cognitive function, and (5) no diagnosis of major depressive disorder. Furthermore, HCs with mini-mental state examination (MMSE) performance lower than 28 were excluded. Both the EwMS and HCs were additionally screened with the beck depression inventory-II fastscreen (BDI-FS).

Clinical examination was performed by a neurologist and physical disability was assessed using the expanded disability status scale (EDSS) (Kurtzke, 1983). The Timed 25-Foot Walk (T25FW) and 9-Hole Peg Test (9PHT) were additional measures of lower and upper extremity function, respectively. The EwMS were classified by disease course as relapsing-remitting MS (RRMS) and progressive MS (PMS). The study was approved by the Institutional Review Board (IRB) and all participants signed an informed consent form.

Neuropsychological Examination

The neuropsychological examination was performed by trained examiners under supervision of a board-certified neuropsychologist (RHBB) and included tests traditionally regarded as MS and AD-specific (Strauss et al., 2006). The cognitive domains, their participating tests, and corresponding references are shown in Table 1.

TABLE 1. Cognitive domains and their respective tests.
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The exam included the Minimal Assessment of Cognitive Function in Multiple Sclerosis (MACFIMS) battery (Benedict et al., 2002) which evaluates several domains, including: processing speed/working memory [Paced Auditory Serial Addition Test (PASAT) (Gronwall, 1977) and Symbol Digit Modalities Test (SDMT) (Smith, 1982)], learning and memory [learning trials for California Verbal Learning Test–second edition (CVLT-II) (Delis et al., 2000) and Brief Visuospatial Memory Test-Revised (BVMT-R) (Benedict, 1997)], language [Controlled Oral Word Association Test (COWAT) (Ruff et al., 1996)] and executive function [number of correct sorts and description scores from the Sorting subtest of the Delis-Kaplan Executive Function System (D-KEFS) (Delis et al., 2001)].

Participants also completed neuropsychological measures that are traditionally utilized for detecting AD-specific cognitive impairments (Strauss et al., 2006). These tests included those measuring the domains of memory [Logical Memory from the Wechsler Memory Scale-Revised (WMS-R) (Wechsler, 1945)], language [Boston Naming Test (BNT) (Goodglass et al., 1983)], two categories of semantic fluency (total number of categorical items generated in one minute; animals and supermarket items), and visuospatial skill [Beery Visual-Motor Integration (VMI) (Beery, 2010) and clock drawing test (Agrell and Dehlin, 1998)]. The MMSE was also performed as an additional assessment of descriptive global cognitive functioning. For all performed psychometric tests, higher scores indicate better cognitive performance.

Statistical Analysis

All statistical tests were performed using SPSS version 25.0 (IBM, Armonk, NY, United States). The distribution of the variables was examined using both Kolmogorov-Smirnov and Shapiro-Wilk tests of normality. The differences in demographics and cognitive raw scores between EwMS and HCs were determined by χ2–test for categorical variables, ANOVA or t-test for continuous, normally distributed variables, and Mann Whitney U-test for continuous, not normally distributed variables. To control for the multiple comparisons, Benjamini-Hochberg procedure was employed and adjusted p < 0.05 were considered statistically significant.

In order to delineate the degree of cognitive impairment across various cognitive domains while controlling for age, z-scores derived from the age-matched HCs were calculated. EwMS with z-score performance lower than -1.5 on at least two different cognitive domains were classified as cognitively impaired. The number of tests within each corresponding domain are shown in Table 1.

The impact of CPS on differences in cognitive performance between EwMS and HCs was additionally determined by analysis of covariance (ANCOVA) adjusted for SDMT scores.

Lastly, a multivariate logistic regression model determining the specific cognitive differences between the EwMS and the HCs was constructed. The model was composed of an initial force-entered block which corrected for differences in sex, age, and years of education. Furthermore, a second step-wise inclusion block determined the strength and order of cognitive variables which provided the greatest explanatory value in differentiating EwMS and HCs. For each derived step, the respective R2, Wald coefficient, and p-values were reported.



RESULTS

Demographic and Clinical Characteristics

The EwMS (n = 104) and HCs (n = 56) were similar in age (62.1 vs. 62.3 years, p = 0.919), years of education (15.2 vs. 15.6 years, p = 0.213) and sex ratio (75.0% vs. 62.5% females, p = 0.09). The MS group had a mean disease duration of 20.5 years, median EDSS scores of 3.5 (IQR 3.0–6.0), and ratio of RRMS/PMS of 73/31. Regarding disease modifying therapy (DMT), most EwMS were prescribed interferon-β (32, 30.8%), followed by glatiramer acetate (28, 17.3%), oral DMT medications (15, 14.4%), natalizumab (6, 5.8%), off-label medication (1, 0.9%), and the rest of the EwMS were not on any DMT (32, 30.8%).

The EwMS were more disabled when compared to the HCs in both lower and upper extremity function (T25FW, 6.7s vs. 4.7s, p < 0.001; and 9PHT, 24.7s vs. 21.5s, p < 0.001). The MS group also had higher depression scores (BDI-FS of 1.0 vs. 0.0, p = 0.005). All demographic and clinical information are shown in Table 2.

TABLE 2. Demographic and clinical characteristics of the EwMS and HCs samples.
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Cognitive Performance, and Z-Score-Derived Domain-Specific Impairment Rates in the EwMS

The raw scores from the neuropsychological examination of the EwMS and HCs on both the MACFIMS and AD-specific batteries are shown in Table 3. EwMS had lower raw scores when compared to the age-matched controls on both total learned and short delay recall in CVLT-II (49.7 vs. 54.9, d = 0.45, p = 0.018 and 9.8 vs. 11.2, d = 0.38, p = 0.045, respectively), SDMT (46.3 vs. 55.4, d = 0.91, p < 0.001), letter verbal fluency (35.8 vs. 43.0, d = 0.67, p = 0.001) and category verbal fluency (17.3 vs. 20.3, d = 0.67, p = 0.001; 20.9 vs. 25.7, d = 0.84, p < 0.001; and 38.2 vs. 45.9, d = 0.87, p < 0.001, for animal category, supermarket category and total score, respectively). Furthermore, the EwMS had lower immediate recall and delayed recall scores on WMS-R logical memory performance (23.7 vs. 26.4, d = 0.39, p = 0.045 and 18.8 vs. 21.7, d = 0.38, p = 0.048). No other group differences were observed.

TABLE 3. Cognitive performance of the EwMS and HCs populations on the minimal assessment for cognitive function in multiple sclerosis (MACFIMS) battery.
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To investigate the influence of processing speed on our findings, we performed an analysis of covariance in which the COWAT differences (letter-based and category-based fluency) were adjusted by CPS performance (SDMT score as covariate). The performance on SDMT had a significant influence on letter-based verbal fluency performance (F1,156 = 39.5 r = 0.49, p < 0.001). In the final model, EwMS and HCs were not significantly different in letter-based fluency scores when CPS was controlled (F1,156 = 3.9, p = 0.057). Processing speed also influenced the performance on total categorical verbal fluency (F1,156 = 34.2, r = 0.425, p < 0.001) and on both animal-specific (F1,156 = 12.2, r = 0.242, p = 0.001), and supermarket items-specific category (F1,156 = 39.7, r = 0.476, p < 0.001). Despite the large SDMT effect, categorical verbal fluency remained significantly different between the EwMS and HCs (adjusted p = 0.036, adjusted p < 0.001, and adjusted p = 0.001, for animals, supermarket items, and total categorical verbal fluency, respectively).

Based on the HC-derived z-scores, the differences in processing speed and verbal fluency represented the most commonly affected domains in the EwMS. More than a quarter (27.9%) of EwMS had categorical verbal fluency impairment relative to HCs (22.1 and 24.0% for individual animal and supermarket tests, respectively). 25.0% were impaired on the letter-based verbal fluency, and 25.9% as impaired on the SDMT. Overall, 47.1% of the EwMS were classified as cognitively impaired on at least two different domain-specific tests. Table 4 portrays the impairment rate observed for each cognitive test.

TABLE 4. The ratio and percentage of cognitive impairment in the EwMS patients.
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Both the multivariate logistic regression model blocks and derived step-wise predictors are shown in Table 5. The diagnosis of MS was best predicted by differences in category-based verbal fluency (Wald = 9.935, p = 0.002) and SDMT (Wald = 13.937, p < 0.001). Together with the force-entered block containing age, sex and years of education, the final step-wise model was able to explain 27% of the diagnosis variance (Nagelkerke R2 = 0.27). In terms of odds ratio (OR), for every point decrease in categorical verbal fluency, the chance of MS diagnosis increased for 8.1% [Exp(B) = 0.919]. Similarly, for every point decrease in SDMT, the change of MS diagnosis is increased for 9.3% [Exp(B) = 0.907].

TABLE 5. Logistic regression model determining the cognitive differences between the EwMS and HCs.
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Lastly, we investigated the associations between verbal fluency and cognitive processing speed with the overall disability scores as depicted by EDSS. Within the total sample of EwMS, EDSS scores were associated with both total verbal fluency (Spearman’s ranked correlation, rs = -0.292, p = 0.003) and SDMT performance (rs = -0.398, p < 0.001). Due to the nature of EDSS scoring system, we further delineated the EwMS into groups within the lower range of the score (EDSS scores between 0 and 4.0 which depend and reflect the neurological examination) and within the higher range of the score (EDSS scores ≥4.0 which solemnly depends on the walking ability) (van Munster and Uitdehaag, 2017; Jakimovski et al., 2018a). As expected, the associations between cognitive performance and EDSS scores were mainly present within the subset of EwMS with lower EDSS scores (total verbal fluency rs = -0.341, p = 0.001 and SDMT rs = -0.398, p < 0.001).



DISCUSSION

The main findings from this comprehensive neuropsychological evaluation of EwMS and age-matched HCs are grounded in two main themes. First, in addition to the previously established processing speed impairment, EwMS present with poorer verbal fluency (for both letter and category). Second, these findings were further extended by the logistic regression model which highlighted verbal fluency performance as second major differentiator between EwMS and HCs.

Currently there are few published analyses examining the question of comorbid aMCI/AD and cognitive aging in EwMS. Muller et al. (2013) used an AD–specific battery to examine 120 total age-, sex-, and education-matched SPMS, aMCI, and HCs and found word list recognition as the single metric distinguishing SPMS from aMCI – recognition memory was preserved in SPMS and defective in aMCI. Furthermore, they additionally showed that SPMS patients had similar performance on both letter-based and category-based verbal fluency when compared to the aMCI patients and significantly lower than HCs (Muller et al., 2013). In a similar study, EwMS were impaired on both processing speed and categorical fluency (Cohen’s d = 0.68) when compared to HCs (Roth et al., 2018). Therefore, both studies are conforming to the present results showing a high rate of processing speed impairment and diminished verbal fluency performance in EwMS, but no differences in the recognition indices of both verbal memory and visuospatial processing (Roy et al., 2018). Although language impairment is classically associated with an AD cognitive profile, the deficits in processing speed and verbal fluency were not accompanied by deficits in naming and memory consolidation. Therefore, the verbal fluency deficits found here are likely attributable to MS rather than co-morbid aMCI/AD.

Verbal fluency tasks allow the participants only 1 min to produce as many words that start with a certain letter of the alphabet or are part of a specific category (e.g., animals or supermarket items). Given this predetermined time limitation, verbal fluency performance may potentially be moderated by processing speed, as we found in our adjusted model. Report by Roth et al. (2018) showed that the EwMS have poorer categorical fluency when compared to HCs; however, after adjusting for CPS performance, these differences became non-significant. The discrepancy between our results and theirs is, however, minuscule (d 0.87 vs. 0.68 in Roth et al., 2018) – the partial correlation survived in our study with p = 0.036 with more statistical power by virtue of a larger sample. Devising new language tests that are less dependent on CPS would be of value in this area of investigation. Finally, determining the nature of the language impairment and its association with specific structural MS changes will allow better understanding of this particular cognitive ability. For example, while examining neurodegenerative MS patterns, studies demonstrated accelerated atrophy of the entorhinal cortex and the bilateral temporal lobes in a population of older (on average of 57 years old) SPMS patients (Steenwijk et al., 2016). These neurodegenerative changes located within AD-associated areas may provide explanation for the emerging semantic and logical memory deficit seen in our EwMS.

One limitation of this study is its cross-sectional research design. In order to better evaluate cognitive aging trajectories, ideally, one would evaluate these same cognitive functions over a period of three or more years, and include not only EwMS, but also aMCI patients. MRI-derived neurodegenerative outcome measures, amyloid PET imaging, assessment of known AD risk factors and the effect of other age-related comorbidities may further determine the nature of the semantic fluency impairment seen in EwMS (Jakimovski et al., 2018b). Lastly, global disability scores which are currently used in the MS field are not suitable in depicting the increasingly prevalent cognitive impairment within the aging MS population.



CONCLUSION

In conclusion, roughly half of EwMS are impaired on tests of cognitive processing speed or verbal fluency. The deficit in verbal fluency is not a hallmark feature of MS associated cognitive disorder for the wider MS population, and may represent a unique quality in the EwMS neurocognitive profile. Further studies investigating the additional disease-related factors which influence cognitive aging in EwMS are warranted.
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Alzheimer's disease (AD) causes the progressive deterioration of neural connections, disrupting structural connectivity (SC) networks within the brain. Graph-based analyses of SC networks have shown that topological properties can reveal the course of AD propagation. Different whole-brain parcellation schemes have been developed to define the nodes of these SC networks, although it remains unclear which scheme can best describe the AD-related deterioration of SC networks. In this study, four whole-brain parcellation schemes with different numbers of parcels were used to define SC network nodes. SC networks were constructed based on high angular resolution diffusion imaging (HARDI) tractography for a mixed cohort that includes 20 normal controls (NC), 20 early mild cognitive impairment (EMCI), 20 late mild cognitive impairment (LMCI), and 20 AD patients, from the Alzheimer's Disease Neuroimaging Initiative. Parcellation schemes investigated in this study include the OASIS-TRT-20 (62 regions), AAL (116 regions), HCP-MMP (180 regions), and Gordon-rsfMRI (333 regions), which have all been widely used for the construction of brain structural or functional connectivity networks. Topological characteristics of the SC networks, including the network strength, global efficiency, clustering coefficient, rich-club, characteristic path length, k-core, rich-club coefficient, and modularity, were fully investigated at the network level. Statistical analyses were performed on these metrics using Kruskal-Wallis tests to examine the group differences that were apparent at different stages of AD progression. Results suggest that the HCP-MMP scheme is the most robust and sensitive to AD progression, while the OASIS-TRT-20 scheme is sensitive to group differences in network strength, global efficiency, k-core, and rich-club coefficient at k-levels from 18 and 39. With the exception of the rich-club and modularity coefficients, AAL could not significantly identify group differences on other topological metrics. Further, the Gordon-rsfMRI atlas only significantly differentiates the groups on network strength, characteristic path length, k-core, and rich-club coefficient. Results show that the topological examination of SC networks with different parcellation schemes can provide important complementary AD-related information and thus contribute to a more accurate and earlier diagnosis of AD.
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INTRODUCTION

As the leading cause of dementia in elderly adults, Alzheimer's disease (AD) is a progressive neurodegenerative disorder characterized by increasing cognitive and behavioral deficits (Mueller et al., 2005). Preceding AD, the mild cognitive impairment (MCI) phase presents with significant cognitive or behavioral deficits and an increased risk of developing dementia (Winblad et al., 2004; Jessen et al., 2014; Daianu et al., 2015; Mckenna et al., 2016). Understanding the physiological deterioration caused by MCI and AD provides an opportunity to develop future treatments and predict AD onset. Many postmortem histological and in-vivo imaging studies have demonstrated widespread white matter (WM) alterations in MCI and AD patients (Brun and Englund, 1986; Rose et al., 2000; Bozzali et al., 2002; Nir et al., 2015). The WM degeneration and neuronal death linked to AD progression then creates abnormal connectivity patterns between anatomically related brain regions (Lo et al., 2010). Specifically, demyelination and axonal degeneration cause drastic reductions in WM volume, which may contribute to alterations in structural connectivity (SC) network efficacy. Therefore, AD-related cognitive and behavioral deficits may be directly linked the disconnection of brain regions (Delbeuck et al., 2003; Sorg et al., 2009; Lo et al., 2010), such that altered SC topological patterns reflect the propagation stage of AD.

High angular resolution diffusion imaging (HARDI) has provided an ability to extensively study brain networks in clinical neuroscience (Nguyen et al., 2018). The recent development of accurate and sophisticated HARDI-based tractography methods has encouraged the exploration of regional connectivity and topological network measures, which can quantify MCI and AD-linked brain changes. Graph theory has been frequently employed to detect SC network differences across normal control (NC), MCI, and AD groups, and a variety of topological measures sensitive to SC network disruption can be computed to reveal how AD affects the human connectome. Particular measures of interest include k-core, rich-club efficiency, nodal degree, characteristic path length, clustering coefficient, and global efficiency. To perform statistical analysis on SC networks, Kim et al. presented a multi-resolution analysis framework (Kim et al., 2015), in which a Wavelet representation of each anatomical connection was derived at multiple resolutions to analyze AD-related alterations. In Daianu et al. (2015), rich-club properties at a range of degree thresholds were calculated, and their findings indicated that brain network disruptions occurred predominately in the low-degree (< 16) regions of the connectome in AD. In Daianu et al. (2013b), k-core was computed to understand the brain network breakdown caused by AD. In Lo et al. (2010), the alterations of various network properties were examined, indicating that AD patients exhibit shorter path lengths, decreased global efficiency, and reduced nodal efficiency. Yao et al. (2010) explored the characteristics of SC networks in MCI and AD, finding that the MCI groups showed a loss of hub regions in the temporal lobe and altered interregional correlations, and that the topological measures of the MCI SC networks exhibited intermediate values. Most of these findings suggest that AD is related to the disruption of structural connectivity, which is characterized by the loss of rich-club organization and network efficiency. Together, the findings suggest that AD is associated with a disrupted topological organization of SC networks, thus providing structural evidence for abnormalities in the SC network integrity of AD patients.

Graph-based analysis of brain structural networks provides a chance to understand how AD-linked structural connectivity abnormalities underlie the cognitive and behavioral deficits of patients. Specifically, the definition of network nodes is one of the most critical steps in network topological analysis, as it assigns the network structure and density for subsequent assessment. Different whole-brain parcellation schemes have been developed to define network nodes, although the effect that these schemes have on the detection of AD propagation stages remains unknown. Accurate brain parcellation provides a foundation for understanding the functional and structural organization of the human brain. During graph-based analysis of the SC networks derived from HARDI, brain parcellation is a key step for the construction of brain anatomical brain network architecture. This step is not trivial, however; the division of the cortex into different numbers of regions affects the structure of the SC network, such that the resulting topological properties of the generated SC network can be significantly changed by the scale of the chosen parcellation atlas (Proix et al., 2016). Considering that brain parcellation schemes are fundamental to the isolation and selection of brain regions, their application plays an important role in revealing the abnormal topological organization of SC networks in MCI and AD.

Cognitive studies have demonstrated that the cerebral cortex is comprised of distinct cortical areas that are interconnected through WM fibers (Sporns et al., 2004; delEtoile and Adeli, 2017). Network analysis represents cortical regions and their connections as a series of nodes and edges, respectively (Lo et al., 2010). Previous investigation have typically relied on a single type of whole-brain parcellation scheme to construct SC networks, such as the 96-region Harvard-Oxford atlas used in Shao et al. (2012), 113-region Harvard-Oxford atlas used in Zhan et al. (2015a), 162-region IIT3 atlas used in Kim et al. (2015), and 68-region Desikan-Killiany atlas used in Daianu et al. (2013b) and Daianu et al. (2015). Each of these schemes presents a different number of parcels, and the effect this has on AD-related SC topological changes has not comprehensively characterized. In this study, SC networks are constructed for NC, early mild cognitive impairment (EMCI), late mild cognitive impairment (LMCI), and AD subjects based on HARDI tractography to fully characterize the manner in which patterns of SC network topological metrics change based on parcellation schemes. Four different whole-brain parcellation schemes over a range of parcellation scales (62, 116, 180, and 333 regions) were used to define SC network nodes: the OASIS-TRT-20 (62 regions) (Klein and Tourville, 2012), AAL (116 regions) (Tzourio-Mazoyer et al., 2002), HCP-MMP (180 regions) (Glasser et al., 2016), and Gordon-rsfMRI (333 regions) (Gordon et al., 2014). Edges were then estimated through deterministic fiber tracking based on orientation distribution function (ODF) fields, which was derived from HARDI images (Iturria-Medina et al., 2008; Descoteaux et al., 2009; Côté et al., 2013; Yeh et al., 2013; Christiaens et al., 2015). To determine if SC topological characteristics changed with different cortical parcellation schemes as AD progressed, SC network topological assessments were performed on a mixed ADNI cohort of 20 NC, 20 early MCI (EMCI), 20 late MCI (LMCI), and 20 AD subjects. Finally, to explore the influence that different cortical parcellation schemes exert on the graph-based analysis of brain SC networks in AD propagation, Kruskal-Wallis tests were employed to identify group differences in network strength, global efficiency, characterized path length, cluster coefficient, k-core, and modularity coefficient. Additionally, linear regression analysis was used to examine the changing trajectories of rich-club coefficients for NC, EMCI, LMCI, and AD groups.



MATERIALS AND METHODS
 

Data

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 the 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 AD (Jack et al., 2008; Risacher et al., 2009; Petersen et al., 2010). In this study, 80 subjects were selected from the ADNI database and arranged into NC, EMCI, LMCI, and AD groups according to their ADNI classification. Table 1 shows the demographics of the participants, including age and gender. All 80 participants underwent whole-brain MRI scanning using 3T GE Medical Systems scanners. The acquisition protocol included a T1-weighted image (acquisition matrix = 256 × 256 × 196, voxel size = 1.05 × 1.05 × 1.2 mm3, TR = 6.96 ms, TE = 2.83 ms). Furthermore, the participants were scanned with DWI echo planar imaging (EPI) protocol. Specifically, five images with no diffusion sensitization (b0 images) and 41 images along 41 diffusion directions were acquired (b = 1,000 s/mm2) with the following parameters: acquisition matrix = 128 × 128 × 55, voxel size = 2.7 × 2.7 × 2.7 mm3, TR = 7,200.0 ms, TE = 56.0 ms.



Table 1. Demographics information for ANDI participants, arranged into NC, EMCI, LMCI, and AD groups.
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SC Network Construction

We evaluated the influence of cortex parcellation schemes on the topological characterization of AD propagation by systematically varying the number of brain parcellated regions. The cerebral cortex of each subject was parcellated into 62, 116, 180, or 333 regions, according to the parcellation templates of OASIS-TRT-20 (Klein and Tourville, 2012), AAL (Tzourio-Mazoyer et al., 2002), HCP-MMP (Glasser et al., 2016), and Gordon-rsfMRI (Gordon et al., 2014), respectively. These four parcellation templates were all spatially normalized into Montreal Neurological Institute (MNI) space (Fonov et al., 2011), and are visualized from different views in Figure S1. Before tracking, the parcellation labels of these templates were used to segment whole brain into clusters of cortical regions. The parcellation templates were co-registered from MNI space (1 mm3) to DWI space via T1-weighted images using a 12-degree-of-freedom transformation matrix, using Freesurfer 6.0.0 and DSI Studio.

The construction of subject-specific SC networks requires a number of complex steps, including cortical parcellation, fiber tractography, and connection strength estimation, as shown in Figure 1. To determine the structural connectivity between each pair of cortical regions, deterministic ODF-based tractography was used. First, the eddy current effects and motion artifacts in the DWI images were corrected using the DiffusionKit toolbox (Xie et al., 2016). DWI images were then denoised using singular value decomposition and non-local means methods, as described in Wu et al. (2018a). Second, a model-free general q-ball imaging (GQI) reconstruction method was employed to estimate ODFs from the HARDI images, with high sensitivity and specificity to WM characteristics and pathology (Yeh and Tseng, 2011). The whole-brain fiber tracking was performed using DSI Studio software (Yeh et al., 2013), with a fractional anisotropy (FA) threshold of 0.2 and a track-turning angular threshold of 60° between each two connections. Cortical connections were established between any set of cortical regions that a fiber bundle passed through or ended in. ODF-based tracking was chosen for this application, as it can resolve multiple fiber populations, including crossing, branching, and merging fibers, and thereby produces more accurate results than DT-based tracking methods (Barnett, 2009; Zhan et al., 2015b; Wu et al., 2018b). The number of reconstructed fibers between different regions were then used to define SC network edges (Hagmann et al., 2007; Houenou et al., 2007; Li et al., 2009), while each parcellated region was regarded as a network node.


[image: image]

FIGURE 1. Flowchart of SC network topological analysis. Four parcellation atlases were employed to define the nodes of the SC networks, including OASIS-TRT-20 (62 regions) (Klein and Tourville, 2012), AAL (116 regions) (Tzourio-Mazoyer et al., 2002), HCP-MMP (180 regions) (Glasser et al., 2016), and Gordon-rsfMRI (333 regions) (Gordon et al., 2014). ODFs were computed from HARDI images with a general q-ball imaging (GQI) computational model. Whole-brain tractography was performed using the DSI-Studio tool, and edges were determined by the number of neural connections between each pair of parcellated regions.





Network Topological Metrics

Graph theory provides a set of measures to concisely quantify the topological properties of brain networks and describe interrelationships between brain regions of interest (ROIs) (represented by nodes in SC networks). Graph-based analysis of brain SC topological patterns allows for the quantification of a broad range of network characteristics. The most common measures used to describe the integrity of healthy or diseased brain networks include network strength, characteristic path length, efficiency, clustering coefficient, k-core, rich-club coefficient, and modularity (Sporns, 2010). Topological characterization was performed using the GRETNA (http://www.nitrc.org/projects/gretna/) (Wang et al., 2015) and Brain Connectivity Toolbox (BCT) toolboxes (https://sites.google.com/site/bctnet/) (Rubinov and Sporns, 2010). The utilized network metrics are briefly described below (Cao et al., 2013; Daianu et al., 2013a, 2015).



Network Strength

For a SC network G with N nodes and K edges, we calculated the strength of G as Cao et al. (2013):
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where S(i) is the sum of the edge weights linking to node i. The strength of a network is the average of the connection strengths across all of the nodes in the network. This metric reflects the extent to which network nodes are connected.



Clustering Coefficient

The clustering coefficient Cp of a network is the average of the clustering coefficient over all nodes, which indicates the extent of local interconnectivity or cliquishness in a network (Watts and Strogatz, 1998).

[image: image]

Where ki is the degree of node i, and w is connection weight. The clustering coefficient will be zero if all nodes are isolated or have just one connection (Watts and Strogatz, 1998).
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Characteristic Path Length

The path length between any pair of nodes is defined as the sum of the edge lengths along this path. In this study, the length of each edge was assigned by computing the reciprocal of the edge weight, [image: image]. The characteristic path length of G was then computed as Cao et al. (2013):
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where Lij defined as the shortest path between node i and node j. This metric quantifies the ability for information to be propagated in parallel.



Network Efficiency

The global efficiency of G measures the efficiency of parallel information transfer throughout the network, which can be computed as follows (Cao et al., 2013):
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where Lij is the shortest path length between nodes i and j in G.



k-Core Decomposition

To model the basic architecture of SC networks, a k-core decomposition algorithm that disentangles the hierarchical structure of the networks was proposed in Daianu et al. (2013b). This k-core decomposition outputs a network core that consists of highly and mutually interconnected nodes. This is accomplished by recursively removing nodes with degrees lower than k, such that k serves as a degree threshold for nodes, ultimately identifying dense subsets of the graph.



Rich-Club Coefficient

“Rich-club” is a network property that describes how high-degree network nodes are more interconnected than would be expected by chance. The rich-club coefficient is the ratio of the number of connections among nodes of degree k (or higher) to the total possible number of connections for those nodes (Daianu et al., 2015). In this study, Rich-club coefficients were calculated at a range of degree thresholds. The rich-club coefficient can be determined as:
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where R is rich-club coefficient, E>k is the number of connections among nodes of degree k or higher, and N>k(N>k−1) is the total possible number of connections if those nodes were fully connected.



Modularity

Modularity or community structure is a property that is common to brain SC networks, which divides SC network nodes into groups such that structural connections within each group are dense while connections between the groups are sparse. The study of modularity structures in SC networks can provide invaluable help in understanding and visualizing the structure of SC networks. Modularization is an optimization process in which the maximal value of Q—the quantity known as modularity—is obtained over all possible divisions of a network (Newman, 2006). Larger Q values are indicative of a highly modular network organization, while lower Q values indicate a more uniform network structure (Newman and Girvan, 2004). In this study, the community_louvain function of the BCT was used to calculate the modularity for the identified SC networks. The employed Louvain optimization is a simple, efficient, and easy-to-implement method for identifying modules in large networks. The optimization comprises two steps. First, the method searches for small modules by optimizing modularity locally. Second, it aggregates the nodes that belong to the same module and builds a new network wherein each node represents a module identified in the first step. These steps are iterated until a maximum of modularity value is attained and a hierarchy of modules is generated (Blondel et al., 2008; Lancichinetti and Fortunato, 2009). Modularity (Q) is defined as:
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where wij denotes the linking weight between node i and node j; ki, and kj are the sums of the weights of the edges attached to nodes i and j, respectively; m is the total link weight in the network overall; and δ(ci, cj) is 1 when nodes i and j are assigned to the same module and 0 otherwise.



Topological Metric Estimation

After SC network nodes were determined using four different parcellation schemes, ODF-based tractography was employed to calculate the structural connectivity for each subject. Connection strength values were normalized from [0, 1] and self-connections were excluded. Group average SC matrices were computed for each parcellation scheme. Afterwards, topological measures were estimated using the codes provided in the BCT and GRETNA, including network strength, global efficiency, characterized path length, cluster coefficient, k-core, rich-club coefficient, and modularity. Separate from other measures, k-core measurement directly reflects how the SC network breaks down as cognitive impairment increases, quantifying how AD affects the human connectome (Daianu et al., 2013b). k acts as a degree threshold for network nodes by which k-core decomposition creates a subnetwork that consists of highly and mutually interconnected nodes by recursively removing the nodes with degrees lower than k. In this study, we used k-core analysis to access AD-related anatomical network changes under different whole-brain parcellation schemes including OASIS-TRT-20, AAL, HCP-MMP, and Gordon-rsfMRI. When using a k threshold < 17, AD subjects cannot be discriminated from NC and MCI subjects (Daianu et al., 2015). Thus, thresholds of k = 20 and k = 30 are typically chosen for comparative computations. The rich-club coefficient is the ratio of the number of connections among nodes of degree k or higher to the total possible number of connections if those nodes were fully connected (Daianu et al., 2015). This coefficient was computed at a range of k-value thresholds from 17 to 39. When the threshold is < 17, the coefficient is close to 1 (Daianu et al., 2015). Modularity optimization is a complete subdivision of the network into non-overlapping modules (Fortunato, 2010), which maximizes the number of within-module edges and minimizes the number of between-module edges. In this study, we used a Louvain community detection algorithm provided in BCT to achieve sub-module decomposition.



Statistical Analysis

To evaluate discriminating power for AD progressing phases of the network metrices corresponding to different parcellation schemes, statistical analyses were separately performed on each of them using Kruskal-Wallis tests. Additionally, a linear regression model was fitted to rich-club coefficient over a range of k-levels from 17 to 39 (Daianu et al., 2015), which was calculated using different whole-brain parcellation schemes. The intercepts and slopes of these regression models generally reflect the associations between rich-club coefficient and progressive AD phases. P-values lower than 0.05 were considered statistically significant.




RESULTS

The group-averaged SC matrices of NC, EMCI, LMCI, and AD groups are depicted in Figure S2. The calculated network metrics (mean ± std) for each parcellation method are listed in Table 2, including network strength Sp, global efficiency Eglob, characterized path length Lc, and cluster coefficient Cp. The mean and standard deviation of group network metrics computed for each parcellation scheme are reported in Table 2, with median values and interquartile differences represented in Figure 2. P-values derived from Kruskal-Wallis tests assessing the SC differences among NC, EMCI, LMCI, and AD groups for each parcellation scheme are reported in Table 3 (significant values are shown in bold). Significant group differences in Sp, Eglob, Lc, and Cp values were observed when HCP-MMP was used as parcellation scheme (p = 0.0007, p = 0.0015, p = 0.0019, and p = 0.0207, respectively). No group differences were found for any AAL-based SC indexes. Significant group differences were found in Sp and Lc (p = 0.0032 and p = 0.0003, respectively) but not in f Eglob and Cp for SC matrices constructed with Gordon-rsfMRI nodes. For OASIS-TRT-20 parcellation, significant differences in Sp and Eglob were found among the NC, EMCI, LMCI and AD (p = 0.0017 and p = 0.0080, respectively). No significant group differences in Lc and Cp values were observed for OASIS parcellation.



Table 2. The topological metrics (mean ± std) of SC networks in each group, including network strength Sp, global efficiency Eglob, characterized path length Lc, and cluster coefficient Cp.
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FIGURE 2. Group median and interquartile ranges of the SC topological metrics for each group, including network strength Sp, global efficiency Eglob, characterized path length Lc, and cluster coefficient Cp. P-values derived from Kruskal-Wallis tests assessing SC topological differences among NC, EMCI, LMCI, and AD for each parcellation scheme are reported in Table 3.





Table 3. P-values of Kruskal-Wallis testing for Sp, Eglob, Lc, and Cp differences among the NC, EMCI, LMCI, and AD groups.
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At the typical thresholds of k = 20 and k = 30, Kruskal-Wallis tests were performed on the number of k-core network nodes of NC, EMCI, LMCI, and AD groups. Figure 3 shows group median and interquartile ranges, and the corresponding p-values are provided in Table 4. The results indicate that significant group differences in terms of k-core were detected when OASIS-TRT-20, HCP-MMP, and Gordon-rsfMRI were used as parcellation schemes (p = 0.0038/0.0040, p = 0.0105/0.0024, and p = 0.0014/0.0023, respectively). For AAL parcellation, no significant group differences in k-core number were observed (p = 0.2345/0.1696).


[image: image]

FIGURE 3. Group median and interquartile ranges of k-core network nodes for each group, typically at the thresholds of k = 20 and k = 30. P-values derived from Kruskal-Wallis tests assessing SC topological differences among NC, EMCI, LMCI, and AD for each parcellation scheme are reported in Table 4.





Table 4. P-values of Kruskal-Wallis testing for k-core differences among the NC, EMCI, LMCI, and AD groups.
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The topological metric of Q quantifies the extent to which SC networks may be subdivided into clearly delineated groups. Figure 4 shows group median and interquartile ranges of modularity statistic Q across different parcellation schemes, and Table 5 shows the p-values with significant values in bold. Results indicate that significant group differences were detected when OASIS-TRT-20, AAL, and HCP-MMP parcellation schemes were used to define network nodes (p = 0.0004, p = 0.0008, and p = 0.0148, respectively). For Gordon-rsfMRI parcellation, no significant group differences in Q were observed (p = 0.1540).
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FIGURE 4. Group median and interquartile ranges of Q coefficient of modularity structure for each group. P-values derived from Kruskal-Wallis tests assessing SC topological differences among NC, EMCI, LMCI, and AD for each parcellation scheme are reported in Table 5.





Table 5. P-values of Kruskal-Wallis testing for modularity differences among the NC, EMCI, LMCI, and AD groups.
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To evaluate discriminatory efficacy of different parcellation schemes on rich-club coefficient, Kruskal-Wallis tests on the rich-club coefficient R(k) at each of the k-levels from 17 to 39 (Daianu et al., 2015) were performed (p-values at each k-level are shown in Table 6), a linear regression model was fit to R(k) as it was calculated over the k-levels from 17 to 39. The results in Table 6 indicate that the rich-club coefficients computed based on AAL, HCP-MMP, and Gordon-rsfMRI over the k-levels from 17 to 39 are significantly sensitive to the group differences across NC, EMCI, LMCI, and AD (the corresponding p-values are < 0.05). Except for the rich-club coefficients computed based on the OASIS_TRT_20 atlas at k-level = 17 (p = 0.0965), the coefficients at k-level between 18 and 39 are able to significantly differentiate the groups (the corresponding p-values are < 0.05). Figure 5 shows the linear regression fitted results which reflects the changing trend of rich-club coefficient over the k-levels from 17 to 39.



Table 6. P-values of Kruskal-Wallis testing for rich-club coefficient differences among the NC, EMCI, LMCI, and AD groups.
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FIGURE 5. Linear regression of rich-club coefficient over a range of k-level from 17 to 39. NC, EMCI, LMCI, and AD groups are represented by blue, cyan, magenta, and green colors, respectively. (A) OASIS-TRT-20, (B) AAL, (C) HCP-MMP, and (D) Gordon-rsfMRI.





DISCUSSION

To this point, evaluating the effects of brain parcellation on the topological characterization of SC networks has been a challenging task, largely due to the lack of universally-accepted parcellation templates that can be used as a reference (Arslan et al., 2017). To provide an effective comparison, this study applied different parcellation schemes and ODF-based tractography to build SC networks for NC, EMCI, LMCI, and AD subjects. Four whole-brain parcellation techniques were used to define the nodes of these SC networks with different number of parcels, and connections were estimated by measuring the pairwise number of neural fiber bundles. To assess the impact of parcellation scheme on the ability to identify differences among NC, EMCI, LMCI, and AD, we explored the topological organization of SC networks. Our findings provide evidence that parcellation schemes have significant impact on topological characterization of brain structural connectivity networks in AD propagation.

After the topological measures were derived from subject-specific adjacency matrices, Kruskal-Wallis tests were employed to investigate their sensitivity to the NC, EMCI, LMCI, and AD groups under each parcellation scheme. Tested measures included network strength, global efficiency, clustering coefficient, characteristic path length, k-core, rich-club coefficient, and modularity. We found that these measures were generally sensitive to the selection of parcellation scheme. When interpreting the SC-related results of AD-related studies, the parcellation effect on the calculated measures is a factor that needs to be taken into consideration.

Overall, characteristic path length increased with AD progression in all tested parcellation schemes while network strength, global efficiency, and clustering coefficient decreased, as shown in Table 2 and Figure 2. This is consistent with the results in Lo et al. (2010), Yao et al. (2010), and Daianu et al. (2013a). When the HCP-MMP (180 nodes) parcellation was used to define network nodes, the metrics, including Sp, Eglob, Lc, and Cp, displayed significant differences between the NC, EMCI, LMCI, and AD groups. In contrary, AAL atlas cannot discriminate group differences in terms of Sp, Eglob, Cp, Lc. The OASIS-TRT-20 scheme was unable to differentiate group differences in terms of Cp and Lc, while Gordon_rsfMRI scheme cannot recognize group differences in terms of Eglob and Cp. From the results, we could conclude that network strength Spwas most robust and sensitive to the characterization of topological deterioration in MCI and AD, while clustering coefficient Cp lacked robustness to whole-brain parcellation atlases. These findings align with a previous study which investigated structural connectivity and the sensitivity of network measures to the parcel number of the parcellation scheme (Zalesky et al., 2010).

k-core patterns in the SC networks were then explored, from which the most highly interconnected subnetworks were determined. Kruskal-Wallis test was then performed to determine if k-core regions remained intact or were altered by AD progression by eliminating the least reliable anatomical connections (Daianu et al., 2013b). In this study, we analyzed the k-core feature at k = 20 and k = 30, as k = 16 has been reported as the minimum value at which the majority of nodes in networks would remain connected. As Daianu et al. (2013b) explored, some k-core nodes are lost with AD progression (Figure 3). We used the number of k-core nodes as a measure to investigate AD-related network disruption. Significant group differences in the k-core patterns of the NC, EMCI, LMCI, and AD groups were found under the OASIS-TRT-20, HCP-MMP, and Gordon_rsfMRI parcellation schemes. Regardless of k-level, group difference could not be detected when using AAL atlas.

Modularity was then used to measure the extent to which a network is optimally partitioned into functional subgroups (Rubinov and Sporns, 2011). Due to the breakdown of anatomical connections, the modularity structures of the SC networks exhibited apparent alterations (Figure 4). The breakdown of global informative connections involving the medial prefrontal, posterior parietal, and insular cortices were already apparent in MCI, suggesting that progressive damage to fiber connections begins during the predementia stages of AD (Acosta-Cabronero et al., 2009; Sorg et al., 2009; Sperling et al., 2010; Shao et al., 2012). AD patients then show reduced associative white matter fiber density in the cingulum, the splenium of the corpus callosum, and the superior longitudinal fasciculus (Rose et al., 2000). Coherence studies have further identified disturbed interhemispheric functional connectivity in AD (Brun and Englund, 1986; Wada et al., 1998; Delbeuck et al., 2003). According to Kruskal-Wallis testing, the NC, EMCI, LMCI, and AD groups showed significantly different Q values under most parcellation schemes, with the lone exception of the Gordon_rsfMRI333 parcellation. Further, our results indicate that a loss of k-core nodes should increase modularity (Figure 4). This supports the concept that, in addition to mediating internetwork interactions, k-core nodes are involved in maintaining the modular structure of functional networks through decreasing network connectivity (Hwang et al., 2017). In accordance with (Daianu et al., 2015), findings here indicate that the breakdown of anatomical connections affected by MCI and AD could increase the modularity coefficient.

Highly connected k-core nodes serve as communication hubs, facilitating integrative information processing. These hubs have high nodal degrees and tend to form a rich club—a set of nodes that are densely interconnected. The rich-club coefficient is a related but separate concept from k-core, as it evaluates a range of k-core thresholds from 17 to 39. The rich-club coefficient is defined as the ratio of the number of connections among nodes of degree k or higher to the total possible number of connections if those nodes were fully connected (Daianu et al., 2015). Significant group differences in rich-club coefficient were detected when AAL, HCP-MMP, and Gordon_rsfMRI333 parcellation schemes were used to define SC network nodes. Under the OASIS scheme, no significant group differences were detected at k-level = 17. Although some conditional differences were limited, these results help better understand nodal degree alterations in AD. Finally, the changing trends of rich-club coefficients over k-level was investigated using linear regression by fitting models with the metrics as predictors for AD propagation. The results indicate that the trends in this metric were different depending on the parcellation scheme used during SC network construction (Figure 5). Overall, rich-club coefficient changes in EMCI, LMCI, and AD accompany a decrease in k-core nodes.

From these results, it can be concluded that whole-brain parcellations exert significant influence on the topological characterization of brain structural connectivity networks in AD propagation. Future AD-related structural network studies should attempt to use metrics that are largely robust to the underlying parcellation scheme when attempting to predict AD progression. While it was not possible in this study due to limited available information, the incorporation of clinical and neuropsychological information (such as the Clinical Dementia Rating or Mini-Mental State Examination) should also be considered during analysis. Further, the effect of applied parcellation schemes should be considered during the interpretation of results, as even the most robust measures exhibit some degree of scheme-based variability. As tractography methods could greatly influence the construction of SC networks, a more sophisticated HARDI-based tractography approach may improve the credibility of SC matrices in future.



CONCLUSION

Brain parcellation influences the construction of SC network and their topological properties. This work aims to comprehensively explore effect of brain parcellation atlases on characterization of topological deterioration in MCI and AD. There is increasing evidence that widespread network disruptions exist in MCI and AD, and that topological characterization can provide useful biomarkers for the detection of AD progression. In this study ODF-based tractography was employed to construct SC networks from a mixed cohort of 20 NC, 20 EMCI, 20 LMCI, and 20 AD from ADNI under different whole-brain parcellation schemes across multiple spatial scales. The influence of parcellation scheme on the differentiation of the NC, EMCI, LEMCI, and AD groups was then demonstrated. Results suggest differences in the parcellation schemes used to generate SC networks affect the ability for network measures to distinguish structural differences between the NC, EMCI, LMCI, and AD groups. While this study has underlined the importance of the brain parcellation schemes in the SC network analysis of AD progression, further research is required to fully understand the relationship between SC networks and the underlying neural substrates of EMCI, LMCI, and AD at the network level.
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The four parcellation templates were all spatially normalized into Montreal Neurological Institute (MNI) space (Fonov et al., 2011), and are visualized from different views (left, right, top, and bottom views) in Figure S1.

Group-averaged SC matrices were obtained by averaging the matrices of all subjects within each group, as shown in Figure S2.

Figure S1. Cerebral cortex parcellation schemes with different numbers of parcels, including OASIS-TRT-20 (62 regions), AAL (116 regions), HCP-MMP (180 regions), and Gordon-rsfMRI (333 regions). The character M represents the number of parcellated regions. These schemes are shown from left, right, bottom, and top brain views, respectively. Full index of the parcellated regions can be found in Tzourio-Mazoyer et al. (2002), Klein and Tourville (2012), Gordon et al. (2014), and Glasser et al. (2016).

Figure S2. The group-averaged structural connectivity matrices of NC, EMCI, LMCI, and AD subjects. The strength values were normalized from [0, 1], and self-connections were excluded. From top to bottom, the dimensions of the adjacency matrices are 62 × 62, 116 × 116, 180 × 180, and 333 × 333, respectively.
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Diffusion tensor imaging (DTI) is a sensitive tool for detecting brain tissue microstructural alterations in Parkinson’s disease (PD). Abnormal cerebral perfusion patterns have also been reported in PD patients using arterial spin labeling (ASL) MRI. In this study we aimed to perform a combined DTI and ASL assessment in PD patients within the basal ganglia, in order to test the relationship between microstructural and perfusion alterations. Fifty-two subjects participated in this study. Specifically, 26 PD patients [mean age (SD) = 66.7 (8.9) years, 21 males, median (IQR) Modified Hoehn and Yahr = 1.5 (1–1.6)] and twenty-six healthy controls [HC, mean age (SD) = 65.2 (7.5), 15 males] were scanned with 1.5T MRI. Fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), radial diffusivity (RD) maps were derived from diffusion-weighted images, while cerebral blood flow (CBF) maps were computed from ASL data. After registration to Montreal Neurological Institute standard space, FA, MD, AD, RD and CBF median values were extracted within specific regions of interest: substantia nigra, caudate, putamen, globus pallidus, thalamus, red nucleus and subthalamic nucleus. DTI measures and CBF were compared between the two groups. The relationship between diffusion parameters and CBF was tested with Spearman’s correlations. False discovery rate (FDR)-corrected p-values lower than 0.05 were considered significant, while uncorrected p-values <0.05 were considered a trend. No significant FA, MD and RD differences were observed. AD was significantly increased in PD patients compared with HC in the putamen (p = 0.005, pFDR = 0.035). No significant CBF differences were found between PD patients and HC. Diffusion parameters were not significantly correlated with CBF in the HC group, while a significant correlation emerged for PD patients in the caudate nucleus, for all DTI measures (with FA: r = 0.543, pFDR = 0.028; with MD: r = −0.661, pFDR = 0.002; with AD: r = −0.628, pFDR = 0.007; with RD: r = −0.635, pFDR = 0.003). This study showed that DTI is a more sensitive technique than ASL to detect alterations in the basal ganglia in the early phase of PD. Our results suggest that, although DTI and ASL convey different information, a relationship between microstructural integrity and perfusion changes in the caudate may be present.
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INTRODUCTION

Parkinson’s disease (PD) is a progressive neurodegenerative disease that is characterized by early dopaminergic neuron loss in the substantia nigra pars compacta, leading to dopamine deficiency in the basal ganglia, and resulting in movement disorders (Kalia and Lang, 2015). Although non-motor symptoms such as sleep disorders, depression and cognitive impairment may be present, resting tremor, bradykinesia and rigidity are the hallmarks of the disease (Kalia and Lang, 2015; Obeso et al., 2017).

Parkinson’s disease diagnosis still remains largely clinical, based on the three cardinal symptoms onset, (Postuma et al., 2015) while dopamine transporter (DaT) single photon emission computerized tomography is currently used to confirm the clinical diagnosis (Seifert and Wiener, 2013). Nevertheless, the search for biomarkers with magnetic resonance imaging (MRI) is an area of active research in the field of PD. A number of MRI-based methods have been proposed to provide sensitive and non-invasive quantitative biomarkers of neurodegeneration (Obeso et al., 2017). In this framework, diffusion tensor imaging (DTI) and arterial spin labeling (ASL) are advanced MRI techniques that specifically allow for tissue integrity assessment (Alexander et al., 2007) and cerebral blood flow (CBF) quantification, respectively (van Osch et al., 2018).

Parameters derived from DTI, such as fractional anisotropy (FA) and mean diffusivity (MD), are suitable for investigating microstructural changes in the brain. MD provides a measure of overall diffusivity, while FA quantifies the extent to which diffusion is characterized by a preferential orientation. In addition to FA and MD, axial diffusivity (AD) and radial diffusivity (RD) can also be computed from DTI data. AD represents the primary eigenvalue describing water diffusivity while RD is determined by the average of the two smaller eigenvalues. Alterations of FA, MD, AD, and RD in white matter (WM), cortical and subcortical gray matter (GM) have been previously reported in PD patients, mirroring neurodegeneration and possible brain reorganization due to the disease (Atkinson-Clement et al., 2017). Furthermore, DTI measures in the subcortical areas were shown to be sensitive makers of disease progression in PD, (Cochrane and Ebmeier, 2013; Scherfler et al., 2013; Wei et al., 2016; Atkinson-Clement et al., 2017) even at the early stages of the disease (Taylor et al., 2018). DTI changes in the substantia nigra of PD patients were observed to be associated with increasing dopaminergic deficits, reduced α-synuclein and total tau protein concentrations in cerebrospinal fluid, while diffusivity alterations in the thalamus were correlated with cognitive decline in PD (Zhang et al., 2016).

Together with neuronal degeneration, metabolic and perfusion parameters may also be altered in PD due to either neurovascular unit function changes or increased cerebrovascular disease burden associated with aging (Al-Bachari et al., 2014). Given the value of CBF as a biomarker in PD, ASL MRI is a promising technique for PD assessment since it allows absolute CBF assessment without using an exogenous contrast agent (Pyatigorskaya et al., 2014). Indeed, abnormal cerebral perfusion patterns in PD have been revealed using ASL (Melzer et al., 2011). In addition, this technique proved to be effective in detecting CBF alterations in non-demented PD patients (Syrimi et al., 2017) and arterial transit time changes in idiopathic PD (Al-Bachari et al., 2014).

The combined assessment of FA and CBF has recently been proposed as an effective method for investigating pathological changes in the early stages of PD (Wei et al., 2016). Decreased FA in the substantia nigra and reduced CBF in the basal ganglia were reported in the same group of patients, hinting that different neuro-pathological processes may underlie the degeneration in the subcortical regions primarily involved in the disease (Wei et al., 2016).

To the best of our knowledge, MD, AD, and RD have not been assessed together with CBF as of yet. Furthermore, a correlation analysis between DTI and ASL-derived parameters is still missing in PD. Therefore, in this study we aimed to perform a combined DTI and ASL assessment in early PD patients to investigate FA, MD, AD, RD, and CBF alterations in the basal ganglia regions with respect to healthy controls (HC). In addition, we aimed to evaluate the correlation between microstructural and perfusion parameters. Due to the neurovascular coupling, a potential link between them was expected.



MATERIALS AND METHODS

Subjects

Fifty-two subjects (26 PD patients and 26 HC) were included in this study. PD patients were consecutively recruited from the Neurorehabilitation Unit of the IRCCS Fondazione Don Gnocchi in Milan, while HC were enrolled between hospital personnel and volunteers. Only probable PD patients diagnosed according to the Movement Disorder Society Clinical Diagnostic Criteria for PD (Postuma et al., 2015) and with positive DaT scan were included in the study. Other inclusion criteria for PD group were: mild to moderate stages of the disease (Modified Hoehn and Yahr – H&Y<3), (Postuma et al., 2015) stable drug therapy with either L-Dopa or dopamine agonists, freezing assessed with Movement Disorder Society-sponsored revision of the Unified Parkinson’s Disease Rating Scale (MDS-UPDRS) part II lower than 2, time spent with dyskinesias assessed with MDS-UPDRS part IV lower than 2. Left-handed subjects, people with history of psychiatric disorders, neurological diseases other than PD, cardiovascular and/or metabolic diseases were excluded from the study. All the enrolled PD patients were clinically evaluated by an experienced neurologist within 2 weeks of the MRI scan. Specifically, the H&Y Scale and the MDS-UPDRS were used to assess the severity of PD symptoms (Goetz et al., 2004). Levodopa equivalent daily dose (LEDD) was also calculated for each PD patient (Tomlinson et al., 2010). Montreal Cognitive Assessment (MoCA) was used to evaluate the cognitive status of all recruited subjects to exclude frank dementia. For PD patients, additional cognitive assessments included the Trail Making Test (TMT), phonemic fluency and semantic fluency.

The study was approved by the IRCCS Fondazione Don Carlo Gnocchi Ethics Committee and performed in accordance with the principles of the Helsinki Declaration. Written and informed consent was obtained from all the participants.

MRI Acquisition

All the enrolled subjects were scanned on a 1.5T Siemens Magnetom Avanto scanner, equipped with a 12-channel head coil. The MRI protocol included:

– Structural sequences:

– A dual-echo turbo spin echo proton density PD/T2-weighted image [repetition time (TR) = 5550 ms, echo time (TE) = 23/103 ms, matrix size = 320 × 320 × 45, resolution 0.8 × 0.8 × 3 mm3] to exclude the presence of WM hyperintensities beyond those expected as a part of normal aging;

– A 3D high-resolution T1-weighted image obtained with a magnetization-prepared rapid acquisition with gradient echo (MPRAGE) sequence (TR = 1900 ms, TE = 3.37 ms, TI = 1100 ms, matrix size = 192 × 256 × 176, resolution 1 × 1 × 1 mm3) as anatomical reference, and to evaluate GM volume differences between groups;

– A 2D T1-weighted anatomical image with 5 mm-thick axial slices (TR/TE = 393/12 ms, matrix size = 128 × 128 × 26, resolution = 1.7 × 1.7 × 5 mm3) as anatomical reference for CBF map registration;

– Diffusion-weighted echo planar images (EPI) along 64 directions (b-value = 1500 s/mm2) and 3 b0 images (2 with A-P, 1 with P-A phase encoding) with the same parameters (TR/TE = 7800/109 ms, matrix size = 102 × 102 × 46, resolution = 2.5 × 2.5 × 2.5 mm3);

– Multi-delay pseudo-continuous ASL (pCASL) sequence with background suppressed 3D gradient and spin echo (GRASE) readout (TR/TE = 3500/22.58 ms, labeling duration = 1500 ms, 5 post-labeling delays (PLD) = [700, 1200, 1700, 2200, 2700] ms, 12 pairs of tag/control images for each delay, matrix size = 64 × 64 × 32, resolution = 3.5 × 3.5 × 5 mm3, distance between the center of imaging slices and labeling plane of 90 mm; 3 M0 images acquired with TR = 5000 ms) (Wang et al., 2013).

MRI Processing

A visual quality check was performed for all the acquired MRI data prior to any analysis. MRI data processing was performed with FMRIB’s Software Library (FSL1) unless otherwise specified.

To avoid voxel misclassification during GM, WM and cerebrospinal fluid (CSF) automated segmentation, age-associated WM hyperintensities were identified (if any) on PD/T2-weighted images by an experienced neuroradiologist. Hyperintensities were segmented with Jim software, version 6.02, and the obtained masks were registered to corresponding MPRAGE images with Advanced Normalization Tools (ANTs3) in order to perform lesion filling. Non-brain tissue was removed from lesion-filled MPRAGE image, then brain tissue classification was performed with SIENAX (Smith et al., 2002).

For processing of the diffusion-weighted images, the susceptibility-induced off-resonance field was estimated with the topup tool (Andersson et al., 2003). The eddy tool was then used to simultaneously correct images for eddy currents and subject movement as well as susceptibility-induced geometric distortions (Andersson and Sotiropoulos, 2016). Diffusion tensor estimation for each voxel was performed with dtifit (Behrens et al., 2003) and FA maps were derived. Each FA map was registered to the Montreal Neurological Institute (MNI) FA template with non-linear transformation, and the tensor was warped accordingly. Then, MD, AD, and RD maps were derived.

ASL raw data were corrected for movement with ANTs, then tag images were subtracted from control ones. CBF maps were calculated with the oxford_asl tool (Chappell et al., 2009) (tissue T1 = 1.2 s, T1 of blood = 1.36 s, tagging efficiency = 0.8) (Wang et al., 2013; Laganà et al., 2018) and calibrated with the asl_calib tool (Chappell et al., 2009) by adjusting for CSF magnetization extracted from M0 images. Partial volume effect (PVE) correction was performed based on the assumption that CBF in the GM is 2.5 times greater than in the WM (Marshall et al., 2016). Finally, GM CBF maps were registered to MNI standard space. To do this, PVE-corrected CBF maps were first linearly registered to the respective 2D T1-weighted images, characterized by the same slice thickness of ASL data, using ANTs. Then, non-linear registration to MNI standard space was performed via the MPRAGE with ANTs.

For each subject, median values of CBF, FA, MD, AD, and RD were extracted within specific regions of interest (ROIs). Specifically, median CBF, FA, MD, AD, and RD values were computed across the voxels in each ROI, namely caudate, putamen, globus pallidus, thalamus, substantia nigra, red nucleus and subthalamic nucleus. The Harvard-Oxford atlas was used to generate caudate, putamen, globus pallidus, and thalamus masks. Substantia nigra, red nucleus and subthalamic nuclei were defined from the Multi-contrast PD25 atlas (Xiao et al., 2015) and registered to MNI standard space. All the ROIs were eroded with a gaussian kernel (sigma = 2 mm) before performing the extraction of the median values of the parameters of interest.

To check for potential GM volume differences between PD patients and HC within the basal ganglia, voxel-based morphometry (VBM) was performed. This analysis was used to exclude that potential differences in diffusion parameters could be due to GM atrophy. Specifically, each subject’s GM map was non-linearly registered to MNI standard space, modulated with the Jacobian of the warp field and smoothed with a Gaussian kernel (sigma = 3 mm). GM volume voxel-wise comparison between the two groups was performed with the randomize tool, (Winkler et al., 2014) correcting for age and sex (ANCOVA), and using threshold-free cluster enhancement for cluster detection with 5000 permutations. The analysis was restricted to the basal ganglia regions of interest (i.e., substantia nigra, caudate, globus pallidus, putamen, thalamus, red nucleus and subthalamic nucleus). VBM results were family wise error (FWE) corrected at p < 0.05 to account for multiple comparisons.

Statistical Analysis

Normality of data distributions was tested with the Shapiro-Wilk test and parametric or non-parametric statistics were used accordingly.

Age and sex differences between PD and HC group were tested with an independent samples t-test and Chi-squared test, as appropriate.

Since L-Dopa or dopamine agonists may have an impact on CBF, (Chen et al., 2015; Lin et al., 2016) LEDD and CBF were non-parametrically correlated (Spearman’s) with one another for all ROIs. In case of significant bivariate correlation, LEDD was included as a covariate.

The Mann-Whitney U-test was used to compare FA, MD, AD, RD and CBF measures between PD patients and HC. The relationship between each diffusion parameter and CBF was tested with Spearman’s correlations, in PD and HC group separately. The Benjamini-Hochberg procedure was performed to control for the false discovery rate (FDR). FDR-corrected p-values lower that 0.05 were considered significant. Uncorrected p-values lower than 0.05 were considered as trends. Eta squared was computed to estimate the effect size and subsequently transformed to Cohen’s d values. Effect size was classified as very small for d < 0.2, small for 0.2 ≤ d<0.5, moderate for 0.5 ≤ d<0.8 and large for d ≥ 0.8.

Additional analyses to assess the relationship between diffusion and perfusion alterations and disease duration were performed and are described in Supplementary Material (see Supplementary Table 1). In addition, correlation analysis between FA, MD, AD, RD, and CBF and the neuropsychological test scores were performed and are shown in Supplementary Material (see Supplementary Table 2).



RESULTS

Demographics

PD and HC groups were age- and sex-matched (p = 0.527 and p = 0.071, respectively). PD patients and HC had a mean (standard deviation-SD) age of 66.7 (8.9) and 65.2 (7.5) years old, respectively. The PD group was characterized by a median (interquartile range-IQR) H&Y of 1.5 (1–1.6), and by a mean (SD) MDS-UPDRS III of 19.2 (11.2). The median adjusted MoCA (Santangelo et al., 2015) of the PD group and HC group was 24.3 and 25.6, respectively. Demographic and clinical characteristics of the two groups are reported in Table 1.

TABLE 1. Demographic and clinical characteristics of the participants of the study.
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MRI Parameters Group Comparison

All the MRI images were classified as good quality scans and included in the analysis.

No significant correlation was found between CBF and LEDD in any ROI (results not shown). For this reason, LEDD was not considered as covariate in the following analysis.

No significant FA differences were observed. MD was significantly higher in PD patients with respect to HC in the substantia nigra (p = 0.030, d = 0.631), putamen (p = 0.012, d = 0.742) and red nucleus (p = 0.036, d = 0.607) but none of the results survived FDR correction. AD was found to be significantly higher in PD compared to HC in the putamen (p = 0.005, d = 0.836), even when correcting for multiple comparisons (pFDR = 0.035). Increased RD was observed in PD for the putamen (p = 0.039, d = 0.596) and red nucleus (p = 0.034, d = 0.616), while higher CBF was found in the subthalamic nucleus (p = 0.022, d = 0.669) although significance was lost after FDR correction. Median FA, MD, AD, RD, and CBF values, and their IQR are reported in Table 2.

TABLE 2. Median (IQR) values of FA, MD, AD, RD, and CBF for HC and PD groups within the ROIs.
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The VBM analysis did not show any significant GM volume differences between PD and HC groups within the basal ganglia regions.

Correlations Between DTI Parameters and CBF

No significant correlation was found between any of the diffusion parameters and CBF in HC group (Supplementary Table 3). Conversely, for the PD group, significant FDR-corrected correlations were found between CBF and all the diffusion parameters in the caudate nucleus (with FA: r = 0.543, pFDR = 0.028; with MD: r = −0.661, pFDR = 0.002; with AD: r = −0.628, pFDR = 0.007; with RD: r = −0.635, pFDR = 0.003; see Table 3). The scatterplots representing diffusion-vs.-perfusion measures in the caudate in the PD group are reported in Figure 1.

TABLE 3. Spearman’s correlation between local CBF and diffusion parameters in PD group (n = 26) within all the ROIs.
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FIGURE 1. Scatterplots showing FA, MD, AD, and RD in the caudate in relation to CBF in the PD group (panel A–D, respectively). Spearman’s correlation coefficients and associated FDR-corrected p-values are shown (significant for pFDR < 0.05). CBF, cerebral blood flow; FA, fractional anisotropy; FDR, false discovery rate; HC, healthy control; MD, mean diffusivity; AD, axial diffusivity; PD, Parkinson’s disease; r-Spearman’s correlation coefficient; RD, radial diffusivity.





DISCUSSION

In the current study a combined assessment of DTI parameters and CBF within the basal ganglia was performed in a group of idiopathic PD patients to investigate the relationship between microstructural integrity and perfusion alterations. Three main findings were obtained. First, microstructural alteration was shown in the putamen, a region that is primarily involved in PD. In addition, no significant perfusion differences were observed between PD and HC in any of the considered ROIs. Finally, a significant correlation between DTI parameters and CBF emerged for PD patients in the caudate.

The presence of DTI alterations in PD has been extensively discussed over the last decade but without drawing final conclusions, as conflicting results have been reported (Cochrane and Ebmeier, 2013; Schwarz et al., 2013; Atkinson-Clement et al., 2017). Since the loss of dopaminergic neurons leads to the disruption of diffusion barriers, decreased FA and increased MD,AD and RD are expected in PD (Atkinson-Clement et al., 2017; Winklewski et al., 2018). Nevertheless, some recent studies also showed increased FA and decreased diffusivities in PD (Lenfeldt et al., 2015; Mole et al., 2016; Wen et al., 2016; Chen et al., 2018) In addition, varied multifocal patterns of abnormal DTI changes were reported, (Karagulle Kendi et al., 2008; Zhan et al., 2012) probably due to the multisystem involvement and the non-motor syndromes that characterize the disease (Hall et al., 2016). In the present study, significantly increased AD and a trend for higher MD and RD were found for PD patients in the putamen. The putamen is a key region for motor symptoms in PD, (Manza et al., 2016) since it is densely connected with the motor cortex. Therefore, its structural alterations are strongly associated with PD motor deficits (Nemmi et al., 2015) which are the cardinal symptoms of the disease. Notably, our PD group showed a trend for altered diffusivity also in the substantia nigra. Specifically, a trend for increased MD was observed, in line with several previous studies that reported altered nigral MD in PD (Scherfler et al., 2013; Schwarz et al., 2013; Du et al., 2014; Kamagata et al., 2016; Loane et al., 2016). Furthermore, a significant correlation between RD in the substantia nigra and TMT, part A score (Supplementary Table 2) was found. Conversely, no significant FA alterations were detected within the substantia nigra of PD patients in this study. Although this result is in contrast with several previous studies that reported reduced FA in PD, (Yoshikawa et al., 2004; Chan et al., 2007; Vaillancourt et al., 2009; Wei et al., 2016) heterogeneous FA alterations have been reported, so that FA in the substantia nigra has been considered insufficiently sensitive and specific to diagnose PD (Schuff et al., 2015; Hirata et al., 2017). The relatively limited sample size probably prevented us from consistently showing significant alterations of all the DTI parameters in the putamen and in the substantia nigra of our PD patients. However, the significantly altered AD in the putamen and the observed trends, associated with moderate to large effect sizes, suggest that DTI changes are present in the putamen and in the substantia nigra in early PD. The absence of group differences in terms of GM volumes within the regions showing DTI alterations highlighted that the loss of micro-structural integrity was without gross tissue loss (i.e., atrophy). Thus, the deafferentation of the nigrostriatal pathway likely induces a complex microstructural reorganization in the putamen and substantia nigra (Peran et al., 2010).

Besides DTI measures, ASL-derived CBF values were also tested in this study. No significant CBF differences between PD patients and HC were found within any of the ROIs. However, a trend for increased perfusion (significant before FDR-correction) was observed within the subthalamic nucleus. Hypermetabolism of the subthalamic nucleus, reflected by greater CBF, is in concordance with increased neuronal activity and an irregular firing pattern, as previously reported in PD (Hutchison et al., 1998; Blandini et al., 2000; Rodriguez-Oroz et al., 2001). The important role of the subthalamic nucleus in PD symptomatology and in direct-indirect pathway imbalance is supported by the dramatic clinical benefits experienced by PD patients after neurosurgery (both ablation and deep brain stimulation) targeting this structure (Obeso et al., 2017). Unlike in the DTI analysis, we did not detect any differences in putaminal perfusion in our PD patients. Our result of preserved CBF in the putamen is in line with some previous studies (Melzer et al., 2011; Al-Bachari et al., 2014; Pelizzari et al., 2019) but in contrast with a recent one that showed putaminal hypoperfusion in PD patients, both at early and middle stage of the disease (Wei et al., 2016). The considerable clinical heterogeneity that characterizes PD could have prevented us from identifying common patterns of CBF alterations in the basal ganglia in early PD patients. Investigating CBF in a wider cohort of PD patients at the early stage and accounting for motor symptom laterality onset is warranted to clarify the role of CBF changes in PD.

Interestingly, strongly significant correlations between all the DTI parameters and CBF were observed in the caudate nucleus of our PD patients, even though neither diffusion nor perfusion indices were altered. The caudate nucleus is known to be relatively spared at the early stage of the disease. A slower rate of dopaminergic decline in the caudate nucleus with respect to the putamen was reported by a previous study, with no significant changes in the caudate during the first years of the disease (Bruck et al., 2009). The dorsal caudate nucleus is connected with the dorsolateral prefrontal cortex, and it is part of the cognitive loop, which was proposed to be affected immediately after the motor one in PD (de la Fuente-Fernandez, 2012). Therefore, the absence of diffusion and perfusion changes in the caudate might be associated with the early disease stage. However, a correlation between DTI parameters and CBF was observed in this study. Specifically, PD patients who presented microstructural alterations in the caudate, showed also hypoperfusion. Both microstructural damage and perfusion alterations might be associated with disease duration (Supplementary Table 1), thus longitudinal studies are warranted to confirm their potential link with disease progression.

This study is not without limitations. The sample size was relatively small and the results remain to be confirmed in a larger number of patients. In addition, the relatively low resolution of ASL MRI, together with the small size of the ROIs, may have prevented us from showing the expected perfusion alterations. Another limitation that has to be mentioned is that the study was performed with a 1.5T MRI scanner. Although 3T scanners are characterized by a higher signal-to-noise ratio, the investigation of non-invasive markers to evaluate PD patients even with lower-field scanners, which are still prevalent in the clinical practice, is important in a translational perspective for diagnosis, treatment efficacy assessment and in terms of PD monitoring. The lack of a fine-grained neuropsychological assessment and the heterogeneity of our PD group in terms of laterality onset have also to be mentioned as limitations. This probably prevented us from showing consistent correlations between neuropsychological scores and MRI parameters (Supplementary Table 2). Finally, although we expected to find an association between perfusion changes and alterations of diffusion indices, only longitudinal studies may confirm the association with disease progression and allow for more firm conclusions to be drawn.



CONCLUSION

In conclusion, DTI appears to be a more sensitive technique than ASL to detect changes in basal ganglia regions of early PD patients when using 1.5T clinical scanners. However, since CBF in the caudate correlates with respective DTI parameters, both microstructural alterations and hypoperfusion may potentially be involved in caudate neurodegeneration and in the development of further symptoms in later stages of the disease.
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Background: Studying structural brain aging is important to understand age-related pathologies, as well as to identify the early manifestations of the Alzheimer’s disease (AD) continuum. In this study, we investigated the long-term trajectory of physiological and pathological brain aging in a large number of participants ranging from the 50s to over 80 years of age.

Objective: To explore the distinct brain regions that distinguish pathological brain aging from physiological brain aging using sophisticated measurements of cortical thickness.

Methods: A total of 2,823 cognitively normal (CN) individuals and 2,675 patients with AD continuum [874 with subjective memory impairment (SMI), 954 with amnestic mild cognitive impairment (aMCI), and 847 with AD dementia] who underwent a high-resolution 3.0-tesla MRI were included in this study. To investigate pathological brain aging, we further classified patients with aMCI and AD according to the severity of cognitive impairment. Cortical thickness was measured using a surface-based method. Multiple linear regression analyses were performed to evaluate age, diagnostic groups, and cortical thickness.

Results: Aging extensively affected cortical thickness not only in CN individuals but also in AD continuum patients; however, the precuneus and inferior temporal regions were relatively preserved against age-related cortical thinning. Compared to CN individuals, AD continuum patients including those with SMI showed a decreased cortical thickness in the perisylvian region. However, widespread cortical thinning including the precuneus and inferior temporal regions were found from the late-stage aMCI to the moderate to severe AD. Unlike the other age groups, AD continuum patients aged over 80 years showed prominent cortical thinning in the medial temporal region with relative sparing of the precuneus.

Conclusion: Our findings suggested that the precuneus and inferior temporal regions are the key regions in distinguishing between physiological and pathological brain aging. Attempts to differentiate age-related pathology from physiological brain aging at a very early stage would be important in terms of establishing new strategies for preventing accelerated pathological brain aging.

Keywords: physiological brain aging, pathological brain aging, cortical thickness, Alzheimer’s disease, precuneus, inferior temporal region


INTRODUCTION

Aging is a physiological process that affects all tissues and organs including the human brain. The functional capabilities of the brain show a gradually progressive decline during aging, as with other organs. Specifically, declines in memory, conceptual reasoning, and processing speed are commonly observed in the elderly (Blazer et al., 2015). To date, the underlying cellular and molecular mechanisms of brain aging have been established in the context of mitochondrial dysfunction, impaired molecular waste disposal, aberrant neuronal network activity, oxidative damage, dysregulation of neuronal calcium homeostasis, and inflammation (Mattson and Arumugam, 2018).

Alzheimer’s disease (AD) is a slowly progressing, irreversible neurodegenerative disease with a long preclinical phase (Masters et al., 2015). Regarded as a pre-dementia phase of AD, amnestic mild cognitive impairment (aMCI) is characterized by the development of noticeable memory problems, which do not affect the independence of functional abilities (Albert et al., 2011). Based on the concept of the paradigm shift in focus from AD dementia to preclinical AD in clinical trials, early-stage aMCI with milder cognitive impairments has emerged as a new classification rather than late-stage aMCI (Aisen et al., 2010). Furthermore, subjective memory impairment (SMI), a self-experienced persistent memory decline without objective cognitive deterioration, may represent the first symptomatic manifestation of AD (Jessen et al., 2014; Rabin et al., 2017). Therefore, both the clinical symptomatology and the underlying process of AD pathology have been conceptualized as part of the AD continuum which includes: SMI, aMCI, and AD dementia (Sperling et al., 2011).

Studying structural brain aging is of interest for the understanding of age-related pathology, as well as for the identification of the early manifestations of the AD continuum. Indeed, a previous study from our group showed that physiological brain aging occurs from the age of 40 years and continues past the age of 80 years (Lee et al., 2018). Cortical thickness in the dorsolateral prefrontal cortex and inferior parietal lobule was affected by aging earlier in life, but cortical thickness was relatively preserved in the precuneus, inferior temporal, and lateral occipital cortices until later in life. However, neuroimaging studies of AD have shown greater cortical atrophy in the medial temporal, posterior parietotemporal, posterior cingulate, and precuneus in early stage of disease (Jack, et al., 1997; Scahill et al., 2002; Damoiseaux et al., 2012). Also, there have been reports showing that cortical atrophy precedes cognitive decline and can be used to detect early changes in AD (Hampel et al., 2008; Jack et al., 2009). Additionally, patients with aMCI exhibit significant atrophy in the hippocampus, parahippocampal gyrus, and entorhinal cortex compared to cognitively normal (CN) individuals (Killiany et al., 2000; Wolf et al., 2001). Even in SMI stage, significant cortical atrophy in the entorhinal cortex, posterior cingulate gyrus, and inferior parietal cortex is observed (Peter et al., 2014; Meiberth et al., 2015; Schultz et al., 2015). To our knowledge, however, there have been no studies comparing cortical atrophy according to the age group in AD continuum patients, which can be regarded as pathological aging, with physiological brain aging. Considering that aging is a strong risk factor for AD (Scheltens et al., 2016), attempts to differentiate age-related pathology from physiological brain aging at a very early stage are important for establishing new strategies to prevent accelerated pathological brain aging.

In this study, we therefore investigated the long-term trajectory of physiological and pathological brain aging in a large cohort comprising individuals ranging from the 50s to over 80 years of age. Our main objective was to explore specific brain regions in order to distinguish pathological brain aging from physiological brain aging using sophisticated measurements of cortical thickness. We hypothesized that there would be distinct brain regions between physiological and pathological brain aging. To address different stages of the AD continuum, we studied seven groups of participants according to the severity of cognitive impairment: CN; SMI; early-stage aMCI; late-stage aMCI; very mild AD; mild AD; and moderate to severe AD.



MATERIALS AND METHODS


Study Participants

Cognitively normal individuals were recruited from the Health Promotion Center of the Samsung Medical Center (Seoul, South Korea). The study population comprised men and women aged 50 years or older who underwent a comprehensive health screening exam from January 1, 2009 to December 31, 2014. There were 3,290 eligible participants who attended a preventative medical check-up, which included an assessment of cognitive function and dementia status. All study participants underwent a high-resolution 3.0-Tesla brain MRI, including three-dimensional (3D) volume images, as a part of their dementia assessment. The assessment procedure used for the participants has been described in detail elsewhere (Lee et al., 2016). We excluded participants who had any of the following conditions: 202 participants with missing data on education years or Mini-Mental State Examination (MMSE) score; 178 participants with significant cognitive impairments defined as an MMSE scores below the 16th percentile in age-, sex-, and education-matched norms or through an interview conducted by a qualified neurologist; and 136 participants with unreliable analyses of cortical thickness due to head motion, blurring of the MRI, inadequate registration to a standardized stereotaxic space, misclassification of the tissue type, or inexact surface extraction. Therefore, the final sample size was 2,823 participants (1,427 men and 1,396 women).

In addition, a total of 3,619 AD continuum patients were recruited from the Memory Disorders Clinic of Samsung Medical Center from March 1, 2007 to December 31, 2013. Our recruitment from the memory clinic was focused on enriching the number of patients with clinical AD, subcortical vascular dementia, MCI, or SMI. However, only a small minority of the recruited group had frontotemporal lobar dementia, dementia with Lewy bodies, or other degenerative dementias. We selected 2,770 patients at the age of 50 or older who were clinically diagnosed with SMI, aMCI, or AD dementia. The clinical diagnosis was established at a multi-disciplinary conference applying standard research criteria for SMI, aMCI, and dementia syndromes. In detail, all of the SMI patients met the following criteria (Rabin et al., 2015): (1) subjective memory complaints by patients or caregivers; (2) no objective cognitive dysfunction as evidenced by scores from evaluations on any cognitive domains; and (3) not suffering dementia. Patients were diagnosed with aMCI using the Petersen criteria (Petersen, 2004) with the following modifications, which have been previously described in detail (Seo et al., 2009): (1) a subjective cognitive complaint by the patient or his/her caregiver; (2) normal Activities of Daily Living (ADL) score determined clinically and with the instrumental ADL scale; (3) an objective cognitive decline below the 16th percentile [−1.0 standard deviation (SD)] of age- and education-matched norms in at least one of four cognitive domains (language, visuospatial, memory, or frontal-executive function) on neuropsychological tests; and (4) absence of dementia. Patients with AD dementia fit the NINCDS-ADRDA criteria for probable AD (McKhann et al., 2011). In this study, we excluded patients who met the Diagnostic and Statistical Manual of Mental Disorders (Fourth Edition) criteria for psychotic or mood disorder, such as schizophrenia or major depressive disorder. All patients underwent a standardized diagnostic assessment protocol including a high-resolution 3.0-Tesla MRI for neurodegenerative and cerebrovascular diseases and detailed neuropsychological tests. We excluded 95 patients with an unreliable analysis of the cortical thickness due to head motion, blurring of the MRI, inadequate registration to a standardized stereotaxic space, misclassification of tissue type, or inexact surface extraction. Therefore, the final sample size of the AD continuum patients was 2,675 (874 with SMI, 954 with aMCI, and 847 with AD).

Laboratory tests were conducted in all patients to rule out other causes of cognitive impairment. These tests included complete blood count, vitamin B12, folate, metabolite profile, thyroid function tests, and syphilis serology. Apolipoprotein E (APOE) genotyping was performed in 658 (23.3%) of the 2,823 CN individuals, 700 (80.1%) of the 874 patients with SMI, 803 (84.2%) of the 954 patients with aMCI, and 639 (75.4%) of the 847 patients with AD dementia, respectively. All study participants were excluded if they had a cerebral, cerebellar, or brainstem infarction; hemorrhage; brain tumor; hydrocephalus; severe cerebral white matter hyperintensities (deep white matter ≥ 2.5 cm and caps or band ≥ 1.0 cm); or severe head trauma by personal history.



Standard Protocol Approvals, Registrations, and Patient Consent

This study was approved by the Institutional Review Board at the Samsung Medical Center. In addition, all methods were carried out in accordance with the approved guidelines. A written informed consent was obtained from all participants prior to the study.



Neuropsychological Assessments

All AD continuum patients underwent neuropsychological tests using a standardized neuropsychological battery (Ahn et al., 2010). This included tests for attention, language, praxis, elements of Gerstmann syndrome, visuoconstructive function, verbal and visual memory, and frontal/executive function. The series also included digit span tests (forward and backward); the Korean version of the Boston Naming Test; the Rey-Osterrieth Complex Figure Test (RCFT), which involves copying, immediate and 20-min delayed recall, and recognition; the Seoul Verbal Learning Test (SVLT), which includes three learning-free recall trials of 12 words, a 20-min delayed recall trial for these 12 items, and a recognition test; a phonemic and semantic Controlled Oral Word Association Test; and a Stroop Test, which involves word and color reading of 112 items during a 2-min period. Each score was converted into a standardized score (Z score) based on age-, sex, and education-adjusted norms (Ahn et al., 2010). Scores lower than −1.0 SD from the age-, sex-, and education-adjusted norms were considered abnormal. The results of neuropsychological tests in AD continuum patients are presented in Supplementary Table 1.



Classification of aMCI and AD

To investigate pathological brain aging, we further classified patients with aMCI or AD according to the severity of cognitive impairment. In aMCI patients, memory function was considered abnormal when delayed recall scores on either the SVLT or RCFT were lower than −1.0 SD from the baseline memory test results (Ye et al., 2013). Patients with performances between −1.0 and −1.5 SD of the age-, sex-, and education-adjusted norms were diagnosed with early-stage aMCI (305 patients), while those with performances lower than −1.5 SD were classified as late-stage aMCI (649 patients). In AD patients, dementia severity was classified based on the clinical dementia rating (CDR) score (Morris et al., 2001): very mild AD (CDR 0.5, 282 patients), mild AD (CDR 1, 411 patients), and moderate to severe AD (CDR 2 and 3, 154 patients).



Brain MRI Scans

All study participants underwent a 3D volumetric brain MRI scan. An Achieva 3.0-Tesla MRI scanner (Philips, Best, Netherlands) was used to acquire a 3D T1 Turbo Field Echo (TFE) MRI data using the following imaging parameters: sagittal slice thickness, 1.0 mm with 50% overlap; no gap; repetition time of 9.9 ms; echo time of 4.6 ms; flip angle of 8°; and matrix size of 240 × 240 pixels reconstructed to 480 × 480 over a field view of 240 mm.



Cortical Thickness Measurements

T1-weighted MR images were automatically processed using the standard Montreal Neurological Institute image processing software (CIVET) to measure cortical thickness. This software has been well-validated and extensively described elsewhere including in aging/atrophied brain studies (Lerch and Evans, 2005; Singh et al., 2006). In summary, native MR images were first registered into a standardized stereotaxic space using an affine transformation (Collins et al., 1994). Non-uniformity artifacts were corrected using the N3 algorithm, and the registered and corrected volumes were classified as GM, white matter (WM), cerebrospinal fluid (CSF), and background using an artificial neural net classifier (Sled et al., 1998). The surfaces of the inner and outer cortices were automatically extracted by deforming a spherical mesh onto the gray/white boundary of each hemisphere using the Constrained Laplacian-Based Automated Segmentation with Proximities algorithm, which has also been well-validated and extensively described elsewhere (Kim J.S. et al., 2005).

Cortical thickness was calculated as the Euclidean distance between the linked vertices of the inner and outer surfaces after application of an inverse transformation matrix to the cortical surfaces and reconstructing them in the native space (Kim J.S. et al., 2005; Im et al., 2006). To control for brain size, we computed the intracranial volume (ICV) using classified tissue information and a skull mask acquired from the T1-weighted image (Smith, 2002). ICV was defined as the total volume of GM, WM, and CSF, with consideration of the voxel dimension. Classified GM, WM, CSF, and background within the mask were transformed back into the individual native space.

To compare the thicknesses of corresponding regions among the participants, the thicknesses were spatially registered on an unbiased iterative group template by matching the sulcal folding pattern using surface-based registration involving sphere-to-sphere warping (Lyttelton et al., 2007). For global and lobar regional analyses, we used the lobe-parcellated group template that had been previously divided into frontal, temporal, parietal, and occipital lobes using SUMA1 (Im et al., 2006). Average thickness values of the whole vertex in each hemisphere and lobar region were used for global analysis.



Statistical Analysis

The Student’s t-test, Chi-square test, and analysis of variance with Bonferroni post hoc tests were used as appropriate to compare the demographic and clinical characteristics of the groups (diagnostic or age groups). To evaluate the relationship between age (continuous) and cortical thickness, we used multiple linear regression analysis after controlling for sex, education years (continuous), ICV, vascular risk factors (hypertension, diabetes mellitus, and hyperlipidemia), and history of ischemic heart disease or stroke.

For cortical thickness analyses of MRI data from CN individuals and AD continuum patients, we used a MATLAB-based toolbox (available free online at the University of Chicago website2). Diffusion smoothing with a full-width half-maximum of 20 mm was used to blur each cortical thickness map, leading to an increased signal-to-noise ratio and statistical power (Lerch and Evans, 2005). We entered age (continuous or categorical) as a predictor and vertex-by-vertex cortical thickness as an outcome to analyze the relationship between cortical thickness and age in the surface model. A linear regression analysis was then performed after controlling for sex, education years (continuous), ICV, vascular risk factors (hypertension, diabetes mellitus, and hyperlipidemia), and history of ischemic heart disease or stroke. The cortical surface model contained 81,924 vertices; thus, correction for multiple comparisons was performed using a random field theory correction at a probability value of 0.05. Statistical analyses were performed using SPSS version 20.0 (SPSS, Inc., Chicago, IL, United States).




RESULTS


Characteristics of the Study Participants

Table 1 shows the demographic and clinical characteristics of the study participants. The mean (SD) ages of the CN, SMI, aMCI, and AD dementia group were 64.1 (6.9), 65.9 (8.5), 71.1 (8.4), and 73.0 (9.2) years, respectively. Significant differences in the mean age among the four groups were noted. The proportion of female was highest in the SMI group (72.2%), while it was lowest in the CN group (49.5%). The AD dementia group had the lowest education years and ICV, but the proportion of APOE ε4 carriers was highest among the four groups. The number of study participants in each group is presented in Supplementary Table 2. In the CN, aMCI, and AD dementia groups, we combined the age groups of the 90 and 100s into the over-80 groups due to the small number of participants in these age groups.

TABLE 1. Demographic and clinical characteristics of the study participants (N = 5,498).
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Mean Cortical Thickness of Each Age Group According to the Diagnostic Groups

The mean and SD of the cortical thickness for each age group according to the diagnostic groups is presented in Table 2. In the CN, SMI, and aMCI (early- and late-stages) groups, the mean cortical thickness in the global, frontal, temporal, parietal, and occipital regions decreased as the age increased. However, among patients with very mild and mild AD, the 50s group had a lower mean cortical thickness in the parietal and occipital regions than the 60 and 70s groups. Among patients with moderate to severe AD, the 50s group exhibited the lowest mean cortical thickness in the frontal, parietal, and occipital regions.

TABLE 2. Mean and SD of the cortical thickness for each age group according to the diagnostic groups.
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Relationship Between Age and Cortical Thickness According to the Diagnostic Groups

Table 3 shows the relationships between age and cortical thickness according to the diagnostic groups. Multiple linear regression analyses showed that age was negatively correlated with cortical thickness in the global, frontal, temporal, parietal, and occipital regions in the CN, SMI, and aMCI (early- and late-stages) groups (all P < 0.001). In the very mild AD groups, age was negatively correlated with cortical thickness in the global (P < 0.001), frontal (P < 0.001), and temporal regions (P < 0.001), but not in the parietal (P = 0.079) and occipital (P = 0.061) regions. Age was positively correlated with cortical thickness in the parietal region in the mild AD (P = 0.001) and moderate to severe AD (P < 0.001) groups. The 3D reconstruction for the correlation between age and cortical thickness of the diagnostic groups is presented in Figure 1. The topography of age-related cortical thinning was widespread and severe in the CN, SMI, and aMCI groups. However, the precuneus and inferior temporal regions were relatively preserved against the effects of age (Figures 1A–C). In the AD group, increasing age was associated with cortical thinning in the medial and ventrolateral prefrontal, medial and lateral temporal, medial occipital, precentral, and post-central regions (Figure 1D).

TABLE 3. Relationship between age and cortical thickness according to the diagnostic groups.
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FIGURE 1. Three-dimensional reconstruction of the correlation between age (continuous) and cortical thickness in the (A) CN, (B) SMI, (C) aMCI, and (D) AD groups. RFT-corrected (P-value < 0.05) results were adjusted for sex, education years, ICV, vascular risk factors (hypertension, diabetes mellitus, and hyperlipidemia), and history of ischemic heart disease or stroke. The color scale from blue to yellow indicates statistically significant age-related cortical thinning. CN, cognitively normal; SMI, subjective memory impairment; aMCI, amnestic mild cognitive impairment; AD, Alzheimer’s disease; RFT, random field theory; ICV, intracranial volume.





Topographical Differences in Cortical Thickness of Each Age Group Based on the Diagnostic Groups Compared to Age Group-Matched CN Individuals

Figure 2 shows the topographical differences in cortical thickness of each age group based on the diagnostic groups compared to the age-matched CN group. From the SMI to moderate to severe AD stages, cortical thinning occurred in the perisylvian region and spread widely in the 60 and 70s groups. Notably, the precuneus and inferior temporal regions, which were relatively preserved against age-related cortical thinning, were especially affected at the late-stage aMCI stage and cortical thinning occurred across most of the cortices in the moderate to severe AD stage. However, cortical thinning of the paracentral lobule and anterior cingulate regions were relatively less affected until later in life, even at the stage of moderate to severe AD. Compared to the over-80 CN group, the over-80 late-stage aMCI group showed cortical thinning in the dorsolateral prefrontal, perisylvian, and medial temporal regions. However, the precuneus, paracentral lobule, anterior cingulate, medial occipital regions were relatively preserved until the moderate to severe AD stage.
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FIGURE 2. Topographical differences in the cortical thickness of each age group based on the diagnostic groups compared to age group-matched CN individuals. RFT-corrected (P-value < 0.05) results were adjusted for sex, education years, ICV, vascular risk factors (hypertension, diabetes mellitus, and hyperlipidemia), and history of ischemic heart disease or stroke. The color scale from blue to yellow indicates statistically significant topographical differences in cortical thinning of each age group. CN, cognitively normal; SMI, subjective memory impairment; aMCI, amnestic mild cognitive impairment; AD, Alzheimer’s disease; RFT, random field theory; ICV, intracranial volume.






DISCUSSION

In this study, we investigated the trajectory of physiological and pathological brain aging in a large population of 5,498 participants using sophisticated measurements of cortical thickness. The major findings of the study were as follows. First, aging extensively affected cortical thinning not only in CN individuals but also in AD continuum patients; however, the precuneus and inferior temporal regions were relatively preserved against age-related cortical thinning. Second, compared to CN individuals, AD continuum patients showed a decreased cortical thickness in the perisylvian region even in the SMI stage. However, widespread cortical thinning including the precuneus and inferior temporal regions were found in late-stage aMCI and moderate to severe AD. Third, unlike the other age groups, the over-80 AD continuum patients showed prominent cortical thinning in the medial temporal region with relative sparing of the precuneus. Taken together, our findings provide some important insights into the difference between physiological and pathological brain aging.

Age-related cortical thinning was widespread and severe in the CN, SMI, and aMCI groups, whereas in the AD group, increasing age was not associated with cortical thinning in the dorsolateral prefrontal, parietal, and lateral occipital regions. Besides, age was positively correlated with mean cortical thickness in the parietal region in the mild AD and moderate to severe AD groups. In AD patients, the age of symptom onset is known to determine distinctive radiologic features (Kim E.J. et al., 2005; Cho et al., 2013); specifically, patients with early-onset AD have greater cortical atrophy in the lateral parietal region and precuneus than those with late-onset AD (Frisoni et al., 2007; Ossenkoppele et al., 2015a). This could be explained by the brain reserve hypothesis (Stern, 2002), which postulates that early-onset AD have a greater brain reserve than late-onset AD and therefore more severe imaging abnormalities despite having similar cognitive performance. We therefore suggest that early-onset AD is more severely affected by pathological brain aging than physiological brain aging.

To evaluate pathological brain aging more specifically, we classified the AD continuum patients into six groups according to the severity of cognitive worsening. Through comparisons with CN individuals in each age group, we minimalized the effects of physiological aging and evaluated the distinct brain regions associated with physiological and pathological brain aging. Cortical thinning in the perisylvian region was found from the SMI group and spread widely as pathological brain aging progressed. Previous studies have shown that SMI patients, compared to CN individuals, had AD-like cortical atrophy patterns (Peter et al., 2014; Meiberth et al., 2015; Schultz et al., 2015). However, some studies did not find significant differences between SMI patients and CN individuals (Selnes et al., 2012; Jung et al., 2016). This disparity is probably due to the fact that SMI is a heterogeneous group that includes preclinical AD or various conditions that can affect cognition, such as anxiety and depression (Jessen et al., 2014). Nonetheless, we found that there was a distinctive cortical thinning region – the perisylvian area – between the SMI and CN groups with a large sample size. The perisylvian area has been linked to the lateral cholinergic pathway (Selden et al., 1998). Considering that the cholinergic system plays an important role in learning and memory (Hasselmo, 2006), our findings may provide clues for future research on SMI, as a part of AD continuum.

Another noteworthy finding was that widespread cortical thinning including the precuneus and inferior temporal regions were found from the late-stage aMCI to the moderate to severe AD. As mentioned above, the precuneus and inferior temporal regions were relatively preserved against the effects of aging in the CN, SMI, and aMCI groups; however, these regions exhibited cortical thinning that clearly distinguished between the early- and late-stage aMCI. The precuneus has been reported to have a central role in highly integrated tasks, including episodic memory retrieval, visuospatial processing, and self-consciousness (Cavanna and Trimble, 2006). The current literature suggests that the precuneus is particularly vulnerable to the early deposition of β-amyloid (Sperling et al., 2009) and seems to be affected even in the early-stages of AD (Greicius et al., 2004; Klunk et al., 2004; Miners et al., 2016). In addition, the inferior temporal region is considered particularly important for the ventral stream and has been implicated in object recognition and semantic processing (Grill-Spector et al., 2000; Kellenbach et al., 2005). Previous studies also demonstrated that the inferior temporal region is affected during the prodromal stage of AD and may underlie some of the early AD-related clinical dysfunctions (Convit et al., 2000; Scheff et al., 2011). We therefore suggest that the precuneus and inferior temporal regions are key regions in distinguishing between physiological and pathological brain aging, although cortical thinning is initiated in the perisylvian region, even at the SMI stage.

Interestingly, unlike the other age groups, the over-80 AD continuum patients showed minimal cortical thinning in the perisylvian region from SMI; however, prominent cortical thinning was found in the medial temporal region with relative sparing of the precuneus. This might be due to the specific pattern of cortical thinning that occurs in late-onset AD. In fact, previous studies from our group showed that patients with late-onset AD presented cortical thinning mostly in the medial temporal region, while early-onset AD patients had prominent cortical thinning in the precuneus (Seo et al., 2011; Cho et al., 2013). Alternatively, considering 25–50% of the oldest-old have “low” or “none” neuritic amyloid plaque density (Neltner et al., 2016), this may be partly explained by suspected non-Alzheimer pathology or primary age-related tauopathy (PART). As aging progresses, burdens of neurodegenerative and cerebrovascular diseases increase (Braak et al., 2011; Thal et al., 2012). Moreover, a meta-analysis showed that the frequency of amyloid positivity actually decreased with aging in patients with clinical AD dementia (Ossenkoppele et al., 2015b). Recent studies demonstrated that the oldest-old patients with PART showed significantly less extensive tau lesions beyond the medial temporal lobe differing from those in AD (Jellinger, 2018; Bell et al., 2019). As a result, the oldest-old patients may be clinically misdiagnosed with AD. Further studies are needed to determine the underlying pathology in the oldest-old patients with clinical AD dementia.

The strengths of the study include the large number of participants (N = 5,498) and the sophisticated measurements of cortical thickness using the same type of scanner with the same scan parameters across different waves of data collection. However, several limitations should be acknowledged when interpreting the results. First, our study was designed to be cross-sectional, precluding claims of causality. The cross-sectional design did not take into account individual differences in the process of aging. Second, in the present study, CN individuals were recruited from individuals seeking a comprehensive preventive health exam not covered by national medical insurance, which might not be completely representative of the general population. Third, we did not have additional biomarkers indicating AD pathology, such as CSF biomarkers, molecular imaging or neuropathological data from the participants. Finally, despite the large sample size, some subgroups such as the 50s and over-80 groups in early-stage aMCI or the 50s group in very mild AD, were relatively small.

Nevertheless, our findings provide an important clue to understanding the mechanism of brain aging. Early identification of age-related pathology in physiological brain aging may be important to establish new strategies for preventing accelerated pathological brain aging, in keeping with the paradigm shift in focus from AD dementia to preclinical AD in the development of therapeutic interventions.
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Introduction: Dementia with Lewy bodies (DLB) often exhibits REM sleep behavior disorder (RBD) at its prodromal stage. Meanwhile, DLB is often comorbid with Alzheimer's disease (AD)-type pathology. In typical AD, amyloid-β deposition begins considerably before the onset of dementia and has already reached a plateau at the stage of mild cognitive impairment. However, it is not known when amyloid accumulation starts in DLB with AD-type pathology. In the present study, we examined amyloid deposition in patients with RBD as a prodromal symptom of DLB using [11C]-Pittsburgh compound B positron emission tomography (PiB-PET).

Methods: The subjects were 12 patients with probable RBD as diagnosed by the Japanese RBD screening questionnaire. They also showed abnormality in 123I-metaiodobenzylguanidine myocardial scintigraphy, a biomarker for DLB. For comparison, 11 patients with probable DLB were included. Applying PMOD software to the PiB-PET images, the global cortical distribution volume ratio was calculated and a ratio >1.3 was regarded as PiB-positive.

Results: Two of the RBD patients (16.7%) and eight of the DLB patients (72.7%) were PiB-positive. The amyloid-positive rate was significantly lower in the RBD group than in the DLB group (P = 0.012).

Conclusion: The prevalence of amyloid deposition in RBD as a prodromal symptom of DLB was significantly lower than that in DLB, suggesting that amyloid accumulation does not always begin at the early stage of DLB.

Keywords: Dementia with Lewy bodies, REM sleep behavior disorder, Alzheimer's disease, amyloid-β, prodromal stage, PiB-PET


INTRODUCTION

Dementia with Lewy bodies (DLB) is the second most common dementia after Alzheimer's disease (AD) (1). DLB reduces quality of life and lifespan to a greater extent than AD (2); therefore, early diagnosis of and intervention for DLB are important. Recently, prodromal symptoms of DLB have attracted attention, and REM sleep behavior disorder (RBD), dysautonomia, olfactory dysfunction, and psychiatric symptoms have been reported to precede the onset of DLB by several years (3). RBD is a parasomnia characterized by dream-enacting behaviors without muscle atonia during REM sleep (4). Idiopathic patients with RBD have a high affinity for DLB as reflected by abnormality in 123I-metaiodobenzylguanidine (MIBG) myocardial scintigraphy (5), a biomarker for DLB (1), and have a high possibility of developing Lewy body disease (LBD), which includes DLB. In observational studies, the median interval between the diagnosis of RBD and that of a defined neurodegenerative syndrome was 4 years (6).

Patients with DLB are often accompanied by AD-type pathology [e.g., (7, 8)], and this is comorbidity is associated with a worse prognosis [e.g., (8, 9)]. Therefore, early detection of and intervention for AD-type pathology may be beneficial (9). Since [11C]-Pittsburgh compound B positron emission tomography (PiB-PET) has emerged as a standard amyloid-β (Aβ) imaging method, many studies have demonstrated amyloid accumulation in DLB. According to a systematic review of PiB-PET studies, the positive rate of Aβ accumulation in patients with DLB is as high as 68% (10). This finding suggests a high rate of comorbid AD-type pathology in DLB.

In typical AD, deposition of Aβ starts ~15 years prior to the onset of symptoms, and amyloid PET shows positive findings in the mild cognitive impairment (MCI) phase or even in the preclinical phase of the disease (11). Furthermore, Aβ deposition has reached almost a plateau at the stage of MCI (11). On the other hand, the onset of Aβ accumulation in the course of DLB is not known. However, in light of the high rate of amyloid positivity in DLB mentioned above (10), it is not surprising that Aβ accumulation has already started in the prodromal stage of DLB.

The purpose of this study was to investigate amyloid deposition in RBD as a prodromal symptom of DLB using PiB-PET. We performed PiB-PET in patients with probable RBD as a prodromal symptom of DLB (MIBG myocardial scintigraphy confirmed), and in those with probable DLB (MIBG myocardial scintigraphy and/or dopamine transporter imaging confirmed), and compared the rates of amyloid positivity between these two groups.



METHODS


Subjects

The subjects were 12 patients with probable RBD who visited the Department of Psychiatry at Yamagata University Hospital between February 2014 and March 2019. The diagnosis of probable RBD was made using the Japanese RBD screening questionnaire (RBDSQ-J) (4), which has high sensitivity and specificity for idiopathic RBD. Furthermore, all patients showed abnormal findings in MIBG myocardial scintigraphy according to the criteria of Nakajima et al. (12). They also received general physical, psychiatric and neurological examinations, extensive laboratory tests, and magnetic resonance imaging. Patients with a history of cerebrovascular diseases, neurodegenerative diseases, diabetes mellitus, and psychiatric diseases were excluded. Absence of visual hallucination, cognitive fluctuation or Parkinson's symptoms was confirmed by detailed clinical examinations. For comparison, 11 patients with probable DLB from our hospital were included. These patients showed abnormal findings in MIBG myocardial scintigraphy and/ or dopamine transporter imaging, and fulfilled the criteria for probable DLB developed by McKeith et al. (1). The Ethics Committee of Yamagata University School of Medicine approved the present study, and written informed consent for participation was obtained from all patients.



PET Imaging

[11C]-PiB was synthesized at our institution's PET facility as described previously (11). PET scans were performed using a PET/Computed Tomography scanner (Biograph mCT, Siemens Healthineers, Tokyo, Japan) in three-dimensional scanning mode. [11C]-PiB was injected into an antecubital vein at a mean (SD) dose of 555 (185) MBq (10 MBq/kg body weight), followed immediately by a 70-min dynamic acquisition. The PET images were reconstructed into 25 time frames (6 × 10, 3 × 20, 2 × 60, 2 × 180, and 12 × 300 s) using the standard ordered subset expectation maximization algorithm (subset 21, iteration 4), point spread function and time of flight. These images were analyzed with PMOD software (version 3.409, PMOD Technologies Ltd., Zurich, Switzerland). Global cortical PiB retention was calculated using the Logan graphical analysis method, with the cerebellar cortex as the reference tissue input function, and expressed as the distribution volume ratio (DVR) (13). A global cortical DVR >1.3 was regarded as PiB-positive (13).



Apolipoprotein E (APOE) Genotyping

APOE genotypes were determined using restriction fragment length polymorphism analysis. One patient from each group refused a blood sampling for genotyping.



Statistical Analysis

Differences in demographic and clinical data of the subjects were tested using Student's t-test or Fisher's exact test, as appropriate. Fisher's exact test was used to compare the PiB-positive rate between the RBD group and the DLB group. Statistical analyses were performed using SPSS software (version 25, IBM, New York, USA) and a P-value <0.05 was considered statistically significant.




RESULTS

Demographic and clinical data of the subjects are shown in Table 1. There was no significant difference in age, duration of education or presence of the APOE ε4-allele between the RBD and DLB groups. Scores of the Mini Mental State Examination were significantly (P < 0.001) higher in the RBD group than in the DLB group. There was no significant difference in the frequency of the APOE ε4-allele, a known risk factor for AD pathology (9).



Table 1. Demographic and clinical data of subjects.
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Based on the global cortical DVR, two of the RBD patients (16.7%) and eight of the DLB patients (72.7%) were classified as PiB-positive (Figure 1). The prevalence of amyloid deposition was significantly (P = 0.012) lower in the RBD group than in the DLB group. The detailed demographic, cognitive, genetic, and PiB-PET data of individual subjects are provided in Table S1.


[image: image]

FIGURE 1. Scatter plot of DVR for patients in the RBD group and DLB group. The solid line shows the cut off value (1.3) for discrimination between PiB-positive and PiB-negative. The dotted lines show the mean values of the RBD group (1.19) and DLB group (1.35). DLB, dementia with Lewy bodies; DVR, global cortical distribution volume ratio; PiB, Pittsburgh compound B; RBD, REM sleep behavior disorder.





DISCUSSION

In the present study, the amyloid-positive rate was 16.7% in RBD patients, while it was 72.7% in DLB patients. The result for DLB is in line with a previous systematic review reporting a 68% amyloid-positive rate in DLB (10).

In light of the high rate of concomitant AD-type pathology in DLB, it was expected that amyloid deposition in DLB is already observed in a considerable degree before onset of the disease. If this was the case, the amyloid-positive rate of the RBD group would have been similar to that of the DLB group. However, the amyloid-positive rate was unexpectedly low in the RBD group. Similar results were shown in an analysis of Alzheimer's biomarkers in cerebrospinal fluid, i.e., Aβ42 values were significantly higher in prodromal DLB patients than in those with DLB patients (14), indicating an apparently lower degree of amyloid accumulation in the former. In relation to this, according to a systematic review of amyloid PET in LBDs other than DLB, the amyloid-positive rate was 34% in the patient group of Parkinson's disease (PD) with dementia, while it was only 5% in that of PD with MCI (10). Namely, in the PD spectrum amyloid deposits are not likely to reach a plateau at the MCI stage. These findings along with our result suggest that amyloid deposition pathology in LBD, including DLB, does not start as early as in AD.

In the treatment of DLB, not only Lewy pathology but also the coexistence of complex AD-type pathology causes serious problems (9). Therefore, to clarify the time course of AD-type pathology in DLB is extremely important from a treatment perspective. The present study suggesting low amyloid deposition at the prodromal stage of DLB should be followed by studies attempting to elucidate the starting point of amyloid accumulation in the course of DLB. Those studies may provide valuable information on the time to begin the treatment for amyloid pathology in DLB.

There are several limitations in the present study. First, although the patients of the RBD group were screened by the RBDSQ-J with high sensitivity and specificity, they did not receive polysomnography and, therefore, remained “patients with probable RBD.” Second, the patients of the RBD group might be in the prodromal stage of α-synucleinopathies other than DLB. However, a previous report showed that RBD patients have the highest risk of developing DLB among neurodegenerative disorders during follow-up (5), suggesting that our RBD patients include a high proportion of patients who later develop DLB. In either case, it is necessary to conduct a follow-up examination of our RBD patients to confirm phenoconversion to DLB. Third, males were over-presented in the RBD group, which was inevitable because of the known sex difference in the frequency of this disorder (4, 6). As far as we know, there have been no data suggesting sex differences in the rate and degree of amyloid positivity in DLB, the possibility that the skewed sex distribution was involved in the present result cannot be excluded entirely. Fourth, we suggested that amyloid accumulation does not occur in the RBD group based on the amyloid-positive rate of 16.7%, but to be exact it should be confirmed that this rate is comparable to that in a healthy control group, which was not included in this study. Fifth, the confirmation of the absence of dementia in the RBD group was based exclusively on the MMSE. Finally, the present study was a pilot study with a relatively few number of subjects, necessitating a replication study with a larger number of subjects.

In conclusion, the prevalence of amyloid deposition in RBD as a prodromal symptom of DLB was significantly lower than that in DLB. This result suggests that amyloid accumulation does not always precede the onset of cognitive decline in patients with DLB.
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Previous studies investigating working memory performance in patients with mild cognitive impairment (MCI) have mainly focused on the neural mechanisms of alterations in activation. To date, very few studies have investigated background network alterations in the working memory state. Therefore, the present study investigated the static and temporal dynamic changes in the background network in MCI patients during a working memory task. A hybrid delayed-match-to-sample task was used to examine working memory performance in MCI patients. Functional magnetic resonance imaging (fMRI) data were collected and the marker of amplitude of low-frequency fluctuations (ALFF) was used to investigate alterations in the background network. The present study demonstrated static and dynamic alterations of ALFF in MCI patients during working memory tasks, relative to the resting state. Traditional static analysis revealed that ALFF decreased in the right ventrolateral prefrontal cortex (VLPFC), right dorsolateral PFC (DLPFC), and left supplementary motor area for normal controls (NCs) in the working memory state. However, the same regions showed increased ALFF in MCI patients. Furthermore, relative to NCs, MCI patients demonstrated altered performance-related functional connectivity (FC) patterns, with the right VLPFC and right DLPFC as ROIs. In terms of temporal dynamic analysis, the present study found that in the working memory state dynamic ALFF of bilateral thalamus regions was increased in NCs but decreased in MCI patients. Additionally, MCI patients demonstrated altered performance-related coefficient of variation patterns; the regions in MCI patients were larger and more widely distributed in the parietal and temporal lobes, relative to NCs. This is the first study to examine static and temporal dynamic alterations of ALFF in the background network of MCI patients in working memory states. The results extend previous studies by providing a new perspective on the neural mechanisms of working memory deficits in MCI patients.

Keywords: mild cognitive impairment, working memory, amplitude of low-frequency fluctuations, background network, temporal dynamics


INTRODUCTION

Mild cognitive impairment (MCI) is a syndrome where individuals display certain forms of cognitive dysfunction, but the ability to perform basic daily activities remains intact (Petersen, 2004). Working memory, delayed recall, and spatial memory rapidly decline in the 6 years following MCI diagnosis (Cloutier et al., 2015). Many studies have focused on the deficit in working memory displayed by MCI patients (Klekociuk and Summers, 2014; Kirova et al., 2015) and the corresponding neural mechanisms, including altered activation during working memory tasks (Bokde et al., 2010; Lou et al., 2015; Migo et al., 2015). More recently, several studies have investigated the background network in MCI patients during working memory tasks. For example, previous studies found altered local synchronization (indexed by regional homogeneity, ReHo; Wang et al., 2016) and distant synchronization (indexed by degree of centrality, DC; Wang et al., 2017) of the background network in MCI patients during a working memory task. Additionally, Lou et al. (2015) found that MCI patients showed increased background network efficiency, which might compensate for the decreased activity and maintain the working memory state. However, the methods used to characterize the background network during the working memory state in MCI patients are generally at a network level, rather than at an individual voxel level. Specifically, ReHo employs the Kendall’s coefficient of concordance to measure the coordination of activity between voxels within a region, reflecting intra-regional synchronization [i.e., functional connectivity (FC; Zang et al., 2004)]. Similarly, the DC reflects the properties of the whole brain connectivity network. For a binary graph, DC is the number of edges connecting to a node. In a previous study, we distinguished local connectivity and distant connectivity and found only distant synchronization of the background network was changed in MCI patients (Wang et al., 2017). Thus, whether the oscillation of an individual voxel in the background network is altered in MCI patients during a working memory task is still unknown.

As early as 1995, Biswal et al. (1995) demonstrated that spontaneous low-frequency oscillations (<0.08 Hz) in the human brain during the resting state are physiologically meaningful. Amplitude of low-frequency fluctuations (ALFF) measures the total power of oscillations within a specific frequency range during a given time course (Zang et al., 2007). ALFF reflects individual voxel characteristics rather than the properties of the brain network because ALFF is calculated in each single voxel without the consideration of relationships with any other voxels. ALFF is physiologically meaningful in reflecting the function of brain network for both healthy and pathological populations, and have been used in various resting state functional magnetic resonance imaging (fMRI) studies. For example, ALFF is higher and dominant in the regions of default mode network than in other regions (Yang et al., 2007; Zang et al., 2007; Zou et al., 2008). Moreover, ALFF is significantly higher in bilateral visual cortices when scans conducted with eyes open than eyes closed (Yang et al., 2007). These measures also have implications for pathological populations. Abnormalities have been shown in ALFF in a number of regions implicated in the disorders in children with attention deficit hyperactivity (Zang et al., 2007), patients with major depressive (Liu et al., 2013), patients with Mesial temporal lobe epilepsy (Zhang et al., 2010), and in MCI patients (Han et al., 2011). More importantly, ALFF in some brain regions showed transformational pattern as the disease burden got heavy [from healthy older adults, to older adults with subjective cognitive decline, to MCI patients, to Alzheimer’s disease (AD; Yang et al., 2018)]. In the present study, we used this index to investigate whether the oscillations of individual voxels in the background network were altered in MCI patients during a working memory task.

In addition, in conventional resting state studies, FC and other properties (such as ReHo, DC, and ALFF) are assumed to be temporally stationary during a typical resting fMRI session of approximately 5–10 min. Based on this assumption, these measures are typically calculated over the entire duration of the resting fMRI session. However, this assumption may underestimate the complex and dynamic changes in interaction patterns (Chen et al., 2017), which have been demonstrated to contain valuable information (Smith et al., 2012; Allen et al., 2014). Given the increasing evidence of dynamic FC during resting states and its importance for characterizing the brain’s intrinsic functional organization, some studies have explored the temporal dynamics of FC during resting state in MCI patients. These studies have revealed that by combining evidence from the dynamic FC with that from traditional static FC, the diagnostic accuracy for MCI patients can be significantly improved (Wee et al., 2016; Chen et al., 2017; Zhang et al., 2017). However, these studies focus on dynamic changes during the resting state. To date, there are no studies exploring the dynamic network during a working memory task in MCI patients. Therefore, using the index of ALFF, the present study investigated the temporal dynamic changes in oscillations in the background network of MCI patients during a working memory task.



MATERIALS AND METHODS


Participants

Participants were recruited from a community-based screening data pool in Beijing (healthy older adults, n = 865; MCI, n = 115; Dementia, n = 21; Yu et al., 2012, 2014; Yin et al., 2015). All the participants were asked to complete a neuropsychological battery and clinical assessment. Subsequently, some of the participants were selected to participate in the neuroimaging investigations. Experienced psychiatrists performed clinical diagnoses based on the results of previous tests and MCI patients were diagnosed according to the diagnostic criteria for MCI (Petersen et al., 1999, 2001). The psychiatrists’ clinical experience and scores on the Montreal Cognitive Assessment (MoCA; Nasreddine et al., 2005), the Mini-Mental Status Examination (MMSE; Folstein et al., 1975), and the Clinical Dementia Rating (CDR; Morris, 1993) were also used for the clinical diagnoses. Seventeen MCI patients and 16 healthy, age-matched control subjects (normal control, NC) participated in this study. See Table 1 for participants’ demographics and performance of neuropsychological tests and working memory task, which were also presented in our previous study (Wang et al., 2016). This study was approved by the research ethics committees of the Institute of Psychology, Chinese Academy of Science (H11036). Written informed consent was obtained from each participant.


TABLE 1. Summary of participants’ demographic information and performance of neuropsychological tests and working memory task.

[image: image]




Working Memory Task: A Hybrid Delayed-Match-to-Sample Task (DMST)

Participants performed a modified DMST working memory task within the fMRI scanner (Jiang et al., 2000; Guo et al., 2008) as described in our previous study (Wang et al., 2016). In brief, the working memory task consisted of 32 trials separated into four blocks of eight trials. On each trial, two sample objects with green borders were presented side by side on the screen. Participants were asked to remember these two objects within 3,500 ms. Following this, test objects were presented. The test objects were selected from two groups: matching targets (the same as the sample objects) or non-matching distracter objects (new objects which differed from the sample objects). Target objects were presented two, three, or four times, and distractor objects were presented two, three, or four times, up to a total of 12 (or 13) test objects per trial. Each test object was presented for 1,000 ms separated by jitters of 800/900/1,000/1,100/1,200 ms. All test objects were pseudo-randomized and counter-balanced. During the test, participants were instructed to determine whether each test object matched the previously presented sample objects by pressing one of two buttons using their left or right thumb. The hand used for indicating a matching outcome was counterbalanced among participants. To avoid the effect of visual processing capacity, scrambled picture blocks (using the actual objects images) were presented alternatively with the DMST test trials, providing a baseline for each participant. Each of the scrambled picture blocks consisted of five pictures (2,000 ms for each picture). Participants were instructed to press both buttons when they perceived the scrambled pictures. Note that half of the test objects had been studied prior to scanning, whilst the other half were novel; however, this was not the focus of the present study.



Image Acquisition

Participants were scanned using a Siemens Trio 3.0 tesla scanner (Erlangen, Germany) at the Beijing MRI Center for Brain Research. Images collected included during resting state, T1-weighted structural images, and during the working memory task. Both the resting and working state images were collected using the following parameters: repetition time (TR) = 2,000 ms, time echo (TE) = 30 ms, flip angle = 90°, field of view (FOV) = 200 × 200 mm2, 33 axial slices, thickness = 3.0 mm, gap = 0.6 mm, acquisition matrix = 64 × 64, and in-plane resolution = 3.125 × 3.125. During resting and working memory states, 200 and 652 (four runs) functional volumes were collected, respectively. During the resting state scanning, participants were instructed to keep their eyes closed, and not to think of anything in particular. T1-weighted structural images were acquired with the following parameters: 176 slices, acquisition matrix = 256 × 256, voxel size = 1 × 1 × 1 mm3, TR = 1,900 ms, TE = 2.2 ms, and flip angle = 9°. Full details of the scanning parameters have been published previously (Yu et al., 2016).



Behavioral Data Analysis

The response accuracy on the working memory task was calculated according to the total hit rate (correct target detection) minus the total false alarm rate (false report for distractors). Response times (RTs) were calculated as the mean response time for all test stimuli (targets and distractors). As described in our previous study (Wang et al., 2016), to account for the tradeoff between accuracy and response time, working memory performance was further measured using response accuracy divided by response time, which is the reciprocal of the “inverse efficiency score” previously reported (Kennett et al., 2001; Spence et al., 2001).



Image Preprocessing

Functional MRI data were preprocessed using the Statistical Parametric Mapping program (SPM81) and the toolbox for Data Processing and Analysis of Brain Imaging2 (Yan and Zang, 2010). To acquire equal volumes of resting and working memory states, the second run of task data were selected to compare with the resting state. The first nine volumes of the working memory task data were discarded to allow for equilibration of the magnetic field, and the first 46 volumes of resting state data were discarded accordingly. All 154 volumes of both resting and working memory states were corrected for intra-volume acquisition time differences between slices using Sinc interpolation. A high-pass filter (128 s cut-off period) was used to remove low-frequency confounds. Spatial smoothing was then performed using a 4 mm full-width at half-maximum (FWHM) Gaussian kernel. Full details of the parameters used in the pre-processing have been published previously (Wang et al., 2016; Yu et al., 2016).

It should be noted that, in order to make the resting and working memory states comparable, for the working memory run an additional variable of task condition was included e.g., targets and distracters present vs. absent trials; response vs. no response trials. The rationale for removing task-load effects has been discussed previously (Jones et al., 2010; Gordon et al., 2012). By including this pre-processing step, the resting and task data differed only in the subjects’ cognitive state.



Static ALFF

A whole-brain wise ALFF was calculated for each subject using the DPABI program. In brief, after pre-processing, the time series for each voxel was filtered (bandpass, 0.01–0.1 Hz) to remove the effects of very low-frequency drift and high-frequency noise (Biswal et al., 1995; Lowe et al., 1998). Subsequently, for each given voxel, the time series was converted to the frequency domain by a fast Fourier transform (parameters: taper percent = 0, length = shortest). The square root of the power spectrum was computed and averaged across a predefined frequency interval (0.01–0.1 Hz). This average square root value was defined as ALFF at the given voxel (Zang et al., 2007). For standardization purposes, all individual ALFFs were computed and standardized into ALFF z-values by subtracting the mean voxel-wise ALFF obtained for the entire brain (i.e., global ALFF), and then dividing by the standard deviation (SD; Zuo et al., 2013). This subject-wise ALFF normalization has been demonstrated to improve both normality and reliability across subjects (Zuo et al., 2013).



Temporal Dynamic ALFF (TD-ALFF)

Dynamic ALFF was generated using sliding time window analysis by DPABI. First, rectangular windows (length of 32 TRs, overlapping by four TRs) were applied to BOLD signals to obtain a windowed time series. Rectangular windows (length of 64 and 128 TRs, overlapping by four TRs) were also applied to check that whether the patterns change with the length of rectangular windows. Second, the ALFF was calculated, as described above, within each window. Third, the mean, SD, and coefficient of variation (CV, SD/mean) maps were calculated across the time windows. The CV maps were then transformed to standardized z-scores, relative to the mean and SD across all voxels.



Between-Group Comparisons of ALFF in the Resting State and the Background Network of the Working Memory State

To explore any interaction effects of group and cognitive state on ALFF, we performed a two-way repeated measures analysis of variance (ANOVA) using SPM8, with group (MCI vs. NC) as a between-subject factor and cognitive state (resting vs. working memory state) as a repeated measure. Post hoc two-sample t-tests were performed on clusters showing significant group × state interactions. The statistical threshold was set at p < 0.001 using the AlphaSim correction for multiple comparisons with a threshold of p < 0.01 at the voxel level (using DPABI). All coordinates are reported in the MNI format.



Functional Connectivity (FC) Analysis

To examine the performance-related alterations in FC of the background network in MCI patients during a working memory task, we conducted a seed-based connectivity analysis using regions showing group × state interactions as seeds. First, for the background network during a working memory task for each individual, voxel-wise FC maps to a given seed were computed as maps of temporal correlation coefficients between the BOLD time course of each voxel and the averaged BOLD time course across voxels in the seed region. FC maps from individual subjects were then transformed using Fisher’s z transformation. Second, we calculated Pearson correlation coefficients (p < 0.05) to explore the relationship between the FC map and working memory performance in both the MCI and NC group. Bootstrap results were based on 1,000 bootstrap samples, and 95% confidence intervals are reported.



Performance Related CV Maps During Working Memory State in MCI and NC

To explore which brain regions showed dynamic variation of ALFF related to working memory performance during the working memory state, Pearson correlation coefficients were calculated for both MCI and NC groups. The statistical threshold was set at p < 0.001 using the AlphaSim correction for multiple comparisons with a threshold of p < 0.05 at the voxel level.




RESULTS


Alteration of Static ALFF Across Resting and Working Memory States in MCI and NC

We observed significant interactions between group and state in the right ventrolateral prefrontal cortex (VLPFC; peak MNI coordinates: x = 45, y = 39, z = 6, cluster size = 10; average statistical coefficients of this region: F(1,31) = 19.14, p < 0.001, [image: image] = 0.38), right dorsolateral PFC (DLPFC; peak MNI coordinates: x = 36, y = 39, z = 21; cluster size = 15; average statistical coefficients of this region: F(1,31) = 18.42, p < 0.001, [image: image] = 0.37), and a region of the left supplementary motor area peak (MNI coordinates: x = −3, y = −9, z = 57; cluster size = 16; average statistical coefficients of this region: F(1,31) = 26.71, p < 0.001, [image: image] = 0.46; Figure 1). For all of the three clusters, further post hoc t-tests revealed that the value of ALFF was decreased in the resting state relative to the working memory state in MCI patients, but unchanged in NCs (Figure 1). Additionally, for all of the three clusters, post hoc t-tests showed that the value of ALFF was higher in MCI patients than in NCs during the resting state, while there was no difference between two groups during the working memory state.


[image: image]

FIGURE 1. Regions showing Group × State interactions for amplitude of low-frequency fluctuations (ALFF) and the patterns of interaction. (A) Region in right ventrolateral prefrontal cortex (VLPFC), (B) region in right dorsolateral PFC (DLPFC), (C) regions in left supplementary motor area.



Since these interaction effects were mainly due to abnormal hyperactivity in MCI patients during the resting state, the Pearson correlations between the brain ALFF activity and working memory performance in MCI patients was calculated to examine whether the hyperactivity was a compensatory process due to the reduced functionality of these brain regions. No significant correlation was found in MCI patients (p > 0.10).



Performance-Related Functional Connectivity of Regions Showing Group × State Interactions During a Working Memory Task

To examine performance-related FC alterations of the background network in MCI patients during a working memory task, we conducted a seed-based connectivity analysis using regions that showed group × state interactions as seeds. Subsequently, we calculated Pearson correlation coefficients to explore the relationship between the FC map and working memory performance in both MCI and NC groups. The results demonstrate altered performance-related FC patterns in MCI patients when compared to NCs. In NC subjects, the working memory performance was related to FC between the right VLPFC and regions in the left inferior occipital gyrus (peak MNI coordinates: x = −45, y = −69, z = −12; cluster size = 257; r = 0.85, p < 0.001, Cohen’s d = 3.23), regions in the right inferior occipital gyrus (peak MNI coordinates: x = 30, y = −96, z = −9; cluster size = 402; r = 0.86, p < 0.001, Cohen’s d = 3.37), and the conjunction area of the limbic and occipital lobes (peak MNI coordinates: x = −18, y = −69, z = 6, cluster size = 170; r = 0.85, p < 0.001, Cohen’s d = 3.23). Also, working memory performance was related to FC between the right DLPFC and regions of the right middle occipital gyrus (peak MNI coordinates: x = 24, y = −90, z = 6; cluster size = 138; r = 0.87, p < 0.001, Cohen’s d = 3.53).

In contrast, working memory performance in MCI patients was positively correlated with FC between the right VLPFC and regions of the right medial parietal cortex (peak MNI coordinates: x = 9, y = −30, z = 48; cluster size = 446; r = 0.86, p < 0.001, Cohen’s d = 3.37) and the right superior parietal lobule (peak MNI coordinates: x = 27, y = −69, z = 54; cluster size = 319; r = 0.91, p < 0.001, Cohen’s d = 4.39). No regions showed performance-related FC with the DLPFC in MCI patients. When regions in the left supplementary motor area were used as ROIs, we found no performance-related FC in either NCs or MCI patients (Figure 2).
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FIGURE 2. Regions showing performance related functional connectivity (FC) with right VLPFC (A–C) and right DLPFC (D) for normal control (NC). Regions showing performance related FC with right VLPFC (E,F) for mild cognitive impairment (MCI). (A) Region in left inferior occipital gyrus, (B) conjunction area of left limbic lobe and occipital lobe, (C) regions in right inferior occipital gyrus, (D) regions in right middle occipital gyrus, (E) right medial parietal cortex, (F) right superior parietal lobule.





Alteration of Temporal Dynamic ALFF Across Resting and Working Memory States in MCI and NC Groups

To explore the interaction effects of group and cognitive state on CV of dynamic ALFF, we performed a two-way repeated ANOVA, with group (MCI vs. NC) as a between-subject factor and cognitive state (resting vs. working memory) as a repeated measure. Significant interactions between group and state were found in regions located in the bilateral thalamus (peak MNI coordinates: x = 3, y = −18, z = 12; cluster size = 52; average statistical coefficients of this region: F(1,31) = 25.18, p < 0.001, [image: image] = 0.45). Further post hoc t-tests revealed that the CV of dynamic ALFF was increased in the working memory state relative to the resting state in NCs but decreased in MCI patients (Figure 3A). It was noted that the patterns of the results were the same when used length of rectangular windows as 64 and 128 TRs.
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FIGURE 3. Regions showing alteration of temporal dynamic ALFF across resting and working memory states in MCI and NC groups. (A) Regions in bilateral thalamus, (B) performance related CV maps during the working memory state in MCI and NC.





Performance Related CV Maps During the Working Memory State in MCI and NC

To explore which brain regions showed dynamic variation of ALFF in relation to the behavioral performance during the working memory state, Pearson correlation coefficients were calculated for both MCI and NC groups. Performance-related CV maps during the working memory state in MCI and NC groups are shown in Figure 3B. Two salient features were observed. First, the coefficients of correlation were negative in the majority of the regions, showing significant correlations with working memory performance in both groups. Second, relative to NCs, the regions in MCI patients were larger, and widely distributed in the parietal and temporal lobes.




DISCUSSION

The present study demonstrated alterations of static ALFF in MCI patients from the resting state to the working memory state. Specifically, the values of ALFF in the right VLPFC, right DLPFC, and left supplementary motor area decreased in the working memory state in MCI patients, but were unchanged in NCs. It should be noted that, compared to our previous study, which focused on the difference between MCI patients and NCs during the resting state, the main purpose of the current study was to uncover the alterations in MCI patients from resting state to working memory state. Therefore, the brain regions that showed interaction effects were the focus of this study. We found that relative to NCs, the brain ALFF activation in the right VLPFC, right DLPFC, and left supplementary motor area was decreased from the resting to the working memory state in MCI patients. These interaction effects were mainly due to abnormal hyperactivity in MCI patients during the resting state. In the resting state, two regions in the lateral PFC (in both the VLPFC and DLPFC) showed higher ALFF in MCI patients, compared to NCs. These results are in agreement with some previous studies but in disagreement with others. On the one hand, some previous studies have found the inverse pattern of results to the present study. Han et al. (2011) found that MCI patients had decreased ALFF/fALFF activity in several lateral prefrontal regions. Similarly, using independent component analysis (ICA), Sorg et al. (2007) also found that MCI patients had reduced spontaneous activity in the lateral prefrontal regions. On the other hand, however, other studies have demonstrated similar results to our experiments. Using ReHo, our previous study revealed that MCI patients had higher ReHo than NCs in the lateral prefrontal regions during the resting state (Wang et al., 2016). Using the index of ICA, Qi et al. (2010) also found that MCI patients had increased brain activity in lateral prefrontal regions, thought to be compensatory hyperactivity. Based on the current evidence, it is not certain whether these changes (decrease or increase) in MCI patients are damaging or compensatory. Cabeza et al. (2018) have suggested that for hyper activation to be considered compensative, it ought to be positively related with cognitive performance. No direct evidence of a correlation has been provided by previous studies and no significant correlation was found in either MCI or NC groups in the current study. An alternative explanation is that the changes represent a deficit of function. The DLPFC and VLPFC are part of the executive network, whereas the left supplementary motor area belongs to the motor network (Yeo et al., 2011). These networks are quieter during the resting state in contrast to the default mode network in normal adults (Yeo et al., 2011). Therefore, the hyperactivity of these networks in MCI patients in the present study is more likely to be a deficit of inhibitive function.

The next question relates to the FC between abnormal brain regions and other parts of the brain, and how this is related to the behavioral performance during a working memory task. Using FC analysis with right VLPFC and right DLPFC as ROIs, the present study found that MCI patients demonstrated altered performance-related FC patterns as compared to NCs. For NCs, the FC between VLPFC, DLPFC, and regions in the bilateral inferior occipital gyrus and limbic lobe might facilitate working memory performance. For MCI patients, those with higher FC between VLPFC and regions in the right medial parietal cortex and right superior parietal lobule showed better working memory performance.

The delayed-match-to-sample task requires participants to judge continuously whether the present picture is the same as the previous one. Thus, the task requires the use of the executive component in order to access images maintained in the “visuospatial sketchpad” (Baddeley, 1992). Therefore, the communication between the central executive system and the “visuospatial sketchpad” is critical for successful working memory performance. Regions of the PFC, including the DLPFC and VLPFC, have been suggested as key components of the central executive system (Nee et al., 2013; D’Esposito and Postle, 2015), whereas regions in the bilateral occipital lobe have been described as critical for visual image representation. For example, it has been found that short-term retention of complex visuospatial patterns (Christophel et al., 2012), objects, faces, houses, scenes, and body stimuli (Han et al., 2013; Lee et al., 2013; Sreenivasan et al., 2014), relies on the occipital cortex and other areas in the parietal and temporal cortices. The occipital cortex has also been implicated in processes related to reconstructed images and observed images (Ishai et al., 2000; Rissman and Wagner, 2012). Therefore, our finding, that the FC between the PFC and the occipital lobe was positively correlated with working memory performance in NCs, demonstrates that efficient information transfer between the central executive system and the visuospatial sketchpad in the background network is necessary for efficient working memory function. However, this critical neural pathway was not found in MCI patients. Instead, higher FC between the right VLPFC and regions in the right medial parietal cortex and the right superior parietal lobule facilitated working memory performance in MCI patients. This pathway has been considered as critical for the right frontoparietal network, which is important for working memory function, especially involving the executive component (Yeo et al., 2011). This is a more fundamental neural pathway for the performance of successful working memory. The two distinct neuronal pathways in MCI patients and NCs may suggest that for MCI patients, the fundamental pathway of working memory is impaired. Subsequently, the individual differences observed in working memory performance in MCI patients depend on the functionality of this pathway. For NCs, however, the fundamental neural structure for working memory is intact, thus their individual differences mainly result from the superior neural circuit, such as the pathway between the PFC and occipital areas. As the frontoparietal network is a fundamental pathway for working memory, we suggest that the hyperactivity observed in MCI patients is not compensatory, as suggested by Cabeza et al. (2018).

Recent studies have demonstrated that dynamic changes in neural interactions contain valuable information (Smith et al., 2012; Allen et al., 2014). To characterize the brain’s intrinsic functional organization more deeply, we explored the dynamic changes during resting and working memory states in MCI patients and NCs. We found that the dynamic ALFF of bilateral thalamus regions was increased in NCs but decreased in MCI patients during the working memory state, relative to resting state. These results provide further evidence that the thalamus plays a key role in working memory. Previous work has shown that working memory capacity and executive function share a common underlying executive attention component (McCabe et al., 2010). Additionally, long-range communication of information between brain regions also likely plays an important role in working memory function (Sauseng et al., 2005; Crespo-Garcia et al., 2013). For example, in a human MEG study, synchronized oscillations in the alpha, beta, and gamma bands were observed between frontoparietal and visual areas during the retention interval of a visual working memory task. These synchronized oscillations were memory load-dependent and correlated with an individual’s working memory capacity, suggesting a mechanism for effective communication between brain regions involved in the temporary maintenance of relevant visual information (Palva et al., 2010). Critically, the thalamus has been suggested to be not only key in attentional selection, but more generally in regulating information transmission across the cortex (Saalmann et al., 2012). In the present study, the dynamic ALFF in bilateral thalamus regions was increased from the resting to the working memory state in NCs, which suggests that the thalamus works as an executive attention component and an effective communication regulator during the working memory task. For MCI patients, however, this mechanism was inversed. The dynamic ALFF in these regions was decreased in the working memory state, which may result in a weakened ability of attentional selection and information regulation, resulting in an impairment of working memory function.

Next, we investigated in which regions the dynamic variation of ALFF was related to the behavioral performance during the working memory state. As outlined in the “Results” section, two salient features were observed in the performance-related CV maps. First, the coefficients of correlation were negative in the majority of the regions that showed significant correlations with working memory performance in both groups, which suggests the dynamic variation of ALFF in these regions reduced performance on the ongoing behavioral task. Second, MCI patients demonstrated altered performance-related CV patterns relative to NCs. The altered regions in MCI patients were larger, and widely distributed in the parietal and temporal lobes. Given the negative effect on the working memory task, these results indicate that MCI patients exhibit widespread and varied low-frequency fluctuations in the parietal and temporal lobes, which reduce their working memory function.

It has been found that some regions in frontal, parietal and temporal lobes can be modulated noninvasively to improve neural networks and eventually memory tasks (Wang et al., 2014; Koch et al., 2018). From a translation point of view, the altered brain regions in MCI patients found in the present study (such as VLPFC, DLPFC, and supplementary motor area) may be identified as target areas for that are precociously altered in the degenerative process leading to dementia.

One of the limitations of the present study was that no biomarker (such as cerebrospinal fluid, or amyloid positron-emission tomography scan) was included during the clinical diagnosis of MCI patients. Therefore it was impossible to identify subtypes of MCI patients according to the intrinsic pathological mechanism. Considering the high pathological heterogeneity of clinically diagnosed MCI patients, each subtypes may exhibit different patterns in the issues of the present study, which should be explore further in the following studies.

To the best of our knowledge, this is the first study to examine alterations of static and dynamic ALFF in the background network of MCI patients during working memory states. The results provide a new perspective regarding the neural mechanisms of working memory deficits in MCI patients and extend our knowledge of altered brain patterns in resting and task-evoked states.
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Adenosine A2A receptors (A2ARs) have attracted considerable attention as an important molecular target for the design of Parkinson’s disease (PD) therapeutic compounds. Here, we studied the transcriptional regulation of the A2AR gene in human peripheral blood mononuclear cells (PBMCs) obtained from PD patients and in the striatum of the well-validated, 6-hydroxydopamine (6-OHDA)-induced PD mouse model. We report an increase in A2AR mRNA expression and protein levels in both human cells and mice striata, and in the latter we could also observe a consistent reduction in DNA methylation at gene promoter and an increase in histone H3 acetylation at lysine 9. Of particular relevance in clinical samples, we also observed higher levels in the receptor gene expression in younger subjects, as well as in those with less years from disease onset, and less severe disease according to clinical scores. In conclusion, the present findings provide further evidence of the relevant role of A2AR in PD and, based on the clinical data, highlight its potential role as disease biomarker for PD especially at the initial stages of disease development. Furthermore, our preclinical results also suggest selective epigenetic mechanisms targeting gene promoter as tool for the development of new treatments.
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INTRODUCTION

Parkinson’s disease (PD), the second most common neurodegenerative disorder after Alzheimer’s disease, affects approximately 1% of the population over 60 (Ozansoy and Basak, 2013). The pathological hallmark of PD is the degeneration of nigrostriatal dopaminergic neurons and the consequent loss of dopaminergic input to the basal ganglia, which gives rise to well-defined motor symptoms, including bradykinesia, rigidity, muscular stiffness, tremor, poor posture and balance, and sensory motor integration deficits (Marsden, 2000; Obeso et al., 2000). Epidemiological studies reveal that less than 10% of PD cases are familial, while most are sporadic. The etiology of the disease remains poorly understood and is likely the result of an intricate interplay between genetic, epigenetic, and environmental factors, among others. At present, there are no FDA-approved disease-modifying treatments.

Nowadays, dopamine replacement treatments represent the best therapy available to alleviate PD symptoms. The dopamine precursor L-3,4-dihydroxyphenylalanine (L-DOPA) is the most efficacious and commonly prescribed anti-parkinsonian drug. However, its prolonged use is limited by the occurrence of a number of debilitating side effects (LeWitt, 2015).

Among the different possible targets for symptomatic treatments, the adenosine A2ARs have attracted considerable interest. A2ARs are enriched in the medium spiny neurons (MSN) of the striatum, which is the main component of the basal ganglia (Jarvis and Williams, 1989; Svenningsson et al., 1997; Rosin et al., 1998). Importantly, A2ARs are selectively expressed on the MSNs of the indirect striatopallidal pathway (Schiffmann et al., 1991; Fink et al., 1992), where they antagonize dopamine D2 receptor-mediated transmission (Schiffmann et al., 2007).

In line with these findings, several preclinical and clinical studies point to A2ARs antagonists as a promising non-dopaminergic therapy for PD (Feigin, 2003; Pinna et al., 2005; Schwarzschild et al., 2006). Moreover, oral administration of the A2ARs antagonist KW-6002 showed a significant neuroprotective effect in a rat model of PD characterized by dopamine depletion achieved by administration of the toxin 6-hydroxydopamine (6-OHDA) (Ikeda et al., 2002).

Adenosine A2A receptors gene expression was found to be up-regulated in the striata of rats with a 6-OHDA lesion (Pinna et al., 2002), and in the putamen and peripheral blood mononuclear cells (PBMCs) of PD and mild cognitive impairment patients (Calon et al., 2004; Varani et al., 2010; Casetta et al., 2014). These observations were confirmed by PET studies, showing enhanced striatal A2ARs levels in PD patients (Ramlackhansingh et al., 2011). However, others have reported a reduction of A2ARs in the anterior and posterior caudate nucleus and anterior dorsal putamen of individuals with PD (Hurley et al., 2000), or no changes in the striata of rats with a 6-OHDA lesion (Kaelin-Lang et al., 2000; Tomiyama et al., 2004).

It has been suggested that DNA methylation, an epigenetic mark associated with gene repression (Jones, 2012), might have a key role in regulating A2AR gene transcription (Buira et al., 2010a, b). In line with this hypothesis, reduced DNA methylation in the 5′UTR region of A2AR gene was observed in advanced PD cases (Villar-Menéndez et al., 2014). Another well-studied mechanism of epigenetic regulation is the post-translational modification of histone tails. Increased histone acetylation has also been observed in experimental models of PD as well as in the brain of PD patients (Park et al., 2016), leading to the hypothesis that drugs that affect histone acetylation would have therapeutic effects (Song et al., 2011; Harrison and Dexter, 2013). So far, there are no studies that selectively focus on the role of histone modifications on A2AR gene transcription regulation in PD.

Based on this background, the present study deeply investigates the A2AR gene transcriptional regulation via epigenetic mechanisms in PD. To this aim, we employed a multidisciplinary approach, based on the use of clinical (PBMCs of PD patients) and preclinical samples (brain tissue of 6-OHDA-lesioned mice).



EXPERIMENTAL PROCEDURES


Subjects

For this study we enrolled 73 outpatients attending the Neurological Clinic in La Sapienza University, Rome, on stable pharmacological treatment. Diagnosis of sporadic PD was based on clinical symptoms according to the United Kingdom. Brain Bank Criteria for PD (Hughes et al., 1992). Patients showing a comorbid substance or alcohol abuse in the previous 2 months were ruled out. Exclusion criteria included signs of atypical parkinsonism, diagnosis of mental retardation or dementia (Mini-Mental State Examination score <23.8). The variables collected included: smoking habit, age at onset of PD, clinical form (Tremor-dominant TD, Non-Tremor-dominant NTD), motor disability by means of the Unified Parkinson’s Disease rating Scale-subset III (UPDRS III), disease stage according to Hoehn & Yahr scale, duration of disease, levodopa equivalent daily dose (LEDD) calculated according to Tomlinson (Tomlinson et al., 2010). We also selected sex and age-matched healthy subjects as a control group. The exclusion criteria were: alcohol and substance abuse, neurological disorders, family history of movement disorders. Subjects suffering from metabolic disorders, severe hypertension or systemic autoimmune diseases were also excluded. No statistical difference between patients and control groups emerged in either hypertension or dyslipidemia cases. The study was approved by the local ethics committee. Written informed consent was obtained from all study participants. Demographic and clinical characteristics for the study samples are shown in Table 1.

TABLE 1. Demographic and clinical characteristics of PD patients and controls.
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Animals

Male C57BL/6J mice (25–30 g; Taconic, Tornbjerg, Denmark) were housed under a 12 h light/dark cycle with food and water ad libitum. Experiments were carried out in accordance with the guidelines of Research Ethics Committee of Karolinska Institutet, Swedish Animal Welfare Agency and European Communities Council Directive 86/609/EEC.



6-OHDA Lesion and Brain Dissection

Mice were anesthetized with a mixture of Hypnorm® (VetaPharma Ltd., Leed, United Kingdom), midazolam (5 mg/ml) (Hameln Pharmaceuticals GmbH, Hameln, Germany), and water (1:1:2 in a volume of 10 ml/kg) and mounted in a stereotaxic frame (David Kopf Instruments, Tujunga, CA, United States). 6-OHDA was dissolved in 0.02% ascorbic acid in saline at the concentration of 3.0 g of freebase 6-OHDA/l. Each mouse received two unilateral injections of vehicle (Sham, unlesioned) or 6-OHDA (2 μl/injection) into the right dorsal striatum as previously described (Santini et al., 2007), according to the following coordinates (in mm) (Franklin and Paxinos, 2008): anterior-posterior +1, medial-lateral −2.1, dorsal-ventral −3.2 and anterior-posterior +0.3, medial-lateral −2.3, and dorsal-ventral −3.2. Three weeks after surgery, the mice were killed by decapitation, their heads were cooled in liquid nitrogen for 6 s and striata were dissected out on an ice-cold surface and snap frozen in liquid nitrogen. The success of the lesion was assessed at the end of the experiments by measuring striatal levels of tyrosine hydroxylase (TH) in Sham vs unlesioned mice by Western Blot (see below). The success of the lesion was defined by ≥80% TH decrease and only the mice that met these criteria were included in the analysis.



Molecular Biology Studies

To evaluate regulation of A2ARs transcription, we analyzed mRNA and protein levels, as well as epigenetic modifications at A2AR gene promoter such as DNA methylation and histone modifications (Figure 1).
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FIGURE 1. Schematic representation of (A) mouse and (B) human A2AR gene promoters and the 5′ upstream region. Translation start code (ATG), exons and introns, CpG island, and histone modifications studied are depicted. In mouse A2AR gene promoter, two regions (region 1 in black and region 2 in green) localized in the same CpG island. Orange bold text indicates the CpG sites analyzed.





Real-Time Quantitative PCR (RT-qPCR)

Peripheral blood mononuclear cells were isolated from the peripheral blood of control subjects and PD patients by Fycoll-Paque PLUS density gradient medium according to manufacturer’s instructions (GE Healthcare, Bio-Sciences AB Uppsala-Sweden). Total RNA was extracted from PBMCs and single striatum samples (Chomczynski and Sacchi, 2006) and checked for integrity by electrophoresis. RNA concentrations were then measured by spectrophotometry and just samples reporting an OD 260:280 ratio >2 were subjected to DNAse treatment and converted to cDNA with a commercially available kit (Thermo Fisher Scientific, Waltham, MA, United States). Diluted cDNAs were thus used to assess A2AR mRNA relative abundance by RT-qPCR, using SensiFast No-Rox Kit (Bioline) using the DNA Engine Opticon-2 detection system (Biorad, CA, United States). β-actin and GAPDH genes, properly validated to confirm that in our experimental conditions their expression was not affected, were used as reference genes to normalize the data.

Sequences of the primers used for PCR amplification are listed in Table 2. In a final volume of 15 μl, we used 2 μl of cDNA, 7,5 μl of SensiFAST SYBR, and 10 pmol of each primer. Duplicate samples were run and PCR conditions were: 95°C for 10 s, 60°C for 30 s, and 72 for 30 s. A2ARs relative expression was calculated by Delta-Delta Ct (ΔΔCT) method and converted to 2-ΔΔCt for statistical analysis (Livak and Schmittgen, 2001).

TABLE 2. Imers employed during the quantitative polymerase chain reaction, chromatin immunoprecipitation, and DNA methylation assays.
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DNA Methylation Analysis by Pyrosequencing

Genomic DNA, obtained from human PBMCs and striatum tissues, was bisulfite-treated according to manufacturer’s instructions (Zymo Research, Irvine, CA, United States). Methylation status of human and mouse A2AR GENE was assessed using pyrosequencing of the bisulfite-converted DNA as previously reported (Cifani et al., 2015; Pucci et al., 2015).

Pyrosequencing primers were designed to focus on a series of CpG dinucleotides part of the CpG island located in two different regions both in clinical samples and in mice brain tissues (see Figure 1 and Table 2 for details). Bisulfite-treated DNA was amplified by PyroMark PCR Kit (Qiagen, Germany) under these PCR conditions: 95°C for 15 min; 45 cycles of 94°C for 30 s; 56°C for 30 s; 72°C for 30 s; and final step of 72°C for 10 min. Following PCR products verification by agarose electrophoresis, pyrosequencing methylation analysis was conducted using the PyroMark Q24 Software (Qiagen, Germany), which allows for each CpG site quantitative comparisons of the methylation percentage.



Chromatin Immunoprecipitation (ChIP)

Dahl and Collas protocol, with minor modifications, was used to prepare chromatin from mice frozen tissues as previously described (Dahl and Collas, 2007). Briefly, to cross-link proteins to DNA, formaldehyde was added at a final concentration of 1% in phosphate buffer saline containing a broad-range protease inhibitor cocktail (PIC) (Sigma, St. Louis, MO, United States) and sodium butyrate (Sigma, St. Louis, MO, United States), for 10 min at room temperature. Glycine, used to quench the reaction, was added to a final concentration of 0.125 M and incubating for 5 min at room temperature. Following washing, the samples were lysed using 120 μl of a lysis buffer (50 mM Tris–HCl, pH 8, 10 mM EDTA, 1% SDS) containing PIC and sodium butyrate (20 mM). The samples were incubated on ice and sonicated for 30 s for 6 times, with 30 s pause intervals each sonicated. The lysates were centrifuged at 12,000 g for 10 min at 4°C and the supernatants transferred into a chilled tube, leaving around 30 μl of buffer with the pellet. Lysis buffer (30 μl) was added. DNA fragments ranging in size from 200 to 500 bp were analyzed by agarose gel electrophoresis. 20 μl aliquot was used as “input” DNA, for each immunoprecipitation. Chromatin was diluted in 90 μl of RIPA buffer (10 mM Tris–HCl, pH 7.5, 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% SDS, 0.1% Na-deoxycholate, 140 mM NaCl) plus PIC and incubated overnight by rotation with either antibody previously coated with Protein A beads (Invitrogen, Carlsbad, CA, United States), Histone 3 acetylation at Lysine 9 (H3K9Ac) (PA5 17868, Thermo Fisher Scientific, Carlsbad, CA, United States), or Histone 3 trimethylation at Lysine 27 (H3K27me3) (PA5 17173, Thermo Fisher Scientific, Carlsbad, CA, United States). The beads and associated immune complexes were washed three times with RIPA buffer and once with Tris–EDTA buffer. The immune complexes were eluted with elution buffer (20 mM Tris–HCl, 5 mM EDTA, 50 mM NaCl) containing proteinase K (50 μg/ml) (Qiagen, Valencia, CA, United States) at 68°C for 2 h, and DNA was recovered by NucleoSpin TriPrep (Macherey-Nagel, Germany). Thereafter, to quantify A2AR gene sequences associated with the immunoprecipitated proteins, RT-qPCR was carried out using primers designed with Primer 3 software (Rozen and Skaletsky, 2000; see Table 1). All ChIP data were normalized to the input DNA amounts (Ct values of immunoprecipitated samples were normalized to Ct values obtained from “input”). In addition, results on DNA from lesioned animals were normalized by the DNA data obtained from control animals (control group).



Western Blot

Total cellular lysates from human PBMCs and mice tissues were prepared with different procedures. PBMCs were lysed in RIPA buffer whereas 0.3 gr of striatum tissue sample of lesioned and control animals were homogenized in T-PER lysis buffer (PIERCE, Rockford, IL, United States) containing 1% NP-40 detergent solution, 5% glycerol, 1 mM EDTA and 0.1% PIC (Sigma-Aldrich, Milan, Italy). Both human and mouse samples were sonicated and then centrifuged at 5000 g for 30 min at 4°C. Protein concentrations were measured according to Bradford method (1976). For each sample, 50 μg of human proteins and 30 μg of mouse proteins were electrophoresed (12% acrylamide gels) and transferred to PVDF membranes (Amersham Biosciences, Piscataway, NJ, United States). Membranes, blocked with a solution of 5% non-fat dry milk for 20 min and with 5% BSA for 40 min at room temperature, were incubated with a rabbit anti-A2A polyclonal antibody (PA1-042, Thermo Fisher Scientific, Carlsbad, CA, United States, 1:5000 in blocking solution) and a rabbit anti-GAPDH monoclonal antibody (2118S, Cell Signaling, Danvers, MA, United States, 1:5000 in blocking solution) overnight in cold room. GAPDH was used to normalize samples. Antibody against TH (Chemicon, Temecula, CA, 1:1000) was used in mice samples to assess the severity of the 6-OHDA lesions. Finally, the membranes were incubated with specific horseradish peroxidase-conjugated secondary anti-rabbit antibody for 1 h at room temperature (AP307P, Millipore, Darmstadt, Germany, 1:10000 in blocking solution). The antigen-antibody complex was detected by enhanced chemiluminescence (ECL, Amersham Biosciences) and the intensities of the immunoreactive bands were quantified by densitometric analysis using the ImageJ software (NIH, Bethesda, MD, United States).



Statistical Analysis

Non-parametric statistic (Mann-Whitney U test) was used to compare lesioned vs. unlesioned striata, as well as the human PD and control samples. For correlation analysis, Spearman’s coefficient was used. p < 0.05 was considered statistically significant. All the mentioned tests were performed using GraphPad Prism version 6.00 (GraphPad Software, San Diego, CA, United States).




RESULTS


Human Subjects

Patients and controls were age and gender matched to allow consistent comparisons. RT-PCR analysis revealed significantly higher A2AR mRNA levels in PD patients when compared to healthy controls (PD: 2.84 ± 0.14; Controls: 1.13 ± 0.12 p < 0.0001 Mann Whitney test) (Figure 2A). Moreover, data stratification analysis showed a significant correlation between A2AR gene expression and age of the subjects (Spearman r = −0.2931; p = 0.014), years from disease onset (Spearman r = −0.4046; p = 0.001), as well as Hoehn & Yahr (H&Y) (p < 0.01 score 2 vs. score 1), UPDRS (Spearman r = −0.2752; p = 0.0211) scores, and LEDD (Spearman r = −0.3902; p = 0.001) (Figure 3). On the other hand, no correlation was observed between A2AR gene expression and age in controls (Spearman r = 0.2399; p = 0.3226). Correlation analysis survived Dunn’s multiple comparisons test for age, UPDRS score, and LEDD. Finally, in a multiple linear regression analysis A2AR mRNA levels were found to be related to age (p = 0.0343) and gender (p = 0.0335), as well as LEDD (p = 0.0005).
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FIGURE 2. Levels of A2AR mRNA (A) in PBMC from controls (n = 22) and PD patients (n = 25) and (B) in the striatum of Sham (n = 11) and 6-OHDA (n = 13) animals. Bars represents 2-ΔΔCt value calculated by Delta-Delta Ct (ΔΔCt) method. *p < 0.05 and ****p < 0.0001 vs. respective control groups.
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FIGURE 3. Data stratification and correlation analysis between A2AR mRNA levels in PD human subjects and age (A, years from disease onset (B), H&Y score (C), UPDRS score (D), LEDD (E), and LD-induced dyskinesia (F). ∗∗p < 0.01 vs. respective control groups.



It is interesting to note that also A2AR density, expressed as A2AR/GAPDH ratio, was significantly higher in PD patients when compared to controls (Controls: 100% ± 6.67; PD: 184.5% ± 13.07; p = 0.0159 Mann Whitney test) (Figure 4A). DNA methylation analyzed at A2AR promoter in two different CpG islands did not show any difference between PD and controls (Table 3).
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FIGURE 4. Analysis of A2AR protein levels in PBMCs from (A) PD patients (n = 5) and controls (n = 4) and (B) Sham (n = 12) and 6-OHDA (n = 10) mice striata. Representative immunoblots of PBMCs and striata lysates reacted with specific anti-A2AR or anti-GAPDH antibodies are shown above the bars for both mice and humans. Values, expressed as means ± standard error of the mean (SEM), were normalized by GAPDH and taking the control and sham groups as 100, respectively for (A,B). *p < 0.05 vs. respective control groups.



TABLE 3. DNA methylation levels (mean ± SEM) at seven cytosine-guanine dinucleotide (CpG) sites (Region 1) and at five cytosine-guanine dinucleotide (CpG) sites (Region 2), within the human A2AR gene promoter, in PBMCs of control (n = 22), and PD subjects (n = 25).
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6-OHDA Mice Model

The first result we observed in mice is the reduced TH immunoreactivity to 10.3 ± 1.22% of control Sham-lesioned animals (100.0 ± 3.39%) (see Supplementary Figure S1). Successively, the study of the A2AR transcriptional regulation revealed a significant up-regulation of A2AR mRNA in the striata of 6-OHDA lesioned mice, when compared to control (Sham) mice (Sham: 1.02 ± 0.06; 6-OHDA: 1.56 ± 0.22; p = 0.0041 Mann Whitney test) (Figure 2B). In agreement with these findings, we observed a parallel increase of A2AR protein levels in 6-OHDA-lesioned animals when compared to controls (Sham: 100.0 ± 7.89; 6-OHDA: 124.84 ± 7.39; p = 0.0425 Mann Whitney test) (Figure 4B). See Supplementary Figure S2 for further details about the analysis of protein levels. We also observed a consistent reduction in DNA methylation at A2AR gene promoter selectively in one of the two regions under study, and specifically in the second CpG site (Sham: 5.06 ± 0.41; 6-OHDA: 4.45 ± 0.60; p = 0.025) as well as in the average of the 6 CpG sites analyzed (Sham: 3.97 ± 0.22; 6-OHDA: 3.52 ± 0.35; p = 0.031) (Figure 5B). Notably, gene expression and DNA methylation levels were inversely correlated in all samples (Spearman r = −0.427, p = 0.037) (Figure 5C). No changes were observed in region 1 (Figure 5A). Finally, we report also a significant enrichment of H3K9Ac (a histone mark exerting permissive action on gene transcription) at A2AR GENE promoter, at the level of the same region studied for DNA methylation in 6-OHDA mice (Sham: 1.06 ± 0.07; 6-OHDA: 1.52 ± 0.21; p = 0.038) (Figure 6). We also analyzed the levels of the repressive marker, H3K27me3, but we did not observe any significant change (Sham: 1.05 ± 0.07; 6-OHDA: 0.80 ± 0.11; p = 0.075 (Figure 6).
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FIGURE 5. Percentage of DNA methylation assessed with bisulfite pyrosequencing in sham (n = 12) and 6-OHDA (n = 14) mice striata at A2AR gene promoter: (A) Region 1 (7 CpG sites quantified). (B) Region 2 (6 CpG sites quantified). Values are expressed as means ± SEM. *p < 0.05 vs. Sham group. (C) Correlation between average DNA methylation at 6 CpG sites located in Region 2 and A2AR mRNA levels in mice striata. Data were compared with non-parametric Spearman correlation analysis. *P = 0.0357.




[image: image]

FIGURE 6. RT-qPCR analysis of H3K9Ac and H3K27me3 immunoprecipitated fragments at A2AR gene promoter. Bars show specific histone modification levels, normalized to total input DNA in Sham (n = 11), and 6-OHDA (n = 9) animals. Values are expressed as means ± SEM. *p < 0.05 vs. Sham group.






DISCUSSION

This study shows that dopamine depletion, a characteristic trait of PD experimentally induced in vivo by 6-OHDA, evokes in mice striata A2AR gene up-regulation as well as increase in protein receptor levels. The same alterations have also been observed in PBMCs from PD patients when compared to healthy controls.

Our data corroborate previous studies showing increased A2AR transcription in the striatum of dopamine-denervated rats (Pinna et al., 2002) and in the putamen of PD patients (Varani et al., 2010) suggesting a similar regulation in the 6-OHDA mouse model of PD as well as in PBMCs from PD subjects. In addition, we provide evidence that these changes are paralleled by a significant increase in A2AR levels, confirming the same change already observed in both 6-OHDA rat model (Bhattacharjee et al., 2011) and clinical samples (Calon et al., 2004; Varani et al., 2010; Ramlackhansingh et al., 2011; Casetta et al., 2014).

Notably, these clinical studies established a correlation between L-DOPA-induced motor complications (i.e., dyskinesia) and increased levels of A2AR. Thus, A2AR density is significantly higher in lymphocytes and neutrophils of dyskinetic than non-dyskinetic patients. Interestingly, L-DOPA-induced dyskinesia is influenced by the degree of dopamine depletion, suggesting that the increase in A2AR expression may be particularly prominent in advanced PD (Varani et al., 2010). Our findings in patients instead show different pattern of changes. In fact, data stratification based on age, as well as years from disease onset, showed higher levels in receptor gene expression in younger patients and in subjects affected for less than a few years, as well as in those with less severe disease even if it should be considered the limited range of H&Y and UPDRS scores. This is in agreement with the results from Villar-Menéndez et al. (2014) showing that the increased A2AR occurs as an early event in PD.

Importantly, these effects in mice are accompanied by consistent changes in two relevant epigenetic marks: a significant reduction in DNA methylation and a significant increase in H3K9Ac at gene promoter. DNA methylation role in A2AR gene regulation was previously reported (Buira et al., 2010a, b; Villar-Menéndez et al., 2014) and we here show in mice striata a significant and selective reduction in DNA methylation clearly correlated with the increase in gene expression.

Moreover, we observed a hitherto undiscovered increase in H3K9Ac, a permissive epigenetic mark, in line with the upregulation of gene expression. Global histone hyperacetylation represents a key epigenetic change in dopaminergic neurons and has been proposed to participate in PD pathogenesis (Villar-Menéndez et al., 2013; Kleiveland, 2015) however this is the first study showing a specific change in H3 acetylation at A2AR gene in the dopamine-depleted striatum. This finding suggests that the reduction in DNA methylation of this gene might be mediated by a local state of acetylation, as previously proposed as a global effect (Cervoni and Szyf, 2001). No changes in DNA methylation levels have been observed in PBMCs from PD subjects when compared to controls. Instead, others reported a reduction of DNA methylation in two CpG sites at A2AR gene promoter in human brain samples (Villar-Menéndez et al., 2014).

In this study we used whole blood samples composed of different cell types with different DNA methylation profiles (Kleiveland, 2015). Therefore, it will be necessary to extend these findings using novel methodological approaches, such as cell-sorting, to fully elucidate the underlying epigenetic regulation of gene expression. However, it is important to underline that PBMCs share with neurons several cellular components and contain the complete epigenetic machinery present in neurons as well as in many other tissues (Joseph et al., 2018; Sen et al., 2018; Zhu et al., 2018). For this reason, their gene expression profile has been recently proposed as a substitute for cerebral markers which, on the other hand, wouldn’t provide enough insight into biochemical detail in order to originate novel and more effective therapeutic intervention (Woelk et al., 2011; Arosio et al., 2014). Moreover, it would also be relevant to evaluate the molecular outcomes in mice PBMCs and compare them to the data obtained from mice brain samples as well as human PBMCs.

In conclusion, our results in mice indicate that loss of dopaminergic innervation to the striatum results in the upregulation of A2AR GENE expression paralleled by selective epigenetic mechanisms, thereby providing new insights into the role of this receptor in PD. Several clinical trials have shown that A2AR antagonists ameliorate the dyskinesia induced by chronic L-DOPA treatment in PD patients (Pinna et al., 2005; Xu et al., 2005; Mizuno and Kondo, 2013) and it is possible that receptor silencing might be an alternative therapy to reduce receptors activity.

Therefore, these data may offer new vistas for therapeutic interventions in PD by targeting histone acetylation and/or DNA methylation selectively at this gene sequence. These data also suggest a possible role of A2AR transcriptional regulation as a biomarker in PD on the basis of the relevant changes occurring at early stages of disease development observed in patient samples.
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The prevalence of the most severe forms of HIV-associated neurocognitive disorders (HAND) is decreasing due to worldwide availability and high efficacy of antiretroviral treatment (ART). However, several grades of HIV-related cognitive impairment persist with effective ART and remain a clinical concern for people with HIV (PWH). The pathogenesis of these cognitive impairments has yet to be fully understood and probably multifactorial. In PWH with undetectable peripheral HIV-RNA, the presence of viral escapes in cerebrospinal fluid (CSF) might explain a proportion of cases, but not all. Many other mechanisms have been hypothesized to be involved in disease progression, in order to identify possible therapeutic targets. As potential indicators of disease staging and progression, numerous biomarkers have been used to characterize and implicate chronic inflammation in the pathogenesis of neuronal injuries, such as certain phenotypes of activated monocytes/macrophages, in the context of persistent immune activation. Despite none of them being disease-specific, the correlation of several CSF cellular biomarkers to HIV-induced neuronal damage has been investigated. Furthermore, recent studies have been evaluating specific microRNA (miRNA) profiles in the CSF of PWH with neurocognitive impairment (NCI). The aim of the present study is to review the body of evidence on different biomarkers use in research and clinical settings, focusing on PWH on ART with undetectable plasma HIV-RNA.
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INTRODUCTION

Thirty-seven million people are currently living with HIV infection in the world, according to World Health Organization estimates. A variable proportion of people with HIV (PWH), suggested up to 60%, might develop some form of HIV-associated neurocognitive disorder (HAND) in the course of their life (Schouten et al., 2011). HAND is categorized as three main conditions based on the severity of neurocognitive deficits: asymptomatic neurocognitive impairment (ANI), HIV-associated mild neurocognitive disorder (MND), and HIV-associated dementia (HAD; Antinori et al., 2007).

The neurocognitive impairment (NCI) underlying these conditions has a multifactorial etiopathogenesis, with many contributing factors. One of the most studied contributing factors is the uncontrolled replication of HIV in cerebrospinal fluid (CSF) and brain tissue, causing direct central nervous system (CNS) damage, further complicating the global picture of HAND. However, a certain grade of NCI has been found in PWH on stable antiretroviral treatment (ART) with persistently undetectable viremia, highlighting ongoing brain volume loss and white matter injury without association to HIV viral load (McMurtray et al., 2008; Cardenas et al., 2009; Gongvatana et al., 2009). These data suggest that the direct role of the virus alone cannot explain the presence of HAND and that other factors, such as chronic inflammation, cytokine release and cellular damage, could all be involved in the pathological process. Specifically, common autopsy findings in ART-treated PWH included brain endothelial cell activation and alterations in neurochemical synaptic transmission with a lymphocyte infiltrate rather than the monocyte dominant encephalitis observed in advanced pre-ART HIV disease.

Many factors have been studied so far to determine the risk of developing HIV-associated NCI, but, until now, a single marker has not been identified that effectively differentiates PWH with or without NCI. In PWH with uncontrolled HIV replication and HAND, therapy is optimized for controlling viral replication; however, there is no standardized consensus on therapy targeting HAND for PWH with optimal viral suppression. The identification of biomarkers with the potential for predicting or stratifying the risk for NCI could be pivotal for the early diagnosis of HAND and long-term management of chronically infected PWH, assessing the efficacy of therapeutic interventions along time. However, as ART-mediated viral suppression limits the role of HIV as a mechanism of CNS injury, potential biomarkers should be investigated between inflammation-linked or neuronal damage markers that could be influenced by different individual host characteristics, such as the genetic likelihood of Alzheimer’s, age, and comorbidities.

In this review article, we analyzed the current body of evidence concerning biomarkers of NCI in PWH on ART and with controlled HIV replication, investigating their applicability in the context of clinical practice. The aim of this review is to investigate which mechanisms are currently studied and possibly correlated to NCI, and whether some markers of neuronal damage or immune activation could be used for diagnostic purposes or even in the longitudinal follow-up of ART-treated PWH.



METHODS

This review article is based on the literature analyzing the markers of NCI in the course of ART-treated HIV infection. Our review examined all articles published in English and available on PubMed database until December 16, 2018. No restriction criteria based on year of publication were used. Online publications ahead of print were also included. The PubMed database was screened using the search terms: {(HIV) [AND NCI] AND marker} NOT review [Publication Type]. One-hundred and eleven articles published between August 1996 and December 2018 were initially selected and screened for eligibility based on title and abstract. With the aim of eliminating the confounding factor of uncontrolled CSF viral replication and viral escapes, we excluded studies performed in ART naïve subject. In vitro studies, post-mortem studies, and animal studies were also excluded. The remaining manuscripts were thereafter read in whole, and included in the review article, if they reported data on at least one possible marker of NCI, studied in PWH (at least partly) on ART.

Forty-three articles were excluded because they did not focus on any biomarker or only concerned viral markers; four because the studies were performed on animals; two were in vitro studies; four were post-mortem studies; eight were performed in ART-naïve PWH or PWH with CSF replicating HIV; four were reviews (Figure 1).
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FIGURE 1. Flowchart for study selection.



Forty-six articles were included in the final version of the review, encompassing 201 distinct hypotheses of correlation between different biomarkers and NCI.

References cited in the studies were also checked to identify other relevant articles not found in our initial search.


Technical Limitations

One of the major issues linked to identification of reliable biomarkers of NCI is the reproducibility of the results. In fact, the techniques that are used to measure different biomarkers in different studies are often not fully comparable. ELISA-based assays, which are commonly used to detect and dose many biomarkers, have been originally developed to measure a single analyte and later developed as multiplex assays, allowing measurement of multiple analytes from a single sample. However, many different sources and kits from different manufacturers are now available and they might provide different results, while the same analyte can be measured differently in multiplex or single determinations. In addition, different kits can be designed for different ranges of values with different software and require different dilutions of the CSF or plasma, which can confound the data between studies. Also, the modern omics approach has similar limitations as well. The results of an omics study can vary with the manufacturer, the platform, and which version is used, owing to low overlap of results when the same samples are run on different platforms. In addition, the omics approach requires correction for multiple comparisons and discussion of fold change definitions, both of which are controversial within the fields.

Finally, statisticians often advocate log transformation of results that may be appropriate for some biomarkers but is problematic for others. Indeed, log transformation of results may obscure the marginal values of more labile analytes, whose values can be at the margin of detection, and leads to publication of findings driven by a very few positive values.

All those technical issues must be considered in the final considerations on the significance of the various analytes that have been studied in CNS.




MARKERS OF NEURONAL DAMAGE AND ALTERATION OF SIGNALING

Key events that follow invasion of CNS by HIV and contribute to HAND include direct neuronal apoptosis, dysregulation of neuronal support cells, and loss of synaptodendritic signaling. Identifying sensitive CSF biomarkers of HIV-induced neuronal damage seems essential for HIV/neuroAIDS staging, evaluation of response to treatment, and clarifying possible mechanisms of neural damage. We summarized data on available neuronal damage and alteration of signaling biomarkers, underlying the main strengths and limitations of the available literature on the topic (Table 1).


TABLE 1. Biomarkers of neuronal damage and correlation with neurocognitive impairment (NCI) in people living with HIV.
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β-Amyloid 42

β-Amyloid 42 (Aβ42) is the major component of brain amyloid plaques in the course of Alzheimer’s disease, and may activate mast cells, which could play an important role in Alzheimer’s disease pathogenesis (Niederhoffer et al., 2009). Patients without clinical cognitive impairment with Aβ42 pathology are considered at high risk of preclinical Alzheimer’s disease (Sperling et al., 2011), cognitive decline (Petersen et al., 2016), and progression to mild cognitive impairment (Knopman et al., 2012). Aβ42 levels in CNS have been previously linked to HIV-RNA load, indicating that HIV replication in the brain could be an active driver of neuroinflammation and of abnormal protein clearance (Levine et al., 2016). However, few studies have focused on Aβ42 levels with successful suppression of HIV replication. CSF levels of Aβ42 from ART-naïve PWH have been previously correlated with average white matter hyperintensities (ρ = 0.319, p = 0.045; Trentalange et al., 2018) that, in turn, have been associated with cognitive impairment (Mok and Kim, 2015). However, such correlation was not confirmed in ART-treated PWH (Trentalange et al., 2018), and a study conducted in 94 PWH (72% with HIV-RNA undetectable) did not find a correlation between CSF Aβ42 levels and abnormalities in the periventricular white matter (Steinbrink et al., 2013). In the same study, the CSF Aβ42 was correlated to scores of different neuropsychological tests, and Aβ42 correlated significantly with HIV Memorial Sloan–Kettering scale (MSKS) score but not with HIV dementia scale (HDS) and the Mosaic test (MT) scores (Steinbrink et al., 2013). Moreover, in ART-treated PWH with undetectable HIV RNA in their plasma or CSF, CSF Aβ42 levels did not correlate with clinically relevant levels of impairment, defined in accordance with the Global Deficit Score (GDS) method, or with past diagnosis of HAND (Cysique et al., 2015). Also, the ε4 allele of Apolipoprotein E (APOE), an apolipoprotein thought to be partially responsible for amyloid clearance in the CNS and a risk factor for late-onset sporadic Alzheimer’s disease (Bertram et al., 2008), showed no association with HAND in HIV (Cysique et al., 2015).

Although Aβ42 could probably be used in other settings, including cognitive impairment in HIV viremic PWH, current evidences on its use in controlled HIV infection are still limited and do not offer additional information on cognitive evaluation and staging in the clinical practice.



Neurofilament Proteins

The light subunit of the neurofilament protein (NFL) is a major structural element of myelinated axons that is crucial for maintaining the axonal caliber and facilitating an effective nerve conduction (Hoffman et al., 1987). Elevated NFL levels are found in CSF of PWH when this structural component is released during neuronal and axonal injury, which has been reported in several neurological disorders including HAND (Abdulle et al., 2007; Jessen Krut et al., 2014; Peterson et al., 2014; McGuire et al., 2015; Gisslén et al., 2016; Yilmaz et al., 2017). In HIV-infected adults, higher plasma NFL concentration has been significantly associated with worse neuropsychological performance, after adjustment for possible confounding factors including age, CD4+ T cell count, and plasma HIV RNA levels (Anderson et al., 2018). High NFL concentration in CSF was found to be an independent biomarker of baseline NCI status in multivariable linear regression models adjusted for age, race, and plasma viral load (Guha et al., 2019). CSF NFL levels were also found to correlate with C1q concentrations in CSF in ART naïve PWH. The complement system (C1q/C3) is a key mediator of synaptic pruning during normal development and HIV inappropriately induces C1q and C3 production in the brain. In a 2016 study of 40 PWH with 58% of PWH on ART, a nearly significant elevation of CSF C1q expression was observed in cognitively impaired subjects between 18 and 24 years old compared to cognitively normal subjects, and within the PWH group, CSF C1q correlated with CSF NFL levels (McGuire et al., 2016). However, the association between GDSs and CSF NFL has been observed mostly in individuals not receiving ART, in which plasma NFLs are higher compared to PWH receiving ART and usually decline over time after ART initiation (Andersson et al., 2006; Jessen Krut et al., 2014; Anderson et al., 2018). A trend towards higher CSF NFL was also seen in aviremic PWH with NCI compared to others (Edén et al., 2016) and, in a work including mostly ART-treated PWH (67 PWH of which 67% aviremic), CSF NFL levels were higher in PWH with NCI compared to unimpaired HIV-infected subjects (p < 0.05; Guha et al., 2019). In the same study, CSF NFL was higher in NCI (p = 0.009) and HAND (p = 0.007) but not in unimpaired HIV-infected subjects compared to HIV-uninfected controls (Guha et al., 2019). In another interesting study, high levels of CSF NFL were consistently found in HAD subjects and in untreated asymptomatic PWH, especially those with lower counts of CD4+ T lymphocytes, suggesting a subclinical axonal injury also in neuroasymptomatic PWH and not on treatment (Jessen Krut et al., 2014). Importantly, higher CSF NFL levels were found in neuroasymptomatic PWH compared to CD4-matched controls in a previous study, in which enrolled PWH were not on ART or, in some cases, treated with old drug combinations, which would now be considered suboptimal, and had with elevated median CSF HIV-RNA levels in both cases and controls (Gisslén et al., 2007). In a cross-sectional comparison between ART-treated PWH and HIV-uninfected subjects, only a minority of subjects [7/85 (8%) and 4/204 (2%), respectively] had high CSF NFL levels (Jessen Krut et al., 2014), and similar NFL concentrations were found in PWH under combined ART and in HIV-negative subjects 3.9 years older (Jessen Krut et al., 2014). While ART usually reduces CSF NFL concentrations in naïve subjects (Jessen Krut et al., 2014) in PWH with NCI and on stable ART, NFL does not seem to change significantly after 24 weeks (Sacktor et al., 2018). Moreover, ART-treated HIV aviremic subjects had similar CSF NFL concentrations either if treated early or late (after median 1.8 vs. 17.2 months) for HIV infection (Oliveira et al., 2017). In conclusion, NFL is a sensitive biomarker for axonal injury in several neurological disorders including HAND (Abdulle et al., 2007; Gisslén et al., 2007, 2016; Yilmaz et al., 2017), and the correlation found between CSF NFL and neopterin in NCI subjects suggests an association between NCI, CNS inflammation, and neuronal damage (Edén et al., 2016). NFL is one of the markers with a more consistent correlation with NCI in HIV; however, a longitudinal evaluation of NFL in ART-treated aviremic PWH seems not to be informative.



Calcium Binding Protein B

Calcium binding protein B (S100B) is secreted by astrocytes and oligodendrocytes and can enter the extracellular space or bloodstream after spilling from injured cells. For this reason, S100B is considered a peripheral marker of CNS damage and blood-brain barrier permeability (Blyth et al., 2009; Kazmierski et al., 2012; Wu et al., 2016). Glial responses in HIV-infected individuals can be detected by elevation of CSF S100B (Green et al., 1999; Pemberton and Brew, 2001; Du Pasquier et al., 2013; Abassi et al., 2017) and its levels have been found to be higher in the CSF of PWH with NCI compared to unimpaired HIV-infected subjects (p < 0.05; Guha et al., 2019). In particular, CSF S100B was higher in NCI (p = 0.023) and HAND (p = 0.002) but not in unimpaired HIV-infected subjects compared to uninfected controls in a recent study conducted by Guha et al. (2019). However, in that study, SB100 was not confirmed as an independent biomarker of baseline NCI status in multivariable linear regression models adjusted for age, race, and plasma viral load (Guha et al., 2019). In another study, significantly higher levels of S100B were found in CSF of PWH with NCI compared with PWH without impairment (p = 0.0023); however, the analysis was unadjusted for possible confounding factors (Yuan et al., 2017). Definitive studies confirming the role of SB100 in the evaluation of NCI in the course of aviremic HIV infection are still lacking.



Tau Protein

Total-tau and phospho-tau are considered reliable markers of clinically relevant neurodegeneration. Tau is a protein implicated in the assembly and stability of microtubules, while phospho-tau, its hyper-phosphorylated form, is produced in the course of inflammation and detaches from microtubules, forming neurofibrillary tangles (Calcagno et al., 2016). In a previous study performed in PWH (72% with HIV-RNA <200 copies/ml), higher mean values of total tau have been found in PWH with moderate or severe abnormalities of periventricular white matter than in PWH with no or mild abnormalities (p < 0.001 and p = 0.006, respectively; Steinbrink et al., 2013). The same findings were also confirmed in PWH with white matter abnormalities in the area of the basal ganglia, who showed significantly higher total tau levels (p = 0.0013) compared to PWH with no, or mild, abnormalities (p = 0.027; Steinbrink et al., 2013). On the other side, in ART-treated PWH, tau CSF levels did not correlate with the presence of hyperintensities in the white matter, which has been in turn associated with NCI, while a weak correlation was seen in naive PWH (Trentalange et al., 2018). The correlation among total tau level in CSF and scores of different neuropsychological tests has also been evaluated. Total tau correlated with the MSKS score (r = 0.252; p = 0.018), HDS score (r = 0.268; p = 0.015), and the MT score (r = 0.229; p = 0.036). Interestingly, none of those scores correlated with phospho-tau levels (Steinbrink et al., 2013). On the other hand, greater levels of NCI, evaluated by the GDS, were associated with higher CSF levels of phospho-tau (r = 0.10; p = 0.03), but NCI showed only borderline association at the univariate analysis (p = 0.05) to CSF total-tau levels, not confirmed at multivariable analysis (Cysique et al., 2015).

Although the normalization of CSF-tau has been correlated to improvement of neurocognitive function in a single case of a person initiating ART (Andersson et al., 2006), no changes in tau levels were found in studies of switch therapy in virologically suppressed PWH switching to ART regimens with enhanced CNS penetrability (Tiraboschi et al., 2015). In summary, tau CNS levels showed good correlation with both neuroimaging features and neuropsychological tests evocative of NCI in different studies. Data are still lacking on the possibility of use of this marker in the follow up of NCI.



Lipid Biomarkers

During the course of CNS disorders, a disruption in the lipid metabolism may occur in the CNS, resulting in elevated CSF levels or brain accumulation of lipid biomarkers. Indeed, levels of ceramide and sphingomyelin are significantly increased in brain tissues and CSF of PWH with dementia (Haughey et al., 2004). This could be due to an induction of the lipid metabolism caused by the cytokines produced by glial cells. Moreover, an overproduction of ceramide, resulting from oxidative assault on lipid membranes in the CNS, can be implicated in brain accumulation of lipids and increased ceramide in the CSF of HIV/neuroAIDS subjects (Haughey et al., 2004; Farooqui et al., 2007). CSF levels of sphingomyelin, ceramide, and sterol species have been studied and compared with performance on standard neurological tests in 31 PWH (80% on ART; Mielke et al., 2010). Greater sphingomyelin/ceramide ratios for acyl chain lengths of C16:0, C18:0, C22:0, and C24:0 were associated with poorer performance on memory testing (Mielke et al., 2010). Moreover, higher sphingomyelin:cholesterol ratios were found in PWH with lower scores on the Rey Auditory Verbal Learning Test trail 5 and delayed recall tests (Mielke et al., 2010). Ceramide C16:0 and ceramide C22:0 levels were also evaluated in a prospective double-blind trial, in which PWH were treated with fluconazole, paroxetine or placebo. The study failed to prove a significant improvement in plasma and CSF lipid levels. However, in PWH treated with paroxetine, plasma ceramide C22:0 levels were reduced more than in those treated with placebo and also a cognitive improvement was noticed in the same group, although not consistent across all cognitive domains (Sacktor et al., 2018). In conclusion, data on lipid biomarkers trend in the course of suppressive ART are still lacking, and little is known on the potential use for diagnosis and follow-up of aviremic PWH.



Extracellular Vesicles

Extracellular vesicles (EVs) are generated from most cell types and released into blood and CSF to carry and deliver cellular products to other neighboring or distant cells, including proteins, lipids, and nucleic acids (Thery et al., 2002; Rashed et al., 2017), but also, in the course of viral infection, viral proteins (Kadiu et al., 2012) and pro- or anti-inflammatory factors (Li et al., 2013). EVs can be classified as exosomes (50–150 nm, originate from multivesicular bodies) or microvesicles (200 nm to 1 μm, originate from plasma membrane), depending on their origin and particle size, and have been studied as possible markers of many neurologic disorders and neuroinflammatory and neurodegenerative diseases (Gupta and Pulliam, 2014; Coleman and Hill, 2015; Madison and Okeoma, 2015; Welton et al., 2017). Few studies have characterized their role and function in the course of HIV infection (Sun et al., 2017; Chettimada et al., 2018; Guha et al., 2019).

In a work including HIV-uninfected and HIV-infected subjects (67% aviremic), CSF EVs were more abundant in HIV-infected compared to HIV-uninfected subjects, regardless of NCI status (p < 0.0001) and were more abundant in NCI (p = 0.04 and p = 0.011 for EVs and CSF, respectively) or HAND (p < 0.0001 and p = 0.02 for EVs and CSF, respectively) compared to unimpaired HIV-infected subjects (Guha et al., 2019). CSF EV concentrations also showed a positive correlation with NFL levels, while no correlations were found with S100B and neopterin (Guha et al., 2019). Although the study of EV seems promising, evidence to support their use in clinical practice is still missing.



Wnt Pathway

Wnts are a family of 19 highly conserved, small secreted glycoproteins that bind to the seven-transmembrane Frizzeled receptors and its co-receptor, LDL receptor-related proteins 5 and 6, to engage a signaling cascade that culminates in β-catenin-dependent or -independent signaling. The Wnt pathway plays a critical role in cell communication, differentiation, and survival (Al-Harthi, 2012; Clevers and Nusse, 2012), and its dysregulation has been linked to neurodegenerative diseases, including Alzheimer’s disease, Parkinson’s disease, and amyotrophic lateral sclerosis (Al-Harthi, 2012; Purro et al., 2014). To date, few data are available on the signaling and regulation of Wnt pathway in the course of HIV infection and HAND. Previous studies found that Wnt/β-catenin was a restriction factor for HIV in astrocytes (Li et al., 2011; Narasipura et al., 2012; Richards et al., 2015), and inhibition of Wnt/β-catenin signaling influenced the glutamate uptake and metabolism in astrocytes (Lutgen et al., 2016). The Dickkopf-related protein 1 (DKK1) is a secreted soluble antagonist of the Wnt pathway that induces the rapid disassembly of synapses in mature neurons, and it mediates synaptic loss induced by Aβ (Purro et al., 2012). In HIV-infected subjects, DKK1 levels did differ with NCI (mean 813 pg/ml vs. 549 pg/ml, p < 0.05), particularly in PWH taking ART with HIV RNA levels ≤50 c/ml (Yu et al., 2017). Even if studies are still lacking in HIV, Wnt pathway regulates synaptic transmission and plasticity, and its study could provide a new understanding of some neuropathological processes in the course of HAND.



Mitochondrial DNA

Copy number of mtDNA in the brain and mitochondrial damage and mtDNA copy number within brain tissue have been correlated with a variety of neurodegenerative pathologies and aging. Moreover, considering the similarities of mtDNA with bacterial genomes, it acts as a “damage-associated molecular pattern” molecule, triggering toll-like receptor-9 activation and consequent inflammation. For all these reasons, quantity of mtDNA in CSF recently emerged as a biomarker of mitochondrial alteration and has been correlated with brain inflammation. Pérez-Santiago et al. (2016) first described an association between mtDNA levels in CSF and neurocognitive deficits in a group of 28 HIV+ subjects, most of which were not virologically suppressed neither in plasma nor in CSF at time of this cross-sectional analysis. Interestingly, a strong association was demonstrated between mtDNA in CSF and inflammatory markers, specifically IP-10 in CSF and Monocyte Chemo-Attractant Protein-1 (MCP-1) in plasma, in individuals with NCI, thus leading to the hypothesis that PWH with NCI may have inflammatory responses that differ from PWH without NCI and may also respond differently to the presence of mtDNA. A similar analysis was performed in the CHARTER population to determine the relationship between CSF mtDNA with CSF inflammatory markers, angiogenesis, iron transport, and HAND (Mehta et al., 2017). Interestingly, Mehta et al. (2017) found higher cell-free mtDNA levels in untreated PWH with detectable CSF HIV RNA. Even if these markers did not distinguish between PWH with or without NCI, mtDNA levels were higher in PWH with mild NCI as compared to asymptomatic subjects. There was also an association between CSF mtDNA and levels of interleukin-6 (IL-6) within the PWH group, even after adjustment for HIV RNA and CSF WBC. Moreover, levels of mtDNA correlated with lower levels of ceruloplasmin and transferrin, and the angiogenesis marker VEGF, after adjusting for the presence of HIV RNA and WBCs in CSF.

In a subsequent wok, Pérez-Santiago et al. (2017) analyzed the association between CSF, inflammation, and neurocognitive performance in PWH on long-term ART with persistent viral suppression in plasma. In this work, cell-free mtDNA in CSF samples has been inversely associated with peripheral and CSF inflammation [MCP-1 in CSF, and tumor necrosis factor-α (TNF-α) and IL-8 in plasma] under virologically effective ART (also after adjustment for past AIDS diagnosis). Indeed, contrary to the previous study, in this cohort of virally suppressed individuals, higher cell-free mtDNA levels within CSF supernatant were associated with better neurocognitive performance, as measured by the summary T score. Additionally, lower mtDNA in the CSF correlated with higher levels of NFL. Thus, in ART-treated PWH, a disequilibrium in cellular and mitochondrial function, similar to other neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s disease, is recognized, which leads to mtDNA depletion, neuronal damage, and worse neurocognitive outcomes. Well-defined longitudinal studies will be needed to clarify the relationship between free mtDNA and neurocognitive outcomes during HIV suppression.

Another study approach focused on mtDNA is to define mitochondrial haplogroups, which have been shown to affect a range of HIV disease characteristics, including those potentially related to inflammation. Indeed, in vitro studies have shown that European mitochondrial haplogroups differ in expression and methylation of inflammation pathway genes. An analysis performed by Samuels et al. (2016) on participants from the CHARTER study who had genetic data and CSF samples showed no significant associations of any of the four measured CSF cytokines (IL-6, IL-8, IP-10, and TNF-α) with mitochondrial haplogroup in participants of African or Hispanic ancestry. However, in the subgroup of participants of European ancestry with suppressed plasmatic HIV-RNA viremia, the common haplogroup H had significantly lower CSF TNF-α levels (Samuels et al., 2016).




MARKERS OF INFLAMMATION

During ART-mediated viral suppression, the dominant hypothesis for ongoing brain dysfunction has been linked to persistent inflammation. Following the introduction of ART, a sharp decrease of systemic inflammation has been demonstrated but not with resolution to normal levels. We summarized increasing evidence of the association between markers of inflammation and NCI (Table 2).


TABLE 2. Biomarkers of inflammation and correlation with NCI in people living with HIV.
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Monocyte Chemo-Attractant Protein (MCP-1)

Among the most studied biomarkers of inflammation, MCP-1 is a chemokine produced by a number of cells constitutively or after oxidative stress (including activated microglia and astrocytes) and, by regulating migration and infiltration of monocytes/macrophages, contributes to neuroinflammation and injury (Deshmane et al., 2009; Rahimian and He, 2016). A work from 2006 investigated the relationship between biomarkers and MRI diffusion tensor imaging measurements of centrum semiovale, caudate, and putamen, which have been shown to correlate with cognitive status. In 11 ART-treated HIV-infected subjects, plasma MCP-1 levels correlated with subcortical injury (Ragin et al., 2006). A 2013 work aimed at investigating biomarkers within 98 HIV-infected individuals categorized according to neurocognitive performance (including “stably impaired” and “worsening”), of which 73% of PWH were on ART and 54% were virally suppressed. Linear regression identified that, among markers, only MCP-1 in CSF was associated with neurocognitive change. Models constructed with the aim of diagnosis showed that a combination of MCP-1 and TNF-α allowed classifying 100% of the subjects with stable impairment (Marcotte et al., 2013). In a 2013 preliminary study, Yuan et al. (2013) measured cytokine levels in the CSF of 107 HIV-infected PWH (43% of whom were on ART) with and without NCI through quantification bioassays. Cases with NCI demonstrated significantly higher levels of MCP-1 (along with IL-8 and IP-10; Yuan et al., 2013). In 2015, Yuan et al. (2015) compared cytokine levels in paired CSF and plasma samples from 85 HIV+ individuals (43% of whom were on ART) with or without NCI. The expression of MCP-1 was significantly higher in CSF compared to plasma, and more importantly, CSF MCP-1 was significantly higher among subjects with NCI, while plasma MCP-1 did not correlate with cognitive impairment (Yuan et al., 2015). In a 2015 prospective, single-arm pilot study by Tiraboschi et al. (2015), 12 ART suppressed PWH with NCI on a regimen including TDF/FTC/EFV were switched to ABC/3TC/MVC. All participants showed elevated MCP-1 levels (along with neopterin) in CSF at baseline, although no significant change in MCP-1 levels was detected after week 24 from switch to the regimen with high neuropenetration (Tiraboschi et al., 2015). In summary, CSF MCP-1 showed promising correlation to NCI in multiple independent studies with distinct endpoints and designs. However, most studies encompassed both untreated and treated PWH (with some of the latter still being viremic); therefore, the role of CSF MCP-1 as a viable biomarker for NCI in ART-suppressed PWH is yet to be assessed.



Tumor Necrosis Factor Alpha (TNF-α)

TNF-α is a proinflammatory cytokine that exerts homeostatic and pathophysiological roles in the CNS. TNF-α is released in large amounts by microglia in pathological conditions, and this production constitutes part of the neuroinflammatory response and has been associated with a number of neurological disorders (Olmos and Lladó, 2014). In the aforementioned 2015 prospective, single-arm pilot switch study by Tiraboschi et al. (2015), a statistically significant reduction in median TNF-α concentration in CSF was observed after a 24-week switch to an ART regimen with high neuropenetration; no significant differences were observed, taking other inflammatory markers into exam. Of note, median CSF HIV RNA decreased as well (all participants had suppressed plasma HIV RNA; Tiraboschi et al., 2015). In a study by Oliveira et al. (2017), paired blood and CSF samples were collected from 16 HIV-infected individuals on suppressive “early” or “late” ART. Median CSF TNF-α levels were slightly but significantly lower in individuals on early ART compared to those who had initiated ART later. No difference was detected among groups for blood TNF-α (Oliveira et al., 2017).

In conclusion, there is limited but promising evidence in favor of TNF-α being associated with inflammation due to uncontrolled/residual viremia. Further studies are warranted.



Interleukin-6

IL-6, a mediator of the acute phase response, can be produced by astrocytes exposed to HIV (Nitkiewicz et al., 2017). Lower IL-6 levels in CSF have been observed in individuals who had started ART early compared to those who had initiated ART later in a work by Oliveira et al. (2017). No difference was detected among groups for plasma IL-6 concentration. These data supported the concept that early ART initiation reduces at least some inflammation mediators in CSF. A possible effect of IL-6 on CSF HIV DNA molecular diversity was also explored but no mediation effect was observed (Oliveira et al., 2017). In a 2017 work investigating the relationship between CSF levels of proteins involved in iron transport and/or angiogenesis and neuropsychiatric impairment in 405 HIV-positive individuals (73% of subjects on ART, 46% of PWH were virally suppressed), CSF levels of IL-6 were not found to correlate with HAND. Of note, CSF IL-6 was shown to correlate to a reduced likelihood of impairment in 135 patients with mild-moderate comorbidity (Kallianpur et al., 2018). Despite promising reports, data concerning a possible role of CSF IL-6 in NCI of PWH are inconsistent. Further studies are needed to expand the current knowledge.



Interferon-γ-Inducible Protein (IP-10 or CXCL10)

IP-10 is a CXC or α-chemokine that acts on its receptor, CXCR3, to attract activated T cells, NK cells, and blood monocytes. A potent chemoattractant, it has been proposed to enhance retroviral infection and mediate neuronal injury. CSF IP-10 levels are known to correlate with CSF HIV-RNA and to decrease in subjects starting ART (Cinque et al., 2005). In the aforementioned 2013 preliminary study by Yuan et al. (2013) on 107 HIV-infected individuals, significantly higher levels of IP-10 (along with IL-8 and MCP-1) were found in the CSF of individuals with NCI compared to those without NCI. Interestingly, IP-10 was the only marker found to be associated with ART treatment, as CSF IP-10 was found to be higher in ART-treated PWH with NCI than in untreated PWH with NCI (Yuan et al., 2013). Again, in 2015, Yuan et al. (2015) compared cytokine levels in paired CSF and plasma samples from 85 HIV-infected individuals with or without NCI. Both CSF and plasma IP-10 were found to correlate with each other in the PWH cohort (Yuan et al., 2015). In 2018, Sacktor et al. (2018) published the results of a double-blind, placebo-controlled trial evaluating paroxetine and fluconazole for the treatment of HAND. Paroxetine was associated with improvement in a summary neuropsychological test measure, and in some—but not all—distinct neuropsychological tests. The authors investigated changes in biomarkers of cellular stress, inflammation, and neuronal injury over 24 weeks in response to treatment. Both paroxetine treatment alone and combined paroxetine/fluconazole treatment showed a decrease in plasma IP-10 levels compared to placebo (Sacktor et al., 2018).

In conclusion, a small number of independent studies with distinct designs and endpoints correlate IP-10 to NCI, interestingly, both as a plasma and CSF marker. IP-10 seems to be a reliable marker for NCI during ART, and correlation to a novel treatment for HAND has been described. However, viability as a biomarker in clinical practice has yet to be tested.



Interleukin-8 (IL-8 or CXCL-8)

Produced by macrophages and other cell types, IL-8 is the primary cytokine involved in neutrophil chemotaxis. In the cited 2013 and 2015 studies by Yuan et al. (2013, 2015). CSF levels of IL-8 were significantly higher in HIV-infected individuals with NCI compared to those without NCI. IL-8 levels were significantly higher in CSF than plasma levels (Yuan et al., 2013, 2015). On the other hand, while the 2018 paroxetine/fluconazole trial by Sacktor et al. (2018) suggest a beneficial effect of paroxetine on HAND, both paroxetine treatment alone and combined paroxetine/fluconazole treatment showed an increase in CSF IL-8/CXCL-8 levels compared to placebo. Therefore, despite promising reports, data concerning a possible role of CSF IL-8 in NCI of ART suppressed PWH is inconsistent.



Interferon Alpha

A renowned antiviral cytokine, interferon α (IFNα) has been found to be elevated in CSF of individuals with advanced HAD since the pre-combined ART era.

A 2016 cross-sectional study investigated the association between IFNα and neurocognitive performance, measured by an eight-test neuropsychological battery. Of 15 PWH, 60% were ART-experienced and 20% had undetectable viral load; CSF and plasma IFNα levels did not differ between treated and untreated or suppressed and non-suppressed PWH. CSF IFNα was found to negatively correlate with three individual tests and the composite test. Additionally, CSF IFNα correlated strongly with CSF NFL. Plasma IFNα did not show a significant correlation to cognitive performance (Anderson et al., 2017). While these results strongly suggest that CSF IFNα continues to play a role in HAND pathogenesis during the cART era, they pertain to a single study. Further works are needed to establish the correlation of IFNα and NCI in ART-suppressed PWH.



Interleukin-16

IL-16 is a pleiotropic cytokine acting as a chemoattractive and modulating factor of T cell activation. In a 2017 work aimed at determining the relationship between body mass index (BMI), HIV-associated NCI, and the potential mediating effects of inflammatory cytokines, 90 HIV-infected PWH (86.7% of whom were virally suppressed) were evaluated. Serum concentrations of IL-16 were significantly associated with slower processing speed, independently of BMI (Okafor et al., 2017). None of the other studies taken into consideration in the present review showed a significant correlation between IL-16 and NCI. Further studies are needed to establish such a correlation in ART-suppressed PWH.



Intercellular Adhesion Molecule-5

Intercellular adhesion molecule-5 (ICAM5) is an ICAM expressed on neurons that may inhibit CNS T cell activation. Elevated levels of ICAM5 have been previously found in patients with brain injury (Guo et al., 2000; Di Battista et al., 2015).

Only one previous study, according to the selection criteria chosen for the present review article, addressed changes in ICAM5 in the HIV-infected population (Yuan et al., 2017). In that study, higher ICAM5 concentrations were found in PWH with NCI compared to PWH without impairment. Plasma and CSF ICAM5 levels showed a significant correlation to each other, and plasma ICAM5 significantly correlated with CSF S100B (Yuan et al., 2017). Moreover, high concentrations of plasma and CSF ICAM5 were found in PWH who developed NCI while levels did not change in individuals who did not develop any form of impairment. The change of plasma ICAM5 levels always corresponded with that in CSF (Yuan et al., 2017). Future studies will clarify the applicability of these preliminary findings in the HIV-infected population.



Eotaxin

Eotaxin is a chemokine that acts as a potent eosinophil chemoattractant and that, according to recent studies, may also contribute to degenerative processes in the CNS (Huber et al., 2018). However, only one study, among those selected for the present review article, addressed the evaluation of this biomarker, failing to determine any significant findings. In 85 HIV-infected subjects (43% of whom were on ART), eotaxin levels did not correlate with the diagnosis of NCI, neither in CSF nor in plasma (Yuan et al., 2015).



Microbial Translocation Markers

Chronic inflammation after ART introduction has been associated with microbial translocation with bacterial and fungal antigens across damaged gastrointestinal tract to drive systemic and CNS inflammation.

A component of the cell wall of gram-negative bacteria, lipopolysaccharide (LPS), can reach high plasma levels with translocation of microbial products across the intestinal mucosa into the peripheral circulation. LPS is suspected to trigger monocyte activation and to increase trafficking of infected cells into the brain (Epple et al., 2009). However, LPS measure is not easy to perform, as LPS assays are problematic because of blocking factors in bio-fluids and different types of LPS. Therefore, LPS cannot be measured in the standard ELISA format, and results of bioassays provide measures that are not fully comparable between different sites. In a work by Vassallo et al. (2013), LPS plasma levels were compared between 179 PWH with HAND and those with no HAND (87% of subjects on ART and 67% virally suppressed). A clear association was found between LPS levels and HAND in a subset of HCV-positive participants, while the association was non-significant among the HCV-negative group (LPS had previously been shown to be elevated in hepatitis C co-infection; Vassallo et al., 2013). LPS, along with its ligand sCD14, was also found to be a significant predictor of lower processing speed in a 2017 randomized clinical trial focused on alcohol intervention on ART-suppressed heavy drinkers living with HIV (Monnig et al., 2017).

1,3-β-D-glucan (BDG) is a component of most fungal cell walls and therefore is thought to be another useful indicator of gut mucosal barrier impairment. In a 2016 cross-sectional cohort study, levels of BDG were measured in plasma and CSF in 21 adults with acute/early HIV infection, started on ART during the earliest phase of infection with HIV RNA suppression. Higher plasma BDG levels were significantly related to higher GDSs, reflecting worse neurocognitive performance. Interestingly, CSF BDG was only found to be elevated in two individuals, those with the highest GDSs (Hoenigl et al., 2016).

In light of the wide body of work supporting the gut–brain barrier as a novel target in the ART era, LPS is a promising biomarker. LPS correlates with processing speed at least in a very specific subset of HIV-positive, ART-suppressed PWH. However, HCV co-infection represents a significant confounding factor and further studies on LPS and BDG are warranted in ART-suppressed PWH.



Growth Factors


Iron Transporters and VEGF

Iron is necessary for mitochondrial function, and its transport is thought to influence immune activation and angiogenesis (Cherayil, 2010; Saghiri et al., 2015); iron availability can be both related to HAND and neurodegenerative diseases (Bhatia and Chow, 2016; Edén et al., 2016). Altered angiogenesis, in particular, may lead to disruption of blood-brain barrier integrity in PWH, with consequent possibility of migration of activated immune cells into the CNS and development of inflammation and infection (Nightingale et al., 2014). In one single study satisfying inclusion criteria for the present review, VEGF levels and iron transporters (i.e., ceruloplasmin and aptoglobin) have been studied in relation to NCI in HIV (Kallianpur et al., 2018). Elevated CSF VEGF levels were associated with higher GDSs and with NCI, defined by GDS (Kallianpur et al., 2018). Moreover, aviremic PWH without neurological comorbidities and with higher ceruloplasmin levels were more likely to have GDS impairment. The same results were also found in PWH with higher CSF haptoglobin levels (Kallianpur et al., 2018). Despite those preliminary results, the authors of the study highlighted that the associations they found were not adjusted for multiple testing and required thus replication and further investigation (Kallianpur et al., 2018).



Fibroblast Growth Factors

Fibroblast growth factors (FGFs) are implicated in brain development and in neuroprotective functions. An alteration of FGF levels in CSF may be linked to neuronal injury and has been previously described in the course of amyotrophic lateral sclerosis (Johansson et al., 2003), moyamoya (Yoshimoto et al., 1997), and Alzheimer’s disease (Mashayekhi et al., 2010). FGF levels in CSF have been poorly studied in humans and, in particular, in the setting of HIV-infected subjects (Bharti et al., 2016). However, one study performed among 100 PWH (37% of whom were aviremic) failed to prove a consistent correlation between FGF-2 levels and cognitive disorders, while finding a correlation between lower FGF-1 levels and NCI (Bharti et al., 2016). The body of evidence regarding this marker in the clinical practice or in studies focused on NCI in the course of HIV is thus still scarce.



Granulocyte Colony-Stimulating Factor

Granulocyte colony-stimulating factor (G-CSF) is a hematopoietic growth factor that stimulates proliferation and differentiation of myeloid cells. However, G-CSF and its receptor are also expressed by neurons in many brain regions and recent studies suggested its role as a neurotrophic factor, as G-CSF has an anti-apoptotic function and stimulates neuronal differentiation in the brain (Schneider et al., 2005). In the context of HIV-related NCI, few studies have evaluated G-CSF levels. In a previous study performed in 85 HIV-infected subjects (43% of participants were on ART; Yuan et al., 2015), G-CSF levels did not differ significantly in plasma and CSF, indicating a possible reliability of blood measurement of this marker without the need of lumbar puncture. However, G-CSF levels were significantly higher in PWH with NCI compared to those who had no impairment, in both CSF (p = 0.0079) and plasma (p = 0.0191; Yuan et al., 2015). In another study evaluating a total of 107 CSF samples from PWH, G-CSF levels in the CSF were not different between ART-treated and untreated PWH but were higher in PWH with impaired cognition (Yuan et al., 2013).

Those preliminary results may suggest specificity in G-CSF levels in identifying PWH with HAND, also in the context of ART. However, no longitudinal studies are available to date and the evidence for its use remains very scarce.





IMMUNE ACTIVATION MARKERS


T Cell Activation

Considering the emerging role of inflammation as a contributing factor in neurological damage in the setting of ART-mediated virological suppression, well-characterized immune activation drivers have been explored as potential biomarkers of NCI during ART. Low CD4/CD8 ratio despite suppressive ART has been linked to immune activation and used to identify PWH with accelerated aging at risks of clinical events, including NCI. By evaluating the association of LPS levels with NCI, Vassallo et al. (2013) also considered CD4/CD8 ratio, which was significantly associated with NCI in HCV-negative subjects in univariate analysis. However, after considering age, proviral DNA, CD8 T cell count, and CD4/CD8 ratio in a logistic regression model, only age and proviral HIV-DNA resulted independently associated to NCI. In a subsequent work, Vassallo et al. (2013) explored the association between CD4/CD8 ratio, T-lymphocyte activation, and NCI in a large cohort (200 PWH) of virologically suppressed individuals on ART. They found that in ART-treated PWH on stable therapy for at least 3 years with virological suppression, a CD4/CD8 <1 resulted in an independent risk factor for symptomatic HAND (Vassallo et al., 2013). Moreover, a significant correlation between CD4/CD8 ratio and T-cell activation (measured by the number of CD4+CD38+HLADR+ T lymphocytes) was found, contributing to the evidence that CD4/CD8 ratio can be considered as a marker of chronic immune activation. A similar analysis was performed in MSM (men who have sex with men) Neurocog Study, in which 200 HIV-infected MSM PWH were screened for NCI and, after excluding people suffering from anxiety, depression or previous diagnosis of mood disorders, 20 were identified as potentially having NCI (Rawson et al., 2015). In this study, no significant difference in current, nadir or peak CD4 and CD8 counts, CD4/CD8 ratios, CD4/CD8 ratio inversion (<1), plasma viral load detectability, and peak plasma viral load were identified between subjects with NCI and the control group. Thus, until now, no definitive demonstration has been reached to define any significant benefit in monitoring CD8 T cells or CD4/CD8 T cell ratio inversion as an indicator of NCI.

Recently, Merlini and coauthors evaluated the effects of 12 months of virally suppressive ART on the peripheral and CSF pro-inflammatory milieu (Merlini et al., 2018). As expected, they found a decline in both plasma and CSF viral replication after 12 months of ART, and a simultaneous reduction in peripheral and CSF immune activation, measured by CD38+CD8+ cells, sCD14, IL-6, MCP-1, and IP-10. Interestingly, subjects with high pre-ART CSF/plasma HIV-RNA ratio maintained a skewed T cell homeostasis toward more effector/exhausted phenotype after ART introduction. In contrast, HIV people with low CSF/plasma HIV-RNA at baseline displayed a trend toward recovered peripheral CD4+ and CD8+ T cells phenotypes, thus suggesting that a lower pre-ART CSF viral burden and a subsequent viral suppression can prevent CNS invasion by HIV and consequent detrimental immune activation.



Monocyte/Macrophage Activation

Considering the role of the monocyte–macrophage lineage in the HIV-associated CNS disease, activation specifically involving these cells has been studied as a potential marker of neurocognitive damage during ART-mediated viral suppression.


Neopterin

Neopterin is a metabolite of guanosine triphosphate catabolism, and its increase in CSF is considered a marker of macrophage and microglial activation (Rahimian and He, 2016) and an independent predictor of CSF NFL levels (Jessen Krut et al., 2014). CSF neopterin levels are usually high in PWH who do not receive ART (Fuchs et al., 1989) and may decrease after ART initiation, possibly in parallel with improvement of neurocognitive function in the course of ART (Andersson et al., 2006). However, in certain individuals, some levels of immune activation may persist in the CNS also after the achievement of undetectable HIV-RNA levels, and the concentrations of CSF neopterin remain elevated for a long time also after having started ART (Edén et al., 2007; Yilmaz et al., 2013). In ART-treated PWH, neopterin level correlates with white matter hyperintensities that are in turn associated with neurological complications, including cognitive impairment (ρ = 0.321, p = 0.064; Trentalange et al., 2018). However, the direct correlation between neopterin levels and NCI in HIV-infected aviremic subjects is not univocal. In a recent work including 112 subjects (67% aviremic), neopterin was not an independent biomarker of baseline NCI status in multivariable linear regression models, adjusted for age, race, and plasma viral load (Guha et al., 2019). These findings corroborated the results of two previous studies, in which no correlation was found between CSF neopterin and GDS (Bharti et al., 2016; Pérez-Santiago et al., 2016). Both studies were limited by a relatively small sample size, and a large part of the study population had detectable HIV viremia. However, CSF neopterin levels were not found to be significantly different between neurocognitively normal, ANI, and MND PWH in another study conducted on a population of aviremic PWH (n = 37; Burdo et al., 2013). On the other hand, in that same study, higher levels of neopterin were found in PWH who were more impaired by GDS criteria than in those without cognitive impairment, and higher levels were also found in people with an executive domain impairment compared to others (Burdo et al., 2013). Similar results were reported in another recent study performed in aviremic PWH, in which CSF neopterin was higher in aviremic PWH with NCI compared to others (p = 0.04; Edén et al., 2016).

However, a study performed on 99 aviremic PWH followed up longitudinally did not prove a difference in the proportion of abnormal neopterin levels between PWH with or without a decline in the neurocognitive function (Edén et al., 2016). In another longitudinal evaluation, after persistent undetectable viremia, CSF neopterin at second visit was significantly higher than at first visit after a median of 16 months, despite ART use and long-term viral suppression (p = 0.05, paired t-test; Burdo et al., 2013). Furthermore, no changes in neopterin levels were found in a longitudinal study evaluating ART switch to regimens with enhanced CNS penetrability (Tiraboschi et al., 2015), neither in PWH initiating paroxetine in a double-blind trial, in which paroxetin use correlated with improvement in neurocognitive function (Sacktor et al., 2018). The correlation of CSF neopterin levels and scores of different neuropsychological tests has also been evaluated in aviremic PWH. Higher levels of neopterin were correlated with poorer results on forward Corsi Block Tapping Test (r = −0.474; p = 0.004), backward Corsi Block Tapping Test (r = −0.468; p = 0.005), forward Digit test (r = −0.480; p = 0.004), Verbal Fluency test (r = −0.361; p = 0.033), Raven’s Standard Progressive Matrices test (r = −0.308; p = 0.071), the time estimation during the Test of Weights and Measures Estimation (r = −0.295; p = 0.085) and the Test of Weights and Measures total score (r = −0.294; p = 0.087; Ceccarelli et al., 2017). In conclusion, while neopterin CSF levels might be considered a reliable marker of macrophage and microglial activation and a predictor of worse performance in some cognitive domains, its use in the longitudinal follow-up of aviremic PWH is not sustained by current evidence. Further studies, possibly combining the evaluation of many biomarkers of immune activation and neuronal injury, could help improve its utility in the definition and diagnosis of neurologic disorders in the course of HIV.



Soluble CD14

Soluble CD14 (sCD14) is the soluble form of the monocyte LPS receptor, cleaved and released from the membrane after monocyte activation (McGuire et al., 2015). In a 2011 study by Lyons et al. (2011), relationships between plasma sCD14, CCL2, and LPS levels and neurocognitive test scores were investigated in 97 HIV-infected subjects. Plasma sCD14 levels were higher in subjects with test scores indicating global impairment, particularly in attention and learning domains, regardless of HAND diagnosis. The authors suggest such results imply the involvement of cortical and limbic pathways by inflammatory processes in the cART era. Of note, individuals in the study population were on ART in 74% cases, of which 39% had undetectable plasma HIV RNA (Lyons et al., 2011). In 2017, a secondary analysis on a randomized clinical trial focused on alcohol intervention was published by Monnig et al. (2017) investigating the relationship between the gut–brain axis, HIV infection, and alcohol consumption. Blood samples and cognitive scores were obtained at baseline and 3-month follow-up of the trial from 21 HIV-positive, ART-suppressed, heavy drinkers. sCD14 (along with LPS) was found to be a significant predictor of lower processing speed (Monnig et al., 2017). In a 2018 work evaluating MRI white matter hyperintensity (WMH) in naive compared to treated HIV-infected individuals (n = 107), plasma sCD14 levels were weakly associated with WMH score; however, no consistent associations between plasma biomarkers, CSF biomarkers, and WMH scores were found. Of note, sCD14 levels were lower in treated PWH compared to naive individuals (Trentalange et al., 2018). In conclusion, there is evidence that plasma sCD14, a well-studied monocyte activation marker, correlates with processing speed at least in a very specific subset of ART-suppressed PWH. Promising data suggest a correlation with global impairment and MRI signal, but new studies are warranted involving aviremic PWH exclusively.



Soluble CD163

One of the most promising pathways, CD163, is released from macrophage surface and shed as soluble CD163 (sCD163) following activation and differentiation of monocyte and macrophages. It has been hypothesized that virologically suppressed PWH would show persistent activation of monocytes, which could be assessed by measuring sCD163 in blood, which would correlate with HAND. A 2013 longitudinal study by Burdo et al. (2013) on 34 ART-suppressed individuals showed that PWH with NCI by GDS metrics had higher plasma sCD163 than those who were not impaired. Interestingly, CSF sCD163 did not correlate to GDS. Such results were discussed to be consistent with persistent monocyte/macrophage activation in neurophysiologically impaired HIV-infected individuals despite virally suppressive ART (Burdo et al., 2013). In a 2015 study, the relationship between cell-free mtDNA in CSF and neurocognitive performance during HIV infection, CSF sCD163 was the sole soluble inflammatory biomarker whose levels trended toward being higher in PWH with NCI compared to those without NCI. Of note, only 45% PWH were on ART (33% with viremia below the threshold of detectability; Pérez-Santiago et al., 2016). Bryant et al. (2017) conducted a study in 2017 evaluating sCD163 levels in ante mortem plasma (n = 54) and CSF (n = 32) samples from 74 HIV-infected participants who donated their brains to research at autopsy. Higher plasma sCD163 was found to be associated with greater synaptodendritic damage and microglial activation in cortical and subcortical brain regions at autopsy. Despite this, interestingly, plasma sCD163 was showed not to have any correlation to HAND diagnosis and neuropsychological test performance. On another note, CSF sCD163 was not associated with any histological feature (Bryant et al., 2017). In conclusion, a group of diverse studies suggest that plasma sCD163 correlates with NCI in virologically suppressed ART-treated individuals and to neural damage in PWH, regardless of symptoms, and CSF sCD163 tends to be higher in PWH with NCI. Such results, albeit partly inconsistent, are promising and warrant further investigation.



Monocyte Phenotypes

A number of studies focused on different monocyte phenotypes in blood that may drive HAND neuropathogenesis. Specifically, HIV infection has been correlated to an expansion of CD14+ monocytes expressing CD16+: CD14++CD16+ (intermediate) and CD14+CD16++ (nonclassic) monocytes, reaching variable levels depending on the stage of disease and use of ART. As CD16+ monocytes express higher levels of cell migration markers (i.e., CXCR5, CXCR1, and integrin CD11b) and transmigrate across the blood-brain barrier more efficiently than CD16− cells, it has been suggested that such cells can be involved HAND pathogenesis. In a recent study, a trend toward lower proportions of circulating intermediate monocytes in PWH who displayed a significant decline in memory performance during ART-mediated viral suppression was shown, suggesting an increase of transmigration of this cell subset in the CNS (Fabbiani et al., 2017). In addition, PWH with a significant decline in memory performance over time had lower expression of surface CD163 on the subset of intermediate monocytes/macrophages, corresponding to a higher release of sCD163 (Fabbiani et al., 2017).

As activated macrophages secrete soluble factors potentially toxic to neurons, some authors focused on the measurement of cytokines, proteases, and other factors produced by these cells after stimulation. Cathepsin B, a factor secreted by macrophages, has been described as a protease linked to neuronal apoptosis and inflammation. Moreover, cathepsin B, together with cystatins B and C, has been shown to be overexpressed by HIV-infected monocyte-derived macrophages (MDMs). In a study conducted on a population of mostly ART-treated (>80%) HIV women, Cantres-Rosario et al. (2013) showed a significantly higher proportion of intracellular cathepsin-B and cystatin B in CD14+ cells of HIV+ subjects with HAD compared to subjects without neurological impairment. Additional analyses on the same study evaluating cathepsin B levels and activity together with cystatin C levels on monocytes did not reveal any difference between HAD subjects and controls. Taken together, these studies suggest a role for monocyte subpopulation as candidate biomarkers and suggest new opportunities to target viral reservoirs within the CNS, thus reducing neuroinflammation, neuronal damage, and cognitive impairment.





OMICS APPROACH TO NCI MARKERS RESEARCH


Genomics

Considering that not all HIV-infected subjects develop some form of neurocognitive disorder, the study of genetic factors that could possibly predispose to neurologic disease has attracted increasing interest and some studies aimed at characterizing the genetic profile of HIV-infected individuals at increased risk for HAND. CCL3L1, a potent ligand for CCR5 receptor and chemoattractant for macrophages, displays significant copy number differences among different ethnic groups. In this regard, Gonzalez et al. (2005) reported that the risk of AIDS events, including NCI, was higher when CCL3L1 chemokine gene copy was lower than the average of the same ethnic group, together with CCR5 detrimental alleles. A subsequent study performed by Brown et al. (2012) confirmed previous data about differences in CCL3L1 median copy number between various ethnicities; however, CCL3L1 copy number was similar in patients infected with HIV who had any form of HAND and in those who did not. Levine et al. (2016) in a very comprehensive study quantified multiple histopathological markers, genotyped genes associated with risk of NCI, and measured HIV-RNA in brain tissues. In this multilevel analysis, they found that MAP2 and SYP, which are two markers of synaptodendritic integrity, showed the more robust correlation with HAND with global pre-mortem cognitive function and with HIV-RNA viral load in the same regions. Moreover, a concomitant increase of Aβ and Iba-1 (ionized calcium-binding adaptor molecule-1) was evidenced as HIV-RNA increased, suggesting dysfunctional protein clearance and neuroinflammation. Genetic markers that predicted histopathology included MIP1-α and DRD3 genotype that are predictors of Iba-1 immunoreactivity, IL1-α genotype that predicted GFAP (glial fibrillary acidic protein) immunoreactivity, and ApoE genotype that predicted Aβ immunoreactivity. These data seem to support a pathogenetic model in which CNS HIV replication represents one of the main drivers for neuroinflammation and abnormal clearance. As a consequence, synaptodendritic degeneration occurs, leading to NCI of proteins. Genetic polymorphisms in genes encoding cytokines and chemokines and neuronal protein clearance pathways could influence histopathological degeneration.



Transcriptomics

Levine et al. (2013) in the last years applied a new research approach by examining the comprehensive gene expression of blood monocytes, with the aim of identifying the transcriptional changes possibly linked to HIV-associated NCI. Specifically aiming to describe peripheral molecular genetic mechanisms favoring the development of HAND, they firstly described that dysregulation of Kelch-like ECH-associated protein-1 (KEAP1), hypoxia upregulated-1, and IL-6 receptor, implicating oxidative stress, constituted a possible underlying pathogenic process. In a recent work published in 2018 (Quach et al., 2018), they further expanded these observations by validating the original findings in an independent sample of participants from the Multicenter AIDS Cohort Study (MACS) and determined whether gene expression changes evaluated at baseline could predict NCI at 2-years of follow-up. Contrary to what is expected, results from this new study did not replicate observation from their previous analysis and gene expression profiles at baseline were not predictive of neurocognitive decline in the following 2 years. Considering the inconsistency of these two observations, we have no evidence that gene expression profiles of monocytes can constitute a reliable biomarker of HAND.



Proteomics and Metabolomics

Multiplex mass spectrometry-based approaches allow the analysis of multiple samples in a single experiment. MS techniques make it possible to study a multitude of proteins and their differential level of expression at the same time in the course of CNS diseases. PWH with HAND have been compared to PWH without HAND and to uninfected controls (Bora et al., 2014) using proteomics approach, studying 193 different proteins. A cut-off of 1.5-fold was used to define protein upregulation. Five proteins among those previously described as HIV-interacting proteins were found to be upregulated in PWH with HAND: endoplasmin, mitochondrial damage mediator-BH3-interacting domain death agonist, orosomucoid, APOE, and metalloproteinase inhibitor 2. On the contrary, using a cut-off of 0.6-fold to measure downregulation, peroxiredoxin-2 isoform, a ruvB-like 2 protein, had lower expression in HAND (Bora et al., 2014). Untargeted CSF metabolite profiling was also used with the aim of identifying an altered metabolic path that can be linked to HAND. Neurotransmitter production, mitochondrial function, oxidative stress, and metabolic waste were studied (Cassol et al., 2014). CSF metabolites of ART-treated PWH with HAND were compared to unimpaired patients with similar demographic characteristics. Despite the metabolite expression being similar in the two groups after multiple testing correction, recursive support vector machine (SVM) classification models identified eight metabolites (including glutamate, myo-inositol, beta-hydroxybutyric acid, 1,2-propanediol) capable of discriminating the presence of HAND with an accuracy that exceeded 85%. Glutamate and N-acetylaspartate of myo-inositol and ketone bodies (beta-hydroxybutyric acid, 1,2-propanediol) showed increased levels in HAND and also had a correlation with lower scores in neurocognitive tests, plasmatic markers of inflammation, and intrathecal interferon responses (Cassol et al., 2014). The profile of the biomarkers that have been delineated in this study highlights how, also in the absence of detectable HIV-RNA, an abnormal synthesis of neurotransmitters, glial activation, altered mitochondrial function, and accumulation of metabolic waste products may all be driving forces for the development of HAND. While further validation is needed, proteomics and metabolomics studies show the potential of identifying new biomarkers and cluster of biomarker expression in different neurocognitive disorders that could potentially give new evidence about this new promising approach.



MicroRNA

MicroRNAs (miRNAs) have been abundantly demonstrated in the brain, where they regulate synaptic plasticity and brain development, implying that miRNA dysregulation may parallel neurocognitive dysfunction. First, a study on HIV subjects compared miRNA profiling on tissue from frontal cortex and CSF in PWH with or without HAND to healthy controls (Pacifici et al., 2013). In this article, the authors showed a different expression of 66 miRNA in CSF, of which 35 were also found in the frontal cortex. Specifically, they identified four miRNA with identical expression in tissue in CSF and one miRNA 20-fold higher expressed in CSF compared to brain tissue. Analysis of significantly altered miRNA showed their role in remodeling of cytoskeleton, cellular adhesion, expression of chemokine, neurogenesis, axonal guidance, notch signaling, synaptogenesis, and nerve impulses.

In a pilot study by Kadri et al. (2015), a plasma miRNA signature was associated with NCI in a cohort of PWH cared at LSU Health Sciences Center (LSUHSC) HIV Outpatient Clinic (HOP). As they did not consider alcohol consumption in this study, they later analyzed the miRNA profiling in the setting of alcohol use disorders in newly recruited PLWHA at the LSUHSC HOP clinic (Wyczechowska et al., 2017). They found that alcohol use disorders can represent a confounding factor for miRNA profile linked to HAND. Moreover, they confirmed their previous analysis using plasma samples from the CHARTER study and, also considering differences in the two, they validated a miRNA profile including 15 miRNA pairs that differentiate cognitively impaired PWH in both sites, LSUHSC and CHARTER.

Evidence from these studies, despite the many variables affecting circulating miRNA and thus encoding as potential confounders, could serve as a rationale for the development of novel tools for diagnosis and monitoring of HAND.




CONCLUSIONS

In the modern ART era, considering the benefit in life expectancy of PWH, it is crucial to reassess the pathogenesis of HAND and the influence of age, ART, and comorbidities. Several studies have been performed to identify quantitative CSF/blood biomarkers for HAND; however, many gaps remain to be addressed: (i) most studies are cross-sectional, thus lacking to demonstrate a predictive role for the biomarkers associated with NCI; (ii) NCI classification is often analyzed as classical categories (ANI, MND, and HAD), thus losing the possibility to define markers associated with the evolution of individual cognitive performance; (iii) a minority of works evaluated the effect of optimized ART on possible CSF/blood biomarkers associated to different neurocognitive behavior, thus lacking information on the potential use of these markers to guide ART use and selection.

Use of an approach aimed to explore multiple biomarkers could help clarify the most critical gaps in current HIV research, and it is likely that omics approaches (transcriptomics, proteomics, and metabolics) will accelerate HAND biomarker discovery and validation with a possible impact on the development of adjunctive treatment and monitoring of CNS disease.
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Background and Purpose: Ambulatory blood pressure variability (ABPV), ABP, and carotid intima-media thickness (IMT) are closely associated with white matter hyperintensities (WMH), and few studies focused on establishing effective models based on ABP, ABPV, and IMT to predict the WMH burden. We aimed to evaluate the value of a predictive model based on the metrics of ABP, ABPV, and IMT, which were independently associated with the WMH burden.

Methods: We retrospectively enrolled 140 hypertensive inpatients for physical examinations in Shanghai East Hospital, Tongji University School of Medicine between February 2018 and January 2019. The basic clinical information of all subjects was recorded, and we also collected the metrics of ABP, ABPV, and IMT. Patients with Fazekas scale grade ≥2 were classified into heavy burden of WMH group. Then, we analyzed the association between all characteristics and the WMH burden. Multivariate analysis was performed to assess whether the metrics of ABP, ABPV, and IMT were independently associated with WMH, and we used receiver operating characteristic (ROC) to evaluate the value of predictive model based on the metrics of ABP, ABPV, and IMT.

Results: Higher WMH grade was associated with increasing age, diabetes mellitus, higher total cholesterol (TC), higher low-density lipoprotein (LDL), higher IMT, higher 24-h systolic blood pressure (SBP), higher daytime SBP, higher nocturnal SBP, 24-h and daytime standard deviation (SD) of SBP, and 24-h SBP weight SD; 24-h SBP, 24-h SBP-SD, and IMT were independently related to the burden of WMH even after adjusting for the clinical variables. In addition, we also established a model that has a higher predictive capacity using 24-h SBP, 24-h SBP-SD, and IMT in the ROC analysis to assess the WMH burden in hypertensive patients.

Conclusions: Higher 24-h SBP, higher 24-h SBP-SD, and larger IMT were independently associated with a greater burden of WMH among elderly primary hypertension Asian patients. Establishing a model based on these factors might provide a new approach for enhancing the accuracy of diagnosis of WMH using metrics in 24-h ABPM and carotid ultrasound.

Keywords: white matter hyperintensities, carotid intima-media thickness, ambulatory blood pressure, ambulatory blood pressure variability, hypertension


INTRODUCTION

White matter hyperintensities (WMH), also named white matter lesions, are commonly observed in the elderly, usually detected on magnetic resonance imaging (MRI) with hyperintense signal appearances on T2-weighted MRI (Fazekas et al., 1993). WMH are considered as a manifestation of cerebral small vessel disease (CSVD; Wardlaw et al., 2013), and its extensive lesions are highly related to the risk of cognitive decline (Altamura et al., 2016), stroke (Fazekas et al., 1993; Jeerakathil et al., 2004), and gait disturbance (Polvikoski et al., 2010). As the pathogenesis of WMH has not been completely understood, it might be in the subclinical stage for long before the onset of the first clinical manifestations (Pantoni, 2010). Therefore, early detection of patients with subclinical CSVD may be effective in preventing future adverse prognosis.

WMH have been identified to be more prevalent in people with hypertension (Jiménez-Balado et al., 2019). Twenty-four-hour ambulatory blood pressure (ABP) monitoring (24-h ABPM) has been conformed as a more scientific method to predict blood pressure-related brain damage than office blood pressure measurement (Ohkubo et al., 2000). Previous studies have proven that increased 24-h ABP variability (ABPV) and higher 24-h ABP levels are closely associated with WMH (Yamaguchi et al., 2014; Filomena et al., 2015). In addition, subclinical atherosclerotic changes have been reported to be related to CSVD and WMH burden (Rundek et al., 2017). Intima-media thickness (IMT) is not only an effective marker of subclinical atherosclerosis but also a predictive factor of cardiocerebrovascular disease (Lorenz et al., 2007). A recent study has shown that increased IMT is independently associated with a heavier burden of WMH among elderly and Hispanic people (Della-Morte et al., 2018). However, to our knowledge, only a few studies focused on establishing effective models based on ABP, ABPV, and IMT to predict the burden of WMH among Asian primary hypertension patients. In this study, we investigated the association of the ABP, ABPV, and IMT metrics with the burden of WMH, Moreover, we also evaluated the value of predictive model based on the metrics of ABP, ABPV, and IMT, which were independently associated with the WMH burden.



MATERIALS AND METHODS


Participants

This was a retrospective, cross-sectional study. We recorded information of 140 hypertensive inpatients for physical examinations due to headache or dizziness in Shanghai East Hospital, Tongji University School of Medicine between February 2018 and January 2019. Hypertension was defined as systolic blood pressure (SBP) ≥140 mm Hg and/or diastolic blood pressure (DBP) ≥90 mmHg. The inclusion criteria were: (1) patients with primary hypertension diagnosed ≥1 year; (2) age ≥40 years old; and (3) underwent 24-h ABPM, carotid IMT (cIMT) measurements, and MRI scan within 30 days. The exclusion conditions were: (1) with secondary hypertension; (2) with history of stroke or dementia; (3) with large-vessel cerebrovascular diseases; and (4) with severe infections, severe nephrosis or liver diseases, or tumors. We recorded the basic information of all patients: age, sex, disease history, smoking history, body mass index, C-reactive protein (CRP), glucose, triglyceride (TG), total cholesterol (TC), high-density lipoprotein (HDL) cholesterol, and low-density lipoprotein (LDL) cholesterol. This study was approved by the Ethics Committee of Shanghai East Hospital, Tongji University School of Medicine.



Twenty-Four-Hour ABPM

All participants underwent 24-h ABPM with an automated device (TM-2430, AND, Tokyo, Japan), which has been verified in accordance with the protocol of the British Hypertension Society (Palatini et al., 1998). Patients underwent ABPM during their hospital stay. They were asked to follow their usual activities without physical exercise or excessive movement on the non-dominant arm during ABPM recordings. Blood pressure was measured every 30 min between 6:00 am and 10:00 pm (day time), and every 60 min between 10:00 pm and 6:00 am (night time). We recorded mean SBP, mean DBP, blood pressure variability (BPV) [which included average real variability (ARV), coefficient of variation (CV), and weighted standard deviation (SD) of SBP and DBP].

ARV was defined as the absolute differences of consecutive measurements and was calculated according to the following formula: [image: image] (Cretu et al., 2016). CV was defined as the ratio between the SD and the mean SBP or DBP at the same period and was calculated by the following formula: CV = SD/mean BP (Bilo et al., 2007; Filomena et al., 2015). Weighted SD (wSD) was defined as the mean of day and night SD values corrected for the number of hours included in each of these periods, it was calculated by the following formula: wSD = (SDday time × Tday time + SDnight time × Tnight time)/Tday time+night time (Bilo et al., 2007; Filomena et al., 2015). In addition, we also calculated nocturnal systolic dip status according to the following formula: [(SBPday time − SBPnight time)/SBPday time] × 100% to assess the circadian variation, and normal status was considered as the value between 10% and 20% dip (O’Brien et al., 2013).



Carotid Ultrasound

Carotid ultrasound was performed in accordance with the standard scanning and reading protocols by a well-trained physician. cIMT was automatedly measured using a high-resolution B-mode ultrasound system (SSA-250A, Toshiba, Tokyo, Japan), which can improve precision and reduce variance of the measurements. We scanned arteries to visualize the IMT on the posterior or distal wall of the artery, and the measurements were made outside the areas of plaque (Touboul et al., 2007). All measurements were performed on frozen images. The two best-quality images were selected for analysis of each artery. IMT was defined as the distance from the anterior margin of the first echogenic line to the anterior margin of the second line. The first line represents the intima–lumen interface, and the second line represents the collagen-containing top layer of adventitia. All IMT values were calculated as the average of six measurements. We defined the carotid artery segments like the Northern Manhattan Study (Della-Morte et al., 2018): (1) near and far wall of the segment extending from 10 to 20 mm proximal to the tip of the flow divider into the common carotid artery; (2) near and far wall of the carotid bifurcation beginning at the tip of the flow divider and extending 10 mm proximal to the flow divider tip; and (3) near and far wall of the proximal 10 mm of the internal carotid artery. We recorded the mean cIMT by calculating the means of the near and far wall IMT of all carotid segments (Rundek et al., 2002; Della-Morte et al., 2018; Koç and Sümbül, 2019). These were previously reported with excellent reliability in the Northern Manhattan Study (Della-Morte et al., 2018).



MRI Data and Measurement of WMH

Brain MRI was measured using 1.5-Tesla MRI (Philips Medical Systems, Best, Netherlands), which included diffusion-weighted, T1-weighted, and T2-weighted imaging, fluid-attenuated inversion recovery (FLAIR), and susceptibility-weighted imaging (SWI). The sections were 5 mm thick. WMH were rated in FLAIR sequences in accordance with the Fazekas scale. Imaging markers of WMH were defined as follows: for periventricular: grade 0 (absent lesions), grade 1 (caps or pencilthin lining), 2 grade (smooth halo), and grade 3 (irregular periventricular lesions extending into the deep white matter); and for deep white matter: grade 0 (absent), grade 1 (punctuate foci), grade 2 (beginning of confluent foci), and grade 3 (large confluent areas; Fazekas et al., 1987). We classified patients into heavy burden of WMH group when their grade is ≥2 in either the periventricular or in the deep white matter according to the Fazekas scale. All MRI examinations were independently assessed by two experienced neurologists who were blind to other clinical variables. In case of disagreement, lesions were ascertained by consensus. An intrarater reliability test was performed in 140 subjects. Interreader- and intrareader-intraclass correlation coefficients for periventricular WMH scores were 0.88 and 0.83, respectively. In addition, the interreader- and intrareader-intraclass correlation coefficients for subcortical WMH scores were 0.86 and 0.89, respectively. Pearson’s correlation coefficient between periventricular and subcortical WMHs was 0.74.



Statistical Analysis

The statistical analyses were performed using SPSS22.0 software (IBM SPSS, Armonk, NY, USA). The categorical variables of clinical features were expressed as number and percentage and analyzed with the chi-square test. The Mann–Whitney U-test or Student’s t-test was used to comparing continuous variables of clinical characteristics, which were expressed as mean ± SD. Potential risk markers and variables for which the P < 0.05 in univariate analysis were included in the multivariate logistic regression analysis. Forward elimination multivariate logistic regression analyses were performed. Parameters of ABP, ABPV, and IMT with P < 0.05 were included in receiver operating characteristic (ROC) analysis to show their evaluated values and establish a combination. P < 0.05 was considered to be statistically significant.




RESULTS

A total of 140 patients were enrolled in this study. The average age was 69.24 ± 10.54 years, and 54.29% were male. Seventy-five percent of them were treated with BP-lowering agents (Table 1).


TABLE 1. Baseline factors associated with the burden of WMH.

[image: image]


According to the MRI images, 94 patients were classified into 0–1 WMH grades, and 46 patients were classified into 2–3 WMH grades. In the univariate analysis (Table 1), the burden of WMH was associated with increasing age, diabetes mellitus, higher CH, higher LDL, higher IMT, higher 24-h SBP, higher daytime SBP, and higher nocturnal SBP (all p < 0.05). We also calculated the metrics of BPV in all periods and found that 24-h and daytime SD of SBP, and 24-h SBP weight SD significantly increased in those with 2–3 WMH grades (all p < 0.05; Table 2).


TABLE 2. Association between ABPV measurements and the burden of WMH.

[image: image]


We used multivariate analysis to assess whether IMT, SBP levels (24-h SBP, daytime SBP, and nocturnal SBP), and BPV metrics (24-h and daytime SD of SBP, 24-h SBP weight SD) were independently associated with 2–3 WMH grades after adjustment by clinical variables (age, sex, diabetes mellitus, TC, LDL cholesterol, use of anti-hypertensive treatment, and the parameters of ABP, ABPV, and IMT with P < 0.05 in univariate analysis). We found higher 24-h SBP [odds ratio (OR): 1.063, 95% CI: 1.033–1.135, P = 0.036], 24-h SBP-SD (OR: 1.280, 95% CI: 1.117–1.552, P = 0.014), and IMT (OR: 1.207, 95% CI: 1.135–1.492, P = 0.002) were independent predictors of heavy burden of WMH (Table 3).


TABLE 3. Association of 24-h SBP, 24-h SBP-SD, and IMT with WMH.

[image: image]


We performed ROC analysis to show the predictive capacity of the 24-h SBP [area under curve (AUC): 0.688, 95% CI: 0.594–0.783, P = 0.020], 24-h SBP-SD (AUC: 0.742, 95% CI: 0.653–0.830, P = 0.001), and IMT (AUC: 0.711, 95% CI: 0.622–0.819, P = 0.001). We saved probabilities of 24-h SBP, 24-h SBP-SD, and IMT in multivariate analysis and obtained the predictive model (AUC: 0.785, 95% CI: 0.705–0.865, P = 0.001) in the ROC analysis; the AUC of the model was higher than any of the 24-h SBP, 24-h SBP-SD, and IMT (Table 4; Figure 1).


TABLE 4. Receiver operating characteristic model and the predictive values.

[image: image]



[image: image]

FIGURE 1. Curves of receiver operating characteristic.





DISCUSSION

The major findings in our study were that: (1) higher WMH grade was associated with increasing age, diabetes mellitus, higher TC, higher LDL, higher IMT, higher 24-h SBP, higher daytime SBP, higher nocturnal SBP, 24-h and daytime SD of SBP, and 24-h SBP weight SD; and (2) 24-h SBP, 24-h SBP-SD, and IMT independently related to the burden of WMH even after adjusting for the clinical variables. (3) In addition, we established a model with a higher predictive capacity using 24-h SBP, 24-h SBP-SD, and IMT in the ROC analysis to assess the WMH burden in hypertensive patients.

In this study, we found higher 24-h SBP level was the only ABP metric that was independently associated with the higher grade of WMH (2–3 grades). This result was consistent with previous studies suggesting the necessity of measurement of ABP among hypertensive patients for predicting the burden of WMH (Stewart et al., 2009; Filomena et al., 2015). The Rotterdam study showed that not only higher SBP but also higher DBP were independent predictive factors of the progression of periventricular WM disease (van Dijk et al., 2008). In a recent study, increased DBP was demonstrated to be associated with the brain WMH score, but the role of SBP was less clear (McNeil et al., 2018). Similarly, another study also found no significant relationship between SBP and WMH, whereas the 2-year change from baseline to year 2 in ambulatory SBP predicted the 2-year WMH change (Wolfson et al., 2013). The differences in results might due to the different included criteria and different ethnicity, but all these results emphasize the essentiality of considering individual different BP components with regard to WMH. In this study, we found 24-h SBP-SD was the only independent factor that related to the burden of WMH among all the ABPV metrics, and consistent findings could be found in several other studies (Wardlaw et al., 2013; Yamaguchi et al., 2014; Yang et al., 2018). However, 24-h SBP-wSD was not independently associated with the burden of WMH after adjusting all clinical variables; this may be caused by the sample size and inclusion criteria. In addition, a Chinese study found that SD and CV of SBP, CV of DBP in 24 h, daytime and nighttime and SD of DBP in nighttime were positively associated with the degree of enlarged perivascular spaces (EPVSs), which was closely related to WMH (Yang et al., 2017a,b). In the same year, this team also indicated that higher SBP levels were independently associated with EPVSs in basal ganglia but not in center semioval, which supported EPVSs to be a marker of CSVD (Yang et al., 2017a,b). In another study, higher variability in SBP that was self-measured at home (HBP) was also shown to be related to the progression of brain WMH (Liu et al., 2016). In contrast, Filomena et al. (2015) found that among all the ABPV metrics, short-term ARV of SBP was independently related to the presence of CSVD, but not SD of SBP. The different results might be attributed to the differences in scoring methods.

The underlying pathologic mechanisms of the association between BP and ABPV levels and WMH burden have not been fully understood. Increased permeability of the small vessel walls and damage of the blood brain barrier (BBB) have been demonstrated to contribute to the development of WMH. A previous study found that contrast agents leaked much more in the area of perforating arterial in patients with WMH than in normal people (Starr et al., 2003). Another study used the ratio of CSF and serum albumin to show BBB permeability and discovered that the burden of WMH was associated with the permeability of BBB (Wallin et al., 1990). Increased BP levels and ABPV would cause more stress on vessel walls, which might further cause endothelial injuries and arterial stiffness (Schillaci et al., 2012; Diaz et al., 2013). Thus, it is likely that higher levels of BP and ABPV could lead to the development of WMH through endothelial injuries. Furthermore, WMH was thought to originate from ischemic injury. Yao et al. (1992) found that ischemia in white matter regions could be observed by the increased proportion of oxygen uptake in those regions. In recent studies, researchers found that changes in hemodynamics might contribute to the ischemia of white matter regions (Mok et al., 2012; Poels et al., 2012). The impairment of cerebral blood flow (CBF) has been considered as the most common type of hemodynamic change. Increased ABPV levels with sudden changes in BP might lead to cerebral hypoperfusion and development of WMH. Moreover, WMH could contribute to higher 24-h ABPV. The results in this study showed that 24-h SBP and 24-h SBP-SD, but not that of DBP, were independently related to the burden of WMH. Further studies are still needed to explore the underlying mechanisms.

In this study, we also reported a significant association between IMT and WMH. cIMT has been reported to be closely related to brain MRI changes (Pico et al., 2002). In a cardiovascular health study, researchers found increased IMT was strongly associated with WMH (Manolio et al., 1999). Similarly, other researchers reported in elderly hypertensive patients with memory disorder, in elderly patients with Alzheimer’s disease (AD), or vascular dementia patients a significant association between IMT and leukoaraiosis on MRI could be observed (Kearney-Schwartz et al., 2009; Altamura et al., 2016). In addition, increased IMT has been demonstrated as a risk factor of lacunar infarction, and lacunar infarction might result in increased WMH grade (Manolio et al., 1999; Tsivgoulis et al., 2005). These findings were consistent with the results in our study, and all these results revealed that increased IMT might be a useful marker of WMH.

Even though the exact pathophysiological changes are still unclear, some molecular mechanisms have been proposed as the link between IMT and WMH. In a postmortem study, WMH was found to be related to the impairment of arterioles (e.g., cellular wall thickening), revealing that cerebral arteriosclerosis might be one of the important factors in the development of WMH (Pantoni and Garcia, 1995). Moreover, changes in the large arterial wall might alter the cerebral microcirculation and lead to chronic brain hypoxia, which in turn contributes to the development of WMH. A previous study has indicated that the cerebral microcirculation was especially sensitive to increased pulsatile stress that might ultimately cause microvascular damage and WMH (Gutierrez et al., 2015). The molecular mechanisms of this process were likely mediated by the upregulation of proinflammatory and pro-growth factors leading to increased IMT Della-Morte and Rundek (2016). Furthermore, WMH could be caused by lower CBF, and lower CBF velocity, in turn, was associated with the increased IMT; atherosclerosis was considered to play a major role in this process (Appelman et al., 2008; Kwater et al., 2014).

To our best knowledge, although many studies have demonstrated ABPV, ABP, and IMT were closely associated with WMH (Filomena et al., 2015; Yang et al., 2017a,b), few studies established predictive model of the WMH burden using ABP level, ABPV level, and IMT. We established a model with a higher predictive capacity using 24-h SBP, 24-h SBP-SD, and IMT in ROC analysis to evaluate the WMH burden in patients with hypertension. This could enhance the accuracy of evaluating WMH burden in clinical application. Moreover, both 24-h ABPM and carotid ultrasound are noninvasive tests with easy operation and low cost. They can be effective in predicting the WMH burden in hypertensive patients. This study might provide a measuring method of discrimination of metrics in 24-h ABPM and carotid ultrasound to diagnose WMH.

This study has not only strengths but also limitations. As this was a retrospective, single-center, and small-scale study, this might cause higher selection biases. In addition, no classification of hypertension grade was recorded, which might influence the results. Moreover, the 24-h ABPM was performed during the hospital stay, and so the results of this study may not necessarily applicable to outpatients. Therefore, In the future, multicenter, prospective, and large-scale studies are still needed to clarify these problems.

In conclusion, results obtained from this study showed that 24-h SBP, 24-h SBP-SD, and IMT were independently associated with the WMH burden. Meanwhile, we established a model using 24-h SBP, 24-h SBP-SD, and IMT in ROC analysis to assess the WMH burden in patients with hypertension. This study might provide a new approach for enhancing the accuracy of diagnosis of WMH using metrics in 24-h ABPM and carotid ultrasound.
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The identification of biomarkers of Alzheimer’s disease (AD) is an important and urgent area of study, not only to aid in the early diagnosis of AD, but also to evaluate potentially new anti-AD drugs. The aim of this study was to explore cofilin 2 in serum as a novel biomarker for AD. The upregulation was observed in AD patients and different AD animal models compared to the controls, as well as in AD cell models. Memantine and donepezil can attenuate the upregulation of cofilin 2 expression in APP/PS1 mice. The serum levels of cofilin 2 in AD or mild cognitive impairment (MCI) patients were significantly higher compared to controls (AD: 167.9 ± 35.3 pg/mL; MCI: 115.9 ± 15.4 pg/mL; Control: 90.5 ± 27.1 pg/mL; p < 0.01). A significant correlation between cofilin 2 levels and cognitive decline was observed (r = –0.792; p < 0.001). The receiver operating characteristic curve (ROC) analysis showed the area under the curve (AUC) of cofilin 2 was 0.957, and the diagnostic accuracy was 80%, with 93% sensitivity and 87% specificity. The optimal cut-off value was 130.4 pg/ml. Our results indicate the possibility of serum cofilin 2 as a novel and non-invasive biomarker for AD. In addition, the expression of cofilin 2 was found to be significantly increased in AD compared to vascular dementia (VaD), and only an increased trend but not significant was detected in VaD compared to the controls. ROC analysis between AD and VaD showed that the AUC was 0.824, which could indicate a role of cofilin 2 as a biomarker in the differential diagnosis between AD and VaD.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common fatal neurodegenerative disease of the elderly worldwide (Jagust, 2018). The identification of early biomarkers of AD will allow earlier diagnosis and thus earlier intervention (Wood, 2016; Hampel et al., 2018). New therapeutic strategies in AD are likely to have the best efficacy if they can be implemented early in the disease course (Lansbury, 2004; Livingston et al., 2017).

The pathology of AD is characterized by the progressive loss of basal forebrain cholinergic neurons and by two hallmark features: extracellular senile plaques and intracellular neurofibrillary tangles (NFTs) (Sery et al., 2013). In addition, AD brains show clear signs of oxidative stress along with neuroinflammatory response (Verri et al., 2012). Cytoskeletal abnormalities and synaptic loss are common pathologies in both sporadic and familial AD (Lane et al., 2018). Mild cognitive impairment (MCI) is not a pathological entity but defines a level of decline in cognitive function not interfering with daily activities (Petersen and Negash, 2008; Sanford, 2017).

The diagnosis of AD remain problematic at present (Scheltens et al., 2016; Hampel et al., 2018; Molinuevo et al., 2018). Reduced levels of Aβ, increased total tau (T-tau) or phosphorylated tau (P-tau) in cerebrospinal fluid (CSF) are currently the most promising biomarkers that might predict disease progression (Blennow et al., 2010; Humpel, 2011; Olsson et al., 2016; Polanco et al., 2018). Yet, their changes are not entirely specific to AD (Lleo et al., 2015), and moreover, it is challenging for the combination of Aβ, T-tau or P-tau in CSF to distinguish early AD to controls (Wood, 2016). Some disruption of the blood–brain barrier has been suggested to happen in AD patients, which enables some proteins in CSF to enter into the peripheral blood (Sweeney et al., 2018). Thus, blood biomarkers could reflect the alterations in brains. Not surprisingly, the blood biomarkers were focused on Aβ, T-tau and P-tau, but it turned out to be disappointing (O’Bryant et al., 2015; Hampel et al., 2018). In recent years, many candidate proteins in blood have been found using the proteomic approach (Lista et al., 2013; Robinson et al., 2017; Hondius et al., 2018), but the following validation research was often ignored, or the results were unsatisfactory. Evidences suggest that miRNAs have great potential for use as a biomarker in AD and other neurodegenerative disorders (Bekris and Leverenz, 2015; Pan et al., 2016). However, challenges still exist due to the lack of extensive validation and follow-up in larger cohorts of patients, and miRNAs are not yet a viable diagnostic or therapeutic tool for AD (Martinez and Peplow, 2019).

Cofilin as the major ADF/cofilin isoform in mammalian neurons influences the dynamics of actin assembly by severing or stabilizing actin filaments (Shaw and Bamburg, 2017). Cofilin is crucial for normal structure, dynamics, and function of the cytoskeleton, thus abnormalities in this protein can cause significant cytoskeletal disruption (Maloney and Bamburg, 2007; Bernstein and Bamburg, 2010; Bravo-Cordero et al., 2013). Because cofilin plays the central role in the regulation of actin filaments dynamics, it is involved in the development of neurodegenerative diseases, cancer and cardiomyopathies (Wang et al., 2007; Bamburg et al., 2010; Bravo-Cordero et al., 2013; Schonhofen et al., 2014; Chang et al., 2015; Subramanian et al., 2015; Bamburg and Bernstein, 2016). Three isoforms are known: cofilin 1, destrin and cofilin 2 (Bamburg and Wiggan, 2002; Shishkin et al., 2016). Cofilin 1 was mainly presented in non-muscle cells and in embryonic muscle cells (Shishkin et al., 2016). Destrin was expressed primarily in epithelial and endothelial cells. Cofilin 2 has two isoforms, CFL2a and CFL2b (Ostrowska and Moraczewska, 2017). The former is expressed in a wide variety of tissues, whereas the latter is expressed predominantly in skeletal and cardiac muscle (Shishkin et al., 2016). The protein cofilin 2 is composed of 5 α helices, 5 β sheets, and 1 C-terminal β short chain, with a molecular weight of 18 kDa (Ostrowska and Moraczewska, 2017). Studies of cofilin pathology have helped explain the development of sporadic (late onset) AD and have furthered our understanding of familial AD (Maloney and Bamburg, 2007; Zempel et al., 2017; Borovac et al., 2018; Rush et al., 2018). However, little was known whether cofilin can act as a biomarker of AD. In addition, most of above studies involved in AD either did not differentiate cofilin 1 from cofilin 2 (Whiteman et al., 2009; Rahman et al., 2014; Woo et al., 2015a; Deng et al., 2016; Shaw and Bamburg, 2017), or have only focused on cofilin 1 (Barone et al., 2014; Rush et al., 2018), but only few has concerned about cofilin 2 in AD.

Our previous proteomics study showed that the protein level of cofilin 2 was elevated greatly in the hippocampus of APP/PS1 transgenic mice compared with wild type (WT) mice, as well as in small amounts of AD serum samples (Sun et al., 2015). In the present study, we validated this result in a larger population, and moreover, we analyzed the expression of cofilin 2 in different AD animal and cell models. The protein expression and phosphorylation of cofilin 2 in the hippocampus tissues from AD patients and controls were also evaluated. To test whether cofilin 2 could be proposed as a non-invasive biomarker of AD, we compared the serum levels of cofilin 2 in AD, MCI patients and controls by enzyme-linked immunosorbent assay (ELISA), and the diagnostic accuracy as a biomarker was evaluated through the receiver operator characteristic curve (ROC) analysis. The correlation analysis between cofilin 2 levels and cognitive decline was also performed to determine whether higher cofilin 2 expression was associated with more severe disease or not. Additionally, to test whether cofilin 2 could distinguish AD from another common dementia-vascular dementia (VaD), we measured cofilin 2 serum levels in VaD, compared the expressions between AD and VaD, and also performed the relevant ROC analysis.



MATERIALS AND METHODS


Control and AD Brains

Frozen hippocampal samples of 10 AD patients and 10 age-matched controls were obtained from the Brain Bank of Chinese Academy of Medical Sciences and Peking Union Medical College, which collects brains from donors through a whole-body donation program. All procedures were approved by the Institutional Review Board (IRB). All AD patients displayed progressive intellectual decline and met NINCDS-ADRDA Workgroup criteria for the clinical diagnosis (McKhann et al., 1984). All controls had test scores in the normal range. The written informed consents for using the donated body tissue were given all donors for medical search. After death, the bodies were transferred rapidly to a designated autopsy facility. The average postmortem intervals (PMIs) were less than 3 h. Brains were bisected along the sagittal plane. One half was fixed in 10% phosphate-buffered formaldehyde, the other was cut into coronal slices (1 cm), and stored in –80°C until ready to use. These fixed hemi-brain blocks were sampled systematically, paraffin-embedded, and processed for standard immunohistologic and histologic stains as recommended (Montine et al., 2012). Hematoxylin-eosin and modified-Bielschowsky staining, Aβ antibody (10D5), and α-synuclein immunohistochemistry were used for diagnosis on multiple neocortical, hippocampal, cerebellum and entorhinal sections.



Human Serum Sample Collection and Preparation

A total of 181 AD subjects, 58 MCI subjects and 181 non-demented healthy controls matched for age and gender were recruited in Yuhuangding Hospital for this study. Detailed demographic information of the subjects enrolled in the study is presented in Table 1.

TABLE 1. Demographics characteristics of the study samples.

[image: image]

All the subjects underwent a standard set of evaluations including past medical history review, laboratory tests, neurologic examinations and brief neuropsychological assessments (Fernandez Montenegro and Argyriou, 2017; Vallejo et al., 2017). Cases had a clinical diagnosis of probable AD according to DSW-IV, ICD-10 and NINCDS-ADRDA criteria. The cognitive status and severity of dementia were assessed by the Mini-Mental State Exam (MMSE) and the Clinical Dementia Rating (CDR) testing. Controls had no signs suggesting cognitive decline, and had a MMSE score between 28 and 30 and a CDR score of zero. Controls were excluded if they presented or had a history of depression or psychosis, substance abuse, or use of medications that could impair cognitive function. All controls were followed clinically for 2 years in order to rule out the development of cognitive decline. AD patients were followed-up and their cognitive status was reassessed 6 months after enrollment. MCI subjects were otherwise healthy, without significant medical, neurological, or psychiatric disease and met the following Petersen’s criteria: (i) memory complaints by participant or family; (ii) objective signs of decline in any cognitive domain; (iii) normal activities of daily living; and (iv) the clinical features do not satisfy the DSM-IV/ICD-10 criteria (Petersen et al., 1999). In this study, no subject, originating from Northern Han Chinese populations, was presented with major and known co-morbidities, including hypertension, cardiopathy, diabetes or renal dysfunction.

This study also included 32 patients with VaD whose diagnoses were confirmed using NINDS-AIREN criteria (Roman et al., 1993). They are matched with the control group in age of onset, gender, body mass index (BMI) and educational level. Written informed consents were acquired from all subjects. The protocol of the study was approved by the Institute Ethical Committee of the Affiliated Yuhuangding Hospital of Qingdao University.

Blood samples (5 ml) were drawn in the morning hours under standardized conditions after an overnight fasting period. Blood was collected in evacuated collection tubes without anticoagulant and allowed to clot for 2 h on ice prior to centrifugation at 4,000 g for 8 min at 4°C. Serum was aliquotted (50 μl/tube) and stored in Eppendorf tubes at −80°C until utilized.



AD Animal Models

Groups of APP/PS1 double transgenic mice and age-matched WT mice (n = 8–10 per group) were purchased from the Jackson Laboratory Company [strain name B6C3-Tg (APPswe, PSEN1dE9) 85Dbo/J; stock number 004499]. Memantine and Donepezil were purchased from Sigma-Aldrich. They were dissolved respectively in distilled water. APP/PS1 transgenic mice were randomly divided into three groups of 8–10 mice each: untreated APP/PS1 Tg model, Memantine (Tg + 30 mg/kg Memantine) and Donepezil (Tg + 30 mg/kg Donepezil) groups. WT and untreated Tg model groups received distilled water alone. The administration by oral gavage was started at 12 months old and lasted for 12 weeks.

Aβ oligomers were prepared according to the protocols published by our group (Li et al., 2014). Synthetic Aβ25–35 was purchased from Sigma. The concentration of Aβ25–35 depends on the volume of the rat CSF. Male Wistar rats (3 months old, 220–250 g) were obtained from the Experimental Animal Center of Ludong University. 1 nM Aβ25–35 was injected into the lateral cerebral ventricle of these rats.

All the mice and rats were kept in a temperature-controlled room at 25°C under a 12-h light/dark cycle and provided water and a commercial pelleted feed ad libitum. All the experiments were approved in according to the institutional guidelines of the Experimental Animal Center of Ludong University.



Cell Culture

SK-N-SH/SK-N-SH APP695 human neuroblastoma cells were cultured using Dulbecco’s modified Eagle’s medium (DMEM) culture in supplement with 10% fetal bovine serum, 100 U/ml penicillin and 100 μg/ml streptomycin, and maintained in a humidified atmosphere containing 5% CO2 at 37°C. In addition, the SK-N-SH APP695 cells were supplemented with G418 (200 μg/ml). Cells were grown until nearly confluent, and then were collected.

The primary rat hippocampal neurons were separated from the brains of embryonic 18–19 (E18-19) Sprague-Dawley. Rat fetuses were dissociated for 20 min both enzymatically (0.25% trypsin-EDTA) and mechanically before filtering through a 100 μm cell strainer. The cell suspension was diluted in high glucose DMEM, 5% horse serum, 10% FBS, and 2 mM L>-glutamine, and then plated into 6-well plates coated with poly-D-lysine (20 μg/ml) with the cell density of 1 × 105 cells/ml. Cells were maintained in a humidified atmosphere containing 5% CO2 at 37°C. To inhibit the growth of glial cells, the medium was replaced by serum-free neurobasal medium containing supplement B27 and L-glutamine (0.5 mM) after almost 20 h. The half of the culture medium was changed every 3 days. Cells were incubated with 10, 30, and 100 μM Aβ25–35 for 48 h separately, which was dissolved in distilled water for 7 days at 37°C before use. Cell culture reagents were obtained from Invitrogen, whereas all other reagents were purchased from Sigma.



Western Blot Analysis

Standard western blot analysis was carried out. All these mice and rats were sacrificed by CO2 inhalation after behavioral testing was completed. The brains were removed and hippocampus was dissected on ice, and then were homogenized thoroughly in a RIPA lysis buffer [150 mM NaCl, 50 mM Tris (pH 7.4), 1% NP40, 0.5% sodium deoxycholate and 0.1% SDS]. The blood samples from mice and rats were collected into the evacuated collection tubes without anticoagulant, and treated in a similar manner with the human serum samples. Tissue sections from frozen hippocampus regions of AD patients and controls were dissected and resuspended in the above lysis buffer. These hippocampal samples were ultrasonicated for 1 min in cycles of 3 s on and 3 s off using a Fisher 550 Sonic Dismembrator. Then the samples were centrifuged at 20,000 g at 4°C for 60 min to remove the debris. The supernatants were collected and stored at –80°C before use.

All the cells were collected, and then total protein was extracted in the following lysis buffer containing 150 mM NaCl, 10 mM Tris, 10% glycerol, 1% NP40, 10 mM NaF, 1 mM Na3VO4, 1 mM EGTA and complete protease inhibitor. Then, the homogenate was centrifuged at 16,000 g at 4°C for 20 min. The protein solutions were collected and stored at –80°C before use. Protein concentration was measured with a BCA kit.

All the samples were subjected to electrophoresis, transferred onto PVDF membranes and incubated with the primary antibodies: rabbit anti-cofilin 2 (1:500, Cell Signaling Technology), rabbit anti-cofilin 2 (phospho S3) (1:1000, Abcam), mouse anti-β-actin (1:10000, Sigma) and mouse anti-IgG (1:10000, Abcam). Specifically, equal amounts of protein (40 μg) were run on 10% polyacrylamide gel, transferred on to PVDF membrance, blocked with 5% fat-free milk in Tris-Buffered Saline with Tween-20 (TBST) for 1 h, and subsequently incubated with primary antibody overnight. After washing with TBST for 5 times, the membranes were incubated with horseradish peroxidase (HRP)-coupled secondary antibody (1:10000, Cell Signaling Technology) at room temperature for 1 h with gentle agitation. Finally, membranes were revealed with the ECL Plus kit and High Performance Chemiluminescence Films (GE Healthcare, United States). Digital images of western blots were obtained with the LAS4000 FujiFilm imaging system (FujiFilm, Japan). The densitometric analysis was made by Quantity-One software (Bio-Rad, United States). The values were normalized to β-actin intensity levels.



Cofilin 2 ELISA

Serum cofilin 2 levels were detected using a commercially available human cofilin 2 quantitative sandwich enzyme immunoassay (Uscnk, Wuhan, China) according to the manufacturer’s instructions. This kit was based on sandwich enzyme-linked immune-sorbent assay technology. Anti-cofilin 2 antibody was pre-coated onto 96-well plates. One hundred microliter of the standards and test samples were pipetted into the wells and were incubated for 2 h at 37°C subsequently. Any cofilin 2 present was bound by the immobilized antibody. The liquid of each well was removed without washing. After that, 100 μl of biotin-conjugated antibody specific for cofilin 2 was added to each well and incubated for 1 h at 37°C. During the incubation, biotin-antibody may appear cloudy. Then, they were warmed up to room temperature and mixed gently until solution appears uniform. Each well was aspirated and washed with wash buffer (200 μl) for three times. After the washing, the avidin conjugated HRP (100 μl) was added to each well and incubated for 1 h at 37°C. The aspiration/wash process was repeated for five times to remove any unbound avidin-enzyme reagent. TMB substrate (90 μl) was added to each well and incubated for 15–30 min at 37°C. After that, the stop solution (50 μl) was added to each well, and the optical density within 5 min was determined using a MQX200 microplate reader (Bio-Tek, United States) set to 450 nm. The serum level of cofilin 2 in the samples was interpolated from kit-specific standard curves generated using GraphPad Prism software.

Intra-assay Precision (Precision within an assay): CV% < 8%. Inter-assay Precision (Precision between assays): CV% < 10%. Three samples of known concentration were tested twenty times on one plate to assess. The detection range of the ELISA kit is 15.6–1000 pg/ml. The minimum detectable dose of human cofilin 2 is less than 3.9 pg/ml. The sensitivity of this assay, or Lower Limit of Detection (LLD) was defined as the lowest protein concentration that could be differentiated from zero. It was determined the mean OD value of 20 replicates of the zero standard added by their three standard deviations. This assay has high sensitivity and excellent specificity for detection of human cofilin 2. No significant cross-reactivity or interference between human cofilin 2 and analogs was observed.



Statistical Analysis

The data was analyzed using SPSS 13.0 software. Comparison between the groups was made using Student’s t-test and one-way ANOVA. Correlations between cofilin 2 level and MMSE scores were performed with the Spearman correlation coefficient. Sensitivity and specificity of the measured variable for AD diagnosis were determined by ROC analysis. The best cut-off value was selected as those which minimize the sensitivity-specificity difference and maximize discriminating power of the tests. Statistical significance was set at p < 0.05.




RESULTS


Increased Cofilin 2 Expressions in Different AD Animal and Cell Models

Western blot analysis was performed to validate changes in protein expressions for cofilin 2 in different AD animal and cell models. As shown in Figure 1A, cofilin 2 was significantly increased in the hippocampus of APP/PS1 mice compared with WT mice, consistent with our previous report (Sun et al., 2015). Similarly, a significant upregulation of cofilin 2 was observed in serum samples from APP/PS1 mice (Figure 1B). In order to observe the effects of positive anti-AD drugs on cofilin 2 expressions, APP/PS1 mice were orally administrated Memantine and Donepezil, respectively. After the long-term treatment, the expression of cofilin 2 was measured by western blot. Quantitative analysis exhibited that the increases of cofilin 2 in the hippocampus and serum samples were significantly attenuated with the treatment of Memantine or Donepezil (Figures 1A,B). In addition, we assessed the expression of cofilin 2 in Aβ25–35 intracerebroventricular-injected rat AD model, and found that cofilin 2 was obviously increased by 61% in the hippocampus and by 88% in serum compared to the control rats (Figures 1C,D).


[image: image]

FIGURE 1. Western blot analysis of cofilin 2 in different animal and cell models. (A) Cofilin 2 expression in the hippocampal brain homogenates of 12-month old APP/PS1 and WT mice and the effect of Memantine and Donepezil on cofilin 2. (B) Cofilin 2 levels in serum samples from 12-month old APP/PS1 and WT mice and the effect of Memantine and Donepezil on cofilin 2. (C) Cofilin 2 expression in the hippocampus of Aβ25–35 intracerebroventricular-injected rats. (D) Cofilin 2 levels in serum samples from Aβ25–35 intracerebroventricular-injected rats. (E) Cofilin 2 expression in the SK-N-SH APP695 cells. (F) Cofilin 2 expression in the primary-cultured hippocampal neurons from rats incubated with Aβ25–35. Quantified results were normalized to β-actin/IgG expression. For all the results above, a representative experiment of three performed is shown. Values were expressed as percentages compared to the WT group (set to 100%), and represented as group mean ± SEM. n = 8–10 per group. *p < 0.05, ∗∗p < 0.01 vs. control group; #p < 0.05, ##p < 0.01 vs. untreated APP/PS1 mice.



At the meantime, cofilin 2 expression was also detected in AD cell models. As shown in Figures 1E,F, cofilin 2 was increased significantly by 1.7-fold in SK-N-SH APP695 cells, and by 1.5/1.9-fold in 30/100 μM Aβ25–35-treated primary-cultured hippocampal neurons from rats compared to control group. All these indicated that cofilin 2 was likely to be closely linked with AD pathology.



Increased Cofilin 2 in the Hippocampus Tissues of AD Patients

In different AD animal and cell models, cofilin 2 was validated to be increased significantly. To determine whether cofilin 2 was also upregulated in brain tissues of AD patients, we detected the expression of cofilin 2 in the hippocampal sections from AD patients and controls after death (Figure 2A). Meanwhile, the phosphorylation of cofilin 2 was also assessed (Figure 2A). The activity of cofilin 2 is regulated by reversible phosphorylation on ser3, rendering it inactive. Western blot analysis showed a statistically significant increase in protein expressions by 99% (Figure 2B), and by 29% in phosphorylation levels of cofilin 2 in AD samples (Figure 2C).
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FIGURE 2. Western blot analysis of cofilin 2 and phospho-cofilin 2 in the hippocampus tissues from AD patients and controls. (A) Representative western blot bands. (B) Quantitative analysis of cofilin 2 expression. (C) Quantitative analysis of cofilin 2 phosphorylation. Quantified results were normalized to β-actin expression. Values were expressed as percentages compared to the controls (set to 100%), and represented as mean ± SEM. n = 10 per group. *p < 0.05, ∗∗p < 0.01 vs. the control group, Student’s t-test.





Serum Cofilin 2 Levels Detected by ELISA in AD, MCI and Controls

Results were validated subsequently by ELISA in a large population. All samples were comparable in terms of age, education and gender distribution. As expected, AD patients had a lower MMSE score than the healthy controls (mean MMSE score: 28.8 ± 0.7 versus 16.8 ± 4.6) (Table 1).

The ELISA results showed that AD patients presented higher serum levels of cofilin 2 in comparison to the controls, and cofilin 2 in MCI group was significantly higher than the control group and significantly lower than the AD group (AD: 167.9 ± 35.3 pg/ml, MCI: 115.9 ± 15.4 pg/ml, Control: 90.5 ± 27.1 pg/ml, p < 0.01). The 95% confidence intervals (CIs) were 162.7–173.1 pg/ml in AD, 111.9–119.9 pg/ml in MCI, and 86.5–94.5 pg/ml in Control. The results showed no overlap of 95% CIs among AD, MCI and Control groups for cofilin 2, indicating the changes were statistically significant. Corresponding results are shown in Table 2 and Figure 3A.

TABLE 2. Protein levels of cofilin 2 in serum of AD patients, MCI and controls.
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FIGURE 3. (A) Cofilin 2 levels in serum are presented as box plots for AD (n = 181), MCI (n = 58) and healthy controls (n = 181). The lower and upper sides of the boxes indicate the 25th and 75th percentiles, and the horizontal lines indicate the means. Shown are also the lower and upper whiskers that indicate the minimum and maximum values, respectively. ∗∗p < 0.01 from one way ANOVA with Tukey–Kramer method as a post hoc test. (B) Correlation analysis between cofilin 2 serum levels and MMSE scores in AD patients. Correlation was assessed using the Spearman correlation coefficient. The concentration of serum cofilin 2 is plotted against MMSE scores for each patient. A significant negative correlation between serum cofilin 2 level and MMSE score (r = –0.792, p < 0.001) was observed. Correlation lines are also shown. (C) ROC curve analysis for serum cofilin 2 concentration and the prediction of the presence of AD. The AUC was 0.957. The optimal cut-off value (130.4 pg/ml) was selected. The diagnostic accuracy for cofilin-2 protein levels was 80% with the sensitivity and specificity 93 and 87%, respectively.





Correlation Analysis Between Cofilin 2 Serum Level and Cognitive Decline in AD Patients

The MMSE score is an important measure of the cognitive level of AD patients. The correlation between cofilin 2 serum levels and MMSE scores of patients is shown in Figure 3B. The results showed a significant negative correlation between cofilin 2 serum level and the cognition (evaluated by MMSE scores) within the AD group (r = −0.792, p < 0.001).



ROC Curve Analysis

To evaluate the diagnostic value of serum cofilin 2 as a potential biomarker of AD, ROC curve analysis of the ELISA results from AD and control groups was performed. As shown in Figure 3C, the area under the curve (AUC) was 0.957. The optimal cut-off value of 130.4 pg/ml was selected with sensitivity, specificity and diagnostic accuracy for serum cofilin 2 of 93, 87, and 80%, respectively, which could differentiate AD patients from controls.



Increased Serum Cofilin 2 Levels in AD Compared to VaD

There are many types of dementia that can be difficult to differentiate based on clinical features alone, despite vastly different underlying pathology. AD is characterized by the accumulation of Aβ peptides and hyperphosphorylated Tau (Hoppe et al., 2015; Bourdenx et al., 2017), whereas VaD is caused by the occurrence of many minor ischemic strokes over time (Ray et al., 2013). Other types of dementia include Lewy body dementia (LBD), frontotemporal dementia (FTD), multiple system atrophy dementia (MSA-D) and Parkinson’s disease dementia (PDD), which also each have their own unique pathology. AD and VaD are the most common types (Posada-Duque et al., 2014). However, it can be challenging to differentiate them based on the clinical features alone.

Therefore, we detected cofilin 2 levels in VaD serum. Western blot analysis showed that cofilin 2 was obviously enhanced in serum of AD patients but only had an increased trend but not significantly in VaD patients compared to the control group (Figures 4A,B). ELISA analysis showed the similar results to the western blot, and the serum level of cofilin 2 in VaD was detected to be 107.1 ± 57.1 pg/mL (Figure 4C). It was also shown that cofilin 2 was significantly increased in AD compared to VaD in Figure 4C. ROC curve analysis of the levels of cofilin 2 between AD and VaD showed that AUC was 0.824 (Figure 4D), suggesting that cofilin 2 might act as a marker that could distinguish AD from VaD.
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FIGURE 4. Upregulation of serum cofilin 2 in AD samples (A), and increased trends without significant difference in VaD samples compared to the controls (B). The individual sera samples corresponding to AD/VaD and controls were analyzed by western blots for cofilin 2 protein expression. Equal volume of each sample was loaded and IgG was used as a loading control. Values were expressed as percentages compared to control group (set to 100%), and represented as group mean ± SEM. n = 32 per group. ∗∗p < 0.01 versus the control group, Student’s t-test. (C) Scatter plots of cofilin 2 levels in serum of VaD (n = 32), AD (n = 181) and Controls (n = 181) measured by ELISA. Protein expression of cofilin 2 was significantly increased in AD compared to VaD. Data represent means ± SEM. ∗∗p < 0.01. (D) ROC curve analysis for serum cofilin 2 between VaD and AD. The AUC was 0.824.






DISCUSSION

This study explored the potential of cofilin 2 as a candidate biomarker for AD. Our results indicated that cofilin 2 expression was significantly higher in different AD animal and cell models, as well as in AD patients. Memantine as N-methyl-D-aspartate (NMDA) receptor antagonist and Donepezil as acetylcholinesterase inhibitors, are currently effective drugs for AD (Standridge, 2004; Chen et al., 2017; Graham et al., 2017). In this study, the upregulated cofilin 2 was significantly attenuated after the treatment with Memantine and Donepezil in APP/PS1 mice, indicating that cofilin 2 might remain closely tied to the pathology of AD.

Many previous studies have demonstrated that cofilin may contribute to AD pathogenesis (Bamburg et al., 2010; Bamburg and Bernstein, 2016; Shaw and Bamburg, 2017; Rush et al., 2018). Cofilin and actin can form rod-like structures within neurites of AD brain (Minamide et al., 2000), and their dysfunction may mediate the loss of synapses, and production of the hallmark pathological features of AD: excess Aβ and NFTs (Maloney and Bamburg, 2007; Bamburg and Bernstein, 2016). Cofilin-actin rod formation represents a possible molecular mechanism for the chronic neuroinflammatory hypothesis of AD (Walsh et al., 2014). In all these cases, cofilin disrupts the normal balance of actin dynamics, thus exacerbating the oxidative cascade of neurodegeneration by accelerating mitochondrial decline and ATP depletion (Bernstein et al., 2006; Klamt et al., 2009; Kotiadis et al., 2012). The results presented here positively supports that cofilin might bridge and unite all the hypotheses of AD pathology.

Numerous studies have implicated the dysregulation of cofilin in AD (Bamburg and Bernstein, 2016; Shaw and Bamburg, 2017). It was reported that cofilin protein level was significantly increased in APP transgenic mouse brains and neurons (Yao et al., 2010). A recent study using cofilin immunofluorescence to compare the brains of human AD subjects with those of age-matched controls found that rod-like and aggregate cofilin pathology was four-fold greater in number and larger in area in the brains of AD subjects (Rahman et al., 2014). Studies of Aβ-overproducing mice have shown that decreasing cofilin dephosphorylation or decreasing total levels of cofilin expression are both effective in reducing the cognitive deficits (Woo et al., 2015a,b). However, to the best of our knowledge, there are few relevant studies of cofilin in blood of AD patients.

We confirmed that serum cofilin 2 levels were significantly higher in AD or MCI patients compared to controls. In addition, we observed a strong negative correlation between serum cofilin 2 levels and MMSE scores in AD patients, which suggested that higher cofilin 2 levels were associated with more severe disease. Through ROC curve analysis, we revealed that the sensitivity and specificity were 93 and 87% for serum cofilin 2 greater than 130.4 pg/ml, and its diagnostic accuracy was 80% in identifying AD patients. In addition, we found a significant increase of serum cofilin 2 in AD, and an increased trend but not significant in VaD compared to the controls. Cofilin 2 was previously reported to be significantly increased in protein expressions and phosphorylation levels, which was participated in the pathogenesis of idiopathic dilated cardiomyopathy with amyloid-like aggregates (Subramanian et al., 2015). Thus, it might be an overall marker for these degenerative diseases.

As we have ever known, there are 3 isoforms: cofilin-1, cofilin-2 and destrin, in which cofilin-1 and cofilin-2 have overlapping functions. Interestingly, we found in this study that cofilin 1 was undetectable in serum from both AD patients and controls by western blot. This is the first time to demonstrate the difference of expression of cofilin 1 from cofilin 2 in serum. As for why there is this discrepancy, and the exact roles in AD for cofilin 1 and cofilin 2, respectively, it remains to study further. Though we can’t identify the exact role of cofilin 2 in AD, however, we detected the increased levels of cofilin 2 in human serum during the process. Furthermore, cofilin 2 performed well as a diagnostic and non-invasive biomarker with high sensitivity and specificity. So, it is still meaningful to develop cofilin 2 as a diagnostic biomarker of AD.

In summary, cofilin 2 expression was demonstrated to be significantly increased in AD patients and different AD models (animal and cell) in our present study. The good correlation between MMSE scores and cofilin 2 levels suggests that cofilin 2 might be used to diagnose disease severity. ROC analysis showed that cofilin 2 had high diagnostic values as a reliable biomarker to distinguish patients with AD from healthy subjects. Accordingly, our results highlight potential serum biomarkers of AD, which may facilitate AD diagnosis and assist in the evaluation of anti-AD drugs in both animal models and patients. Further investigation is needed to explore the value of cofilin 2 as a predictor of AD in a larger and independent population of AD and MCI patients.
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Alzheimer’s disease (AD) is a common memory-impairment disorder frequently accompanied by olfactory identification (OI) impairments. In fact, OI is a valuable marker for distinguishing AD from normal age-related cognitive impairment and may predict the risk of mild cognitive impairment (MCI)-to-AD transition. However, current olfactory tests were developed based on Western social and cultural conditions, and are not very suitable for Chinese patients. Moreover, the neural substrate of OI in AD is still unknown. The present study investigated the utility of a newly developed Chinese smell identification test (CSIT) for OI assessment in Chinese AD and MCI patients. We then performed a correlation analysis of gray matter volume (GMV) at the voxel and region-of-interest (ROI) levels to reveal the neural substrates of OI in AD. Thirty-seven AD, 27 MCI, and 30 normal controls (NCs) completed the CSIT and MRI scans. Patients (combined AD plus MCI) scored significantly lower on the CSIT compared to NCs [F(2,91) = 62.597, p < 0.001)]. Voxel-level GMV analysis revealed strong relationships between CSIT score and volumes of the left precentral gyrus and left inferior frontal gyrus (L-IFG). In addition, ROI-level GMV analysis revealed associations between CSIT score and left amygdala volumes. Our results suggest the following: (1) OI, as measured by the CSIT, is impaired in AD and MCI patients compared with healthy controls in the Chinese population; (2) the severity of OI dysfunction can distinguish patients with cognitive impairment from controls and AD from MCI patients; and (3) the left-precentral cortex and L-IFG may be involved in the processing of olfactory cues.

Keywords: Alzheimer’s disease, mild cognitive impairment, olfactory disorder, Chinese smell identification test, magnetic resonance imaging, voxel-based morphometry


INTRODUCTION

Alzheimer’s disease (AD) is the most common age-related neurodegenerative disorder and is characterized by progressive impairment of cognitive function, ultimately leading to incapacitation and death (McKhann et al., 2011). Thus, AD places a considerable emotional burden on families and economic burden on society (McDade and Bateman, 2017). Multiple studies have shown that neurobiological changes associated with AD are present for many years before the appearance of clinical symptoms. Many studies have focused on identifying neurological and behavioral changes that can predict AD onset and thereby allow early intervention. Mild cognitive impairment (MCI) is an intermediate state between normal age-related cognitive decline and dementia (Petersen, 2007); about 3 – 15% of MCI patients progress to AD annually (Petersen et al., 2001). Although there is still no effective treatment for AD (Miller, 2012), a previous study suggested that timely intervention can alleviate early symptoms, and delay AD progression (Baazaoui and Iqbal, 2018). Therefore, early detection of MCI is important for the short-term prognosis of AD. To this end, it is critical to identify biomarkers that can distinguish among AD, MCI, and healthy aging.

Previous studies have indicated that olfactory perception is frequently disrupted in the early stages of AD (Djordjevic et al., 2008; Silva et al., 2018), especially when preceded by MCI (Devanand, 2000; Larsson et al., 2000; Roalf et al., 2017). Impairments of olfactory perception involve deficits in several domains, including odor detection threshold, olfactory identification (OI), olfactory discrimination, and olfactory memory (Mesholam, 1998; Silva et al., 2018). Many studies have shown that olfactory dysfunction can accurately detect cognitive impairment (Graves et al., 1999; Peters, 2003; Schubert et al., 2008), differentiate AD from normal aging with high sensitivity (0.88) and specificity (0.91) (Ewers et al., 2012; Ritchie et al., 2014), and predict the potential for the progression of MCI to AD (Devanand et al., 2000, 2014; Roberts et al., 2016; Tahmasebi et al., 2019). Mounting evidence suggests that OI deficits are the predominant factor contributing to olfactory dysfunction in AD, as OI deficits occur earlier, and are more strongly correlated with memory impairments than deficits in other olfactory domains (Djordjevic et al., 2008). Moreover, impaired OI has been linked to accelerated decline in cognitive function (Dintica et al., 2019). Therefore, OI may be a valuable biomarker for preclinical AD.

There are many OI tests, such as the University of Pennsylvania Smell Identification Test (UPSIT), Connecticut Chemosensory Clinical Research Center (CCCRC) olfactory test, and “Sniffin Sticks” olfactory test. Each includes odors common in the local culture; however, performance may be affected by various semantic and cultural factors (Schab, 1991; Ayabe-Kanamura et al., 1998; Kobayashi et al., 2006). For instance, some items familiar to Western patients may not be easily recognizable by the Chinese population (and vice versa). Based on this consideration, Zhou developed the Chinese smell identification test (CSIT) (Feng et al., 2019), which adopts odor items that are familiar to and identifiable by most Chinese people. As such, the CSIT provides an effective tool (test-retest reliability of 0.92) for the assessment of olfactory function in the Chinese population. To our knowledge, however, there are few studies investigating OI dysfunction among AD and MCI patients using Chinese olfactory tests. In the present study, we examined whether CSIT can distinguish between normal aging, MCI, and AD in the Chinese population.

The neural substrates of OI dysfunction in AD and MCI patients are still unclear. Several neuroimaging studies have found associations between OI dysfunction and structural abnormities in brain regions that contribute to olfactory processing, such as the olfactory cortex (OC). The OC is the center of olfactory processing and functional and structural anomalies are strongly implicated in OI dysfunction (Thomann et al., 2009b; Servello et al., 2015; Vasavada et al., 2017). Hippocampal atrophy is a well-known pathological feature of AD and MCI (Prestia et al., 2010), and so may also contribute to OI dysfunction in AD and MCI. Indeed, several studies have reported a positive relationship between OI performance and hippocampal volume in patients with MCI or AD (Kjelvik et al., 2014). The amygdala is a key node linking the olfactory and hippocampal cortices (Price, 2003; LeDoux, 2007). Amygdala nuclei receive inputs from and send outputs to multiple brain regions subserving olfactory-associated functions, including emotional salience (Hamann, 2001). Thus, it is possible that the amygdala plays a key role in OI dysfunction among AD patients. Indeed, an vivo MRI study found that the amygdala was closely related to the olfactory loop in AD (Cavedo et al., 2011). The amygdala also has abundant neural connections with the hippocampus, and modulates both the encoding and the storage of hippocampal-dependent memories (Phelps, 2004).

Although several neuroimaging studies have implicated OC, hippocampal, and (or) amygdala abnormalities in OI dysfunction among AD and MCI patients, multiple studies have also reported contrary results. For example, Servello and colleagues (Feng et al., 2019) found no correlation between OC volume and olfactory function in AD, MCI, and NC. In contrast, several groups have found a correlation between the decline in OI and structural degeneration of the OC among AD patients (Claire Murphy, 2003; Thomann et al., 2009a; Marigliano et al., 2014; Servello et al., 2015). These discrepancies may be attributed to factors such as sample heterogeneity and differences in OI tests. In addition, neuroimaging analysis based on regions of interest (ROIs) may contribute to variability as the coordinates of specific ROIs differ markedly across studies (Ji et al., 2017). Thus, voxel-based analysis may help mitigate such inconsistencies.

In this study, we first compared OI performance among AD, MCI, and normal aging in the Chinese population using the CSIT. Subsequently, we conducted correlational analysis of CSIT scores and regional GMV at both ROI and whole-brain voxel levels to explore the neural substrates of OI.



MATERIALS AND METHODS


Study Subjects

A total of 94 right-handed participants (37 AD, 27 MCI, and 30 age-matched cognitively NCs were enrolled in this study. The AD and MCI patients were recruited from the Dysmnesia Outpatient Department at the First Affiliated Hospital of Anhui Medical University, Anhui Province, China. The NCs were recruited from the local community through advertisement or were the spouses of the study patients. The present study was approval by the Research Ethics Committee of the First Affiliated Hospital of Anhui Medical University. All subjects gave written informed consent in accordance with the Declaration of Helsinki.


Patients With AD

The AD subjects were clinically diagnosed by a specialist in accordance with NINCDS-ADRDA (McKhann et al., 1984) criteria: (a) Meeting criteria of possible or probable AD (McKhann et al., 2011), (b) mini-mental state examination (MMSE) score < 24, and (c) clinical dementia rating (CDR) score ranging from 0.5 to 2.

The exclusion criteria were as follows: (a) sudden onset, (b) early occurrence of gait disturbances, seizures, or behavioral changes, (c) focal neurological features such as hemiparesis, sensory loss, or visual field deficits, and (d) early extra-pyramidal signs or other severe disorders such as trauma, major depression, severe cerebrovascular disease, or metabolic abnormalities (Dubois et al., 2007).



Patients With MCI

Participants with MCI were clinically diagnosed by experts according to Peterson’s criteria (Petersen et al., 1999) and NINCDS-ADRDA criteria as follows: (a) complaints of memory loss/other cognitive decline (including from the patient’s family or doctor), (b) unexpectedly poor performance on one or more cognitive functions given the patient’s age and educational background, (c) ability to maintain independence of daily living (i.e., no dementia) (Albert et al., 2011), (d) MMSE score > 24, (e) CDR score of 0.5. The exclusion criteria were the same as defined for AD patients.



Normal Controls

The NCs fulfilled the following criteria: cognitively normal, no neurological or psychiatric disorders, no psychoactive medication use, MMSE score of 28 or higher, and CDR score of 0.



Common Participant Criteria

White mater hyper-intensities (WMHs) were graded according to the Fazekas scale (Fazekas et al., 1987) based on visual assessment of both periventricular and subcortical areas (Helenius et al., 2017). However, as the presence of mild to moderate WMH frequently accompanies normal aging as well as neurodegenerative diseases (Wardlaw et al., 2013), this was not considered a criterion (Liu et al., 2011).

In order to rule out any confounds that could adversely influence the study results, we excluded subjects who engaged in long-term smoking and drinking as these behaviors have been shown to affect cognition and olfaction (Frye, 1990). We also checked for complications specific to olfactory dysfunction (e.g., nasal polyps, nasal obstruction, respiratory distress, head trauma, active sinus/upper respiratory infection, and allergies) and for contraindications to MRI (e.g., not-MRI-safe metal implants, severe claustrophobia). However, no participants were excluded from the study based upon these criteria.

Finally, 37 AD and 27 MCI patients with initial diagnosis and currently not treated with a cholinesterase inhibitor (donepezil, galantamine, or rivastigmine) were enrolled. Detailed background information on all groups is summarized in Table 1.

TABLE 1. Demographics of the patients and normal controls.
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Neuropsychological Assessment

All participates underwent a clinical evaluation and neuropsychological assessment. The following neuropsychological test battery was administered to each subject for the purpose of establishing a clinical diagnosis as described previously (Lezak et al., 2004; Woodward et al., 2017). (i) General cognitive function was assessed with the Mini Mental State Examination (MMSE) (Burns, 1998) and the (global) Clinical Dementia Rating Scale (CDR) (Morris, 1993) as a proxy for disease severity. (ii) The Chinese version of the auditory verbal learning test (AVLT) was used to evaluate memory. (iii) The Hamilton Depression Rating Scale (HAMD) was used to assess depressive symptoms. (iv) Daily function was assessed using the Lawton-Brody activities of daily living (ADL) scale (Salmon and Bondi, 2009). Testing was administered by board-certified neuropsychologists and research staff under the supervision of neuropsychologists.




Olfactory Identification Assessment

The Chinese smell identification test (CSIT) developed by the Institute of Psychology, Chinese Academy of Sciences, was applied to evaluate OI performance (Feng et al., 2019). The CSIT consists of two parts. The first part is a self-assessment questionnaire (CSIT-self) that surveys medical factors that may confound olfactory function (septal deviation, difficulty breathing through one side of the nose, history of radiation or chemotherapy, history of nasal surgery) (Tabert et al., 2005). Participants were asked to rate their sense of smell relative to others on a 5-point scale as follows: 1 = poor, 2 = low, 3 = normal, 4 = good, and 5 = superior (to others).

The second part (CSIT-OI) includes olfactory tests of 40 familiar and easy to recognize odors such as strawberry, jujube, haw, and sesame oil. Subjects were required to name each odor from a list of four alternatives. The CSIT-OI test method is similar to the 40-item UPSIT (Doty et al., 1984), but CSIT is more suitable for people with a Chinese cultural background. Odorants of the CSIT were presented in felt-tip pens (Hummel et al., 1997), each filled with 1 ml of liquid. The cap of the pen was removed and the pen tip was placed approximately 2 cm in front of the subject’s nostrils. Participants were requested to sniff the presented odor for 5 s then to pick the correct response. The tests were carried out in an environment with efficient air circulation and no other odors. The CSIT-IO score is the total of correct choices for the 40 odors.



Imaging Data Acquisition

Structural MRI images were acquired on a General Electric HD 750 w 3.0 T MRI scanner with an 8-channel head-coil (General Electric, Waukesha, WI, United States). Structural imaging included T1-weighted three-dimensional (3D-T1), axial T2-weighted, and fluid-attenuated inversion recovery images. According to axial T2-weighted and fluid-attenuated inversion recovery images, subjects with abnormalities other than atrophy, or leukoaraiosis were excluded. The 3D-T1 images were collected using a fast-spoiled gradient recalled echo sequence [TR = 8.5 ms, TE = 3.2 ms, Inversion time (TI) = 450 ms, Matrix 256 × 256, FOV 256 mm × 256 mm, flip angle = 12°, and slice thickness of 1.0 mm without intervals]. The total scan duration for 3D-T1 image acquisition was 4 min, 30 s.



Image Processing and VBM Analyses

The VBM8 toolbox1, a software package based on statistical parametric mapping software (SPM 82) was used for VBM analyses. VBM8 was used to calculate GMV corrected for total intracranial volume, age, sex, and education level. T1-weighted images were segmented into GM, white matter, and cerebrospinal fluid using a fully automated algorithm in SPM 8. Images were normalized by diffeomorphic anatomical registration through exponentiated Lie algebra normalization, and transformed to Montreal Neurological Institute space to preserve local differences in anatomy across subjects, thereby allowing quantification. Finally, the normalized GM images were smoothed for statistical analysis (Wang et al., 2017).

For ROI-level analysis, we used SPM 8 for automatic anatomic segmentation and volumetric measurement of brain structures. We adopted the anatomical automatic labeling (AAL)-based structural ROI method for ex vivo measurement of each individual ROI signal (Tzourio-Mazoyer et al., 2002), and used the extracted signal for subsequent analysis. In this study, the ROIs were the hippocampus, amygdala, and OC, brain regions strongly related to olfactory processing. A voxel-based analysis was then applied over the whole brain to explore regions associated with CSIT score in AD, MCI, and NC groups.



Statistics Analysis

Statistical analyses of behavioral data were conducted using SPSS for Windows (22.0, IBM). Sex ratios were compared across diagnostic groups (AD, MCI, and NC) using the chi-square test. Demographic variables such as age, education level, neuropsychological features, and CSIT scores were compared across groups by one-way analysis of covariance (ANCOVA) (Vasavada et al., 2015) followed by a post hoc Bonferroni test for multiple comparisons. For non-normally distributed data [denoted by Md (p25,p75)], we used Kruskal–Wallis analysis of variance (ANOVA) to evaluate differences among groups followed by a Dunn–Bonferroni test for post hoc comparisons. The effectiveness of CSIT for identifying AD, MCI, and NC was assessed by receiver operating characteristic curve (ROC) analysis. The sensitivity and false positive rate (1 – specificity) of CSIT-OI, CSIT-self, and CSIT-OI + self was calculated for ROC curves, and the area under the ROC curve was used to determine classification accuracy. A α < 0.05 (two-tailed) was considered significant for all tests.

Spearman correlation analysis was performed between CSIT scores and mean GMV of each ROI (OC, amygdala, and hippocampus). Significant correlations between CSIT and GMV of each ROI were corrected for false discovery rate. The mean GMV of each ROI was also compared between groups by ANCOVA with sex, age, and education as covariates. At the whole-brain voxel level, behavior – neuroimaging correlation analysis was conducted using SPM 8 with sex, age, and education as covariates. The statistical maps were thresholded using the Gaussian random field (GRF) correction with a voxel-level threshold of P < 0.001 and a cluster-level threshold of P < 0.05.




RESULTS


Clinical Characteristics of the Study Cohort

The demographic and baseline clinical characteristics of the study subjects are summarized in Table 1. There were no significant differences in age, sex ratio, family history, WMH score, and vascular risk factors among the three groups. However, there were significant differences in years of education (AD = 6.78 ± 5.26, MCI = 8.48 ± 5.53, NC = 12.20 ± 4.44; p < 0.001).



Neuropsychological Deficits in MCI and AD

There were significant differences in several neuropsychological test outcomes among the three groups as revealed by one-way ANOVA (Table 2). As expected, MMSE (p < 0.001) and CDR (p < 0.001) differed markedly, with significantly lower scores in the AD group compared to MCI and NC groups. In addition, there were significant inter-group differences in AVLT (immediate, delay, or recognition; p < 0.001). Daily functions were significantly impaired only in AD patients; both MCI and AD groups showed a gradual decline, but a worse performance was observed in the latter patients (Table 2). Mean HAMD scores were higher in AD and MCI groups than in the NC group, and higher in MCI than AD (Table 2). The CSIT-OI score was positively correlated with AVLT [delay] and AVLT [recognize] and negatively correlated with CDR in AD patients but not in the other groups (Table 3).

TABLE 2. Neuropsychological assessment of MCI, AD, and NC groups.
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TABLE 3. Correlations analysis of CSIT and neuro-psychological.
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CSIT Scores Distinguish MCI and AD From Age-Matched Controls


Group Differences in CSIT-OI and CSIT-Self Scores

There were significant differences in CSIT-OI score among groups, with significantly lower scores (indicating poorer OI) in the AD and MCI group compared to NCs (p < 0.001), and lower mean score in AD than MCI (Figure 1 and Table 2). The CSIT-self score was also lower in AD and MCI groups compared to NCs. The CSIT-self score was positively correlated with CSIT-OI for the entire cohort (R = 0.415; p < 0.001); however, the correlation did not reach significance within individual diagnostic groups due to lack of statistical power (p > 0.05).
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FIGURE 1. Histogram of CSIT scores for all participants in this study. (A) The CSIT-OI scores of patients with AD and MCI were lower than NC, and the scores of AD were the lowest and there were significant statistical differences (P < 0.001); ∗∗∗<0.001. (B) There was no difference in the CSIT-self scores of the three groups (P > 0.05).





Power of Discrimination


Patients vs. normal controls

In the ROC analysis, both CSIT-OI score and combined CSIT-OI plus CSIT-self score distinguished AD from NC and MCI from NC, while CSIT-self score alone did not (note that AUC = 0.5 indicates no discriminative power) (Figures 2A,B and Table 4). Using a cut-off value of 26, CSIT-OI score distinguished MCI from NC with 80.0% sensitivity and 89.0% specificity; using a cut-off value of 22.5 distinguished AD from NC with 93% sensitivity and 95% specificity.
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FIGURE 2. ROC curves for the CSIT-OI, CSIT-Self and CSIT-OI + Self (A–C). (A) ROC curves for the CSIT-OI, CSIT-self, and CSIT-OI + Self between AD and MCI. (B) ROC curves for the CSIT-OI, CSIT-self, and CSIT-OI + Self between AD and NC. (C) ROC curves for the CSIT-OI, CSIT-self, and CSIT-OI + Self between MCI and NC. The x-axis indicates the error of the second kind (100%-specificity). The y-axis indicates sensitivity. The area under the curve (AUC) shows the discriminative power between the two groups. The diagonal from (0,0) to (100,100) with AUC = 0.5 indicates a total lack of discriminative power.



TABLE 4. Receiver operating characteristic curve analysis of CSIT in all participant.
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AD vs. MCI

According to ROC analysis, CSIT-OI score and CSIT-OI plus CSIT-self score also distinguished AD from MCI, while again CSIT-self score did not (Figure 2C and Table 4). Using a cutoff value of 18.5, CSIT-OI score distinguished AD from MCI with 70.4% sensitivity and 83.8% specificity.





Correlations Between CSIT Scores and Regional GMV Values at the ROI and Voxel Levels

At the ROI level, CSIT-OI scores of AD patients were positively correlated with left amygdala volume (r = 0.38, p = 0.046), with a trend observed for the left hippocampus (r = 0.35, p = 0.051) (Table 5). At the voxel level, CSIT-OI score was associated with volumes of the left inferior frontal gyrus (IFG, peak location x = –33, y = 20, z = –18, peak intensity = 0.612) and left precentral gyrus (peak location: x = –42, y = –5, z = 33, peak intensity = 0.707) (p < 0.05; Figure 3 and Table 5). There was a significant relationship between CSIT-OI score and GMV in the all participants at the ROI or voxel level, but no significant relationships were found between CSIT-OI score and GMV in the MCI and NC groups at either the ROI or voxel level (Table 5).

TABLE 5. Correlations analysis of CSIT and the GMV of ROI.
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FIGURE 3. Correlations between CSIT scores and regional GMV values at the voxel levels (A–D). (A) The location of left-Precentral Gyrus (L-PG) (peak MINI: x = −42, y =–5, z = 33, Peak intensity: 0.707). (C) The location of left-Inferior Frontal Gyrus (L-IFG) (peak MINI x = –33, y = 20, z = –18, Peak intensity = 0.612). (B,D) The scatter plot and linear fit show the relationship between the GMV of L-PG & L-IFG and CSIT score in AD. The results suggested that the GMV of L-PG (r = 0.643, p < 0.001) & L – IFG (r = 0.517, p = 0.001) were significantly correlated with the CSIT scores in AD.






DISCUSSION

We demonstrate that OI as measured by the CSIT is impaired in AD and MCI patients compared to age-matched healthy controls in the Chinese population, and that the severity of OI dysfunction can distinguish AD and MCI patients from controls and AD from MCI with high sensitivity and specificity. In addition, CSIT scores were significantly associated with specific memory assessment outcomes but not with measures of general cognitive function such as MMSE score. Based on ROI-level GMV analysis, the OI of AD patients was significantly correlated with left amygdala volume, with a similar trend observed for the left hippocampus (but not bilateral OC, right amygdala, or hippocampus); meanwhile, a voxel-level analysis revealed that the OI of AD patients was also associated with the volumes of precentral gyrus-L and IFG-L. In contrast, no such CSIT-GMV associations were found in the MCI and NC groups. Therefore, OI dysfunction as assessed by a culturally appropriate test (the CSIT) may be a convenient AD screening tool.

This study confirmed that OI is impaired in ethnic Chinese AD and MCI patients, consistent with previous studies in Western populations. In all three diagnostic groups (MCI, AD, and NC), OI decreased progressively with age (Larsson et al., 2000; Devanand et al., 2014; Roalf et al., 2017; Silva et al., 2018). There was also a disconnect between objective and subjective OI capacity, as AD patients did not rate their sense of smell as inferior despite lower CSIT-OI scores. In line with our findings (Doty et al., 1984; Burns, 1998) reported that only 6% of AD patients complained of olfactory dysfunction, while 90% had actual olfactory deficits as demonstrated by olfactory tests. Alternatively, MCI patients did provide relatively low self-assessments (Yu et al., 2018). This may result from impaired self-concept in AD but not in MCI. Further, average score among AD patients (13/40 = 32.5%) was near the chance level of 25%, indicating that sense of smell was substantially degraded. Therefore, it is necessary to measure olfactory function using sensitive and objective olfactory tests. Thus, OI may not be suitable for gauging AD progression but could be useful for measuring MCI progression and deficits during normal aging.

Although CSIT is based on UPSIT, group differences in scores were greater than in past studies using the UPSIT, suggesting better discriminative efficacy. Our ROC analysis suggests that the CSIT can distinguish MCI and AD patients from normal elderly individuals and accurately distinguish AD from MCI. This level of discrimination is similar to cerebral spinal fluid (CSF) biomarkers, only slightly inferior to amyloid imaging and structural MRI, and significantly greater than UPSIT (sensitivity: 0.88, specificity: 0.91) (Devanand, 2016; Hagemeier et al., 2016). The OI test classifies individuals showing cognitive decline correctly at a higher rate than a global cognitive test (Graves et al., 1999). Consistent with these findings, CSIT-OI score was positively correlated with memory function (AVLT-delay and -recognition), and negatively correlated with the severity of cognitive impairment (CDR score) in AD patients. This demonstrates that the OI deficit in AD is mainly related to impairment of semantic (cognitive) rather than perceptual processing (Lehrner et al., 1999). However, the CSIT-OI score was not associated with MMSE scores in AD patients, consistent with previous studies (Roalf et al., 2017; Silva et al., 2018), possibly because the MMSE is a general test of cognition that does not provide information on specific cognitive dysfunctions in AD. Therefore, we conclude that CSIT is more suitable for use in the Chinese Han population than the UPSIT, and is a useful biomarker for cognitive deficit.

Volumes of left IFG and precentral cortex were significantly associated with OI performance in AD patients, a finding that to the best of our knowledge has not been reported previously. While previous reports have indicated that OI is related to the olfactory bulb, OC, hippocampus, and parahippocampus, few have found associated changes in motor-related areas. The precentral cortex is an important component of the motor network (Yousry et al., 1997; Hopkins et al., 2017). In addition, however, recent reports have found that the precentral cortex participates in a variety of perceptual and integrative processes (Chen et al., 2008), including contributions to cognitive functions such as language and executive control (Ferreira et al., 2017; Mugler et al., 2018). Bi et al. (2018) found significant changes in the precentral cortex volume of AD patients compared to NCs. In addition, Rizzo et al. (2018) found that the fiber bundle connection between the amygdala and precentral gyrus is abnormal in AD. Furthermore, the strength of functional connections between posteromedial and precentral cortices was reduced, which is significantly correlated with cognitive function in AD (Wu et al., 2016). The IFG is part of Broca’s area, which is involved in semantic processing and phoneme production (Mugler et al., 2018), and some studies have also reported a relationship with memory function (Smith and Jonides, 1999). The IFG does not contribute to the processing of single syllables, but rather acts in combination with the precentral gyrus for responding to understood speech, including the ordering of multiple syllables. A number of functional imaging studies have demonstrated that L-IFG and L-precentral gyrus regions are active during speech perception and comprehension (Wilson et al., 2004; Pulvermuller et al., 2006), particularly when participants listen attentively to speech signals that are noisy or degraded (Hervais-Adelman et al., 2012; Wild et al., 2012). On the ROI level, the volume of the left amygdala was significantly associated with OI performance in AD patients, suggesting that structural changes in the left amygdala are due to involvement of the olfactory network. Based on previous reports and our findings, we speculate that functional anomalies in the precentral gyrus, IFG, amygdala, and hippocampus lead to defective OI in AD patients, and that the amygdala–precentral gyrus pathway plays a predominant role in OI. Unraveling the specific contributions of this precentral gyrus shrinkage to OI deficits requires further research.

This study has several limitations. First, our AD patient group included both early-onset and late-onset patients, which may introduce heterogeneity to morphometric changes. A previous study found that patients with early-onset AD showed bilateral reductions in the medial temporal lobes, inferior parietal lobules, precuneus and perisylvian cortices, and cingulate cortices, as well as in the right inferior frontal gyrus, whereas late-onset patients with AD showed atrophy only in bilateral medial temporal cortices. Second, we did not compare differences between AD patients with and without olfactory dysfunction, and such a comparison could also reveal mechanisms underlying OI disorders. Third, this is a cross-sectional rather than a longitudinal study, so we do not know if these differences were caused by the progression of AD. Fourth, we excluded subjects who engaged in long-term smoking and drinking, as these behaviors affect cognition and olfaction (Frye, 1990). This could result in selection bias but better reflects central mechanisms of olfactory recognition (Vasavada et al., 2017). Lastly, the sample was small; therefore, studies in a larger population are needed in order to confirm whether this measure can consistently distinguish controls from AD patients.



CONCLUSION

Our study confirms that the CSIT is a culturally appropriate olfactory recognition test for the Chinese Han population that can effectively distinguish among AD, MCI, and healthy aging. Gray matter voxel-based MRI analysis demonstrated that OI is more strongly related to the left cerebral hemisphere (left hippocampus, left amygdala, left-precentral gyrus, left-IFG, and bilateral olfactory cortex) than to the right hemisphere (right hippocampus and right amygdala). We also found that the left-precentral gyrus and left-IFG may be involved in OI. We therefore speculate that language processing may contribute to the expression of olfactory recognition, and that AD patients are impaired in this domain. However, further research is needed to elucidate the precise mechanisms for OI dysfunction and relationships to other aspects of MCI and AD pathology.
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Amyloid-β (Aβ) deposits and some proteins play essential roles in the pathogenesis of Alzheimer’s disease (AD). Amide proton transfer (APT) imaging, as an imaging modality to detect tissue protein, has shown promising features for the diagnosis of AD disease. In this study, we chose 10 AD model rats as the experimental group and 10 sham-operated rats as the control group. All the rats underwent a Y-maze test before APT image acquisition, using saturation with frequency alternating RF irradiation (APTSAFARI) method on a 7.0 T animal MRI scanner. Compared with the control group, APT (3.5 ppm) values of brain were significantly reduced in AD models (p < 0.002). The APTSAFARI imaging is more significant than APT imaging (p < 0.0001). AD model mice showed spatial learning and memory loss in the Y-maze experiment. In addition, there was significant neuronal loss in the hippocampal CA1 region and cortex compared with sham-operated rats. In conclusion, we demonstrated that APT imaging could potentially provide molecular biomarkers for the non-invasive diagnosis of AD. APTSAFARI MRI could be used as an effective tool to improve the accuracy of diagnosis of AD compared with conventional APT imaging.

Keywords: Alzheimer’s disease, amide proton transfer, saturation with alternating frequency RF irradiation, chemical exchange saturation transfer, magnetic resonance imaging


INTRODUCTION

Alzheimer’s disease (AD) is the most prevalent neurodegenerative disease in the world, which is characterized with progressive memory decline (Chen et al., 2018). Currently there is no definitive diagnosis or effective treatment for AD (Goozee et al., 2017). Many pathogenic mechanisms have been reported, including the accumulation of amyloid plaques, neuronal loss, neurofibrillary tangles (NFTs), excessive acetylcholinesterase activity and neurovascular dysfunction (Vanderstichele et al., 2006). Biomarkers based on protein aggregation play important roles in evaluating AD. The reliable AD model rat can be made by intracerebroventricular (icv) injection of well-characterized toxic soluble Aβ species into rat brain (Kasza et al., 2017). The injection of Aβ species in rat induced loss of learning and memory behavior, which could be detected using the Y-maze (Hwang et al., 2017). The rat model of AD was used to observe the effect of drug therapy (Fahanik-Babaei et al., 2018) and was often used to establish and validate biomarkers as a surrogate for patients (Prestia et al., 2018) as well.

Magnetic resonance imaging (MRI) is essential for early diagnosis of AD (Matsuda, 2017), including conventional MRI, diffusion tension imaging (DTI) (Promteangtrong et al., 2015), proton magnetic resonance spectroscopy (MRS) (Zhang N. et al., 2014). The accuracy of AD diagnosis may be increased using advanced MRI techniques. Up to now, further reliable imaging technique for early AD diagnosis is still desired. Amide proton transfer (APT) imaging based on chemical exchange saturation transfer (CEST) is a novel molecular MRI technique (Kamimura et al., 2018), by which low-concentration endogenous mobile proteins and peptides in tissue could be detected non-invasively (Xu et al., 2014). Furthermore, multiple sources of exchanging magnetization, like amide (Lin et al., 2018), amine (Zhang et al., 2018) and hydroxyl protons from macromolecules and various protons (Kanazawa et al., 2018), could also be detected. AD is associated with the accumulation of abnormal proteins in the central nervous system (Li et al., 2017). However, the quantitative method to detect protein in vivo is limited. To our knowledge, few studies have been reported to diagnose AD by APT method.

Zaiss and Bachert (2013) proved from algorithms and theoretical formulas that chemical exchange observed by NMR saturation transfer (CEST) and spin-lock (SL) experiments provided a MRI contrast by indirect detection of exchanging protons. A comprehensive signature of protein unfolding detectable by CEST was observed in a set of model solutions containing BSA and in yeast cells (Goerke et al., 2015). Zollner et al. (2018) demonstrated that APT-weighted CEST imaging is sensitive to ammonia introduced protein denaturation. Using APT to detect tau-pathology in regions of low NFT density is also a method to study AD in mouse model of tauopathy (rTg4510) (Wells et al., 2015). In Chen et al. (2019) study, a new sequence (radial-sampling steady-state sequence based ultrashort echo time readout) was used to image the contributions from mobile proteins at the frequency offsets for both aliphatic proton (–3.6 ppm) and protein amide proton (+3.6 ppm) signals. Their results showed significantly reduced ΔST (–3.6) signal in AD mouse, which was more sensitive. In this study, we use the AD model (based on intracerebrovascular injection of the beta amyloid 1-40). Target APT imaging could potentially provide molecular biomarkers for diagnosis of AD. These results suggested that APTSAFARI MRI could be used as an effective tool to improve the accuracy for the diagnosis of AD.

In this study, we hypothesized that the accumulation of abnormal cytoplasmic proteins in some specific cerebral areas was associated with low APT signal. Meanwhile, saturation with frequency alternating radiofrequency irradiation (SAFARI) method was used to improve accuracy of APT signal by removing the direct water saturation (DS) effect, magnetization transfer (MT) effect and MT asymmetry (Scheidegger et al., 2011).



MATERIALS AND METHODS


Alzheimer Disease Model Preparation

Sprague-Dawley (SD) male rats weighting 275 ± 25 g (aged 10–12 weeks) were purchased from the Animal Center of Shantou University Medical College (Guangdong, China). All animal experiments were performed according to the guidelines of the National Institutes of Health guide and approved by the Ethics Committee of Shantou University Medical College. The rats were randomly divided into two groups: sham-operated control group rats (n = 10) and AD model group rats (n = 10). Both groups were placed in a geomagnetic environment. The rats were housed in an air-conditioned room with a constant temperature (22 ± 1°C), humidity (50 ± 10%), and were kept under reversed light/dark (12 h each) cycle.

At Sigma-Aldrich (St. Louis, MO, United States), we purchased Aβ1–40. To obtain aggregated Aβ1-40, Aβ1-40 was dissolved at the concentration of 1 g/L in distilled water and was incubated for 48 h at 37°C. Then it was diluted to the final concentration with saline just before the experiments (Guerra de Souza et al., 2018). After aggregation, the sample was stored at 4°C. The SD rats received icv injection of Aβ1-40 as described before (Rasool et al., 2018). Briefly, the rats were anesthetized with 3 mg/ml sodium pentobarbital (1 ml/100 g, i.p. body weight). Then they were placed in stereotaxic apparatus. For a single icv injection of aggregated Aβ1-40, a 28-G needle (stainless-steel) was inserted into lateral ventricular (1.0 mm lateral, 3.6 mm central to bregma and 0.8 mm posterior). And then AD model group rats were administered with Aβ1-40 10 μg per rat (1 mg/ml) using Hamilton microsyringe at a speed of 0.6 μl/min. Sham-operated control group rats were given the same volume of normal saline. The cannula was left for 2–3 min after the injection to facilitate drug diffusion. The wound as an additional antiseptic measure was then sealed with sterile wax.



Behavioral Testing

All rats underwent Y-maze testing 14 days after the model was built. The Y-maze test was used to assess the spatial learning and memory of the rats (Zhang L. et al., 2014). The spontaneous alternation behavior, the time spent in the new arm, total distance and the total new arm distance were measured to assess the learning ability of the rats (Conrad et al., 2003). Behavioral studies were carried out 2 h after last work between 9 am and 5 pm in a quiet room. Before testing the next rat, the device was cleaned with 10% ethanol. The tests were recorded using a video camera and later scored by a trained observer who was blind to the grouping of the rats. Each rat was placed at the start arm and moved freely through the maze for 10 min. An alternation was defined as successive entries into all three arms on consecutive choices (i.e., BCA, ABC, or CAB but not ABA). Spontaneous alternation, as a measure of cognitive functions, assesses short-term spatial memory. The percentage of spontaneous alternation was calculated as alternation rate (%) = 100 × [1 – mistake number/(total number – 2)] (Bak et al., 2017). The second test aimed to test spatial learning. The three arms were set as the starting arm (animal entry), the common arm and the new arm. In the first step, which was the acquisition period, the new arm was closed, and the rats were free to explore to the other two arms for 3 min. Two hours later, the second step (recall phase) began. All the arms were opened, the animals were free to move for 3 min in the three arms. The time and distance of exploration in each arm were recorded.



MRI Experiments

After behavioral testing, all AD model rats were scanned 15 days after model was built. All images were acquired on a 7.0T horizontal bore small animal MR scanner (Agilent Technologies, Santa Clara, CA, United States) with a standard 9563 volume coil for transmission and reception. Parameters of T2WI MRI were as follows. TR = 3,140 ms, TE = 37 ms, FOV = 40 mm × 40 mm, matrix = 240 × 320, and slice thickness = 1 mm. We scanned 6 slices for T2w images and selected the largest slice of the hippocampus for shimming.

The main magnetic field (B0) was shimmed. The axial APT images were acquired using a single slice echo planar imaging (EPI) sequence with continuous wave (CW) pre-saturating RF irradiation. FOV = 35 × 35 mm, slice thickness = 3.5 mm, matrix size = 128 × 128, repetition time (TR) = 5,000 ms, echo time (TE) = 20 ms, and bandwidth = 267,000 Hz. The APT imaging and Z-spectra were acquired, which ranged from 5 to –5 ppm, with the use of a B1 of 1.3 μT (56 Hz) and a saturation time of 4 s. A saturation pulse was applied at 101 frequency offsets that cover the range of ±5 ppm and step of 0.1 ppm to contain around ±3.5 ppm of APT saturation peaks. The APT imaging was 8 min and 40 s. S0 was acquired at saturation frequency offset of 33.33 ppm as a reference image. Saturation with frequency alternating RF irradiation (SAFARI) was achieved by setting a dual frequency preparation of a gauss pulse saturation at ±3.5 ppm (Scheidegger et al., 2011). Then 101 frequency offsets images were detected using a gauss pulse saturation with the same range and step as CW pulse sequence. The total time of SAFARI imaging was 8 min and 45 s. The B0 and B1 fields were also measured, as well as T1 and T2 maps. T1 maps were acquired using the same geometry and spatial resolution as CEST MRI. An IR-FSEMS sequence with Inversion recovery time = 0.010, 0.023, 0.051, 0.115, 0.260, 0.588, 1.328, 3 s was used for T1 maps. While the T2 map was obtained by a multi-slice multi-echo (MSME) MRI with echo number = 16. Echo time = 8.2, 16.3, 24.5, 32.7, 40.8, 49.0, 57.2, 65.3, 73.5, 81.7, 89.8, 98.0, 106.2, 114.4, 122.5, 130.7 ms was used for T2 maps.



Image Analysis

Images were analyzed in MATLAB (MathWorks, R2012b). For APT acquisition, we normalized voxels of images by the corresponding unsaturated reference image S0. Then B0 correction was performed for the z-spectrum scans according the water saturation shift referencing (WASSR) method (Kim et al., 2009). Evaluation of the APT effect by conventional MT ratio asymmetry analysis after B0 correction (Wada et al., 2016):
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For the APTSAFARI scans, calculated the quantitative maps of MTRSAFARI as described previously (Scheidegger et al., 2011):

[image: image]

where Ssat (SAFARI) is the signal after alternating frequency irradiation and Ssat (SAFARI′) is a similar image but with the order of positive and negative frequencies reversed to minimize any system error related timing (Scheidegger et al., 2011).

The hippocampus is the primary structure affected in the early AD pathology which control the learning and cognitive function (Zhang et al., 2017). Therefore, we selected the largest slice of hippocampus on EPI-based image according to the high spatial resolution atlases exist for MRI (Johnson et al., 2010) as our APT slice. ROIs across all slices containing cortex, hippocampus and thalamus were manually drawn by the same expert with visual reference to a rat brain atlas. The T2w image demonstrates the ROIs in the coronal brain slices for the cortex (CX), hippocampus (HI), and thalamus (TH). The red dotted lines indicate the ROI tissues (Figure 3A). ROIs for the APT image were manually drawn on the EPI-based image (Figure 3B).



Histology and Histomorphometry

After imaging scanning, rats were anesthetized and perfused via the left ventricle with 100 mL of 4% paraformaldehyde followed by 100 mL of normal saline at a flow rate of 3 mL/min. After perfusion, the brains were obtained and kept in 4% para formaldehyde (24 h) and embedded in paraffin before being dispatched for histology (Wang et al., 2018).

Axial slices (5 μm) were incubated at 55°C for 45 min. Hematoxylin-eosin (HE) staining was used to assesse neuropathology. Finally, the slices were examined under a Zeiss microscope (Zeiss Instruments Inc.).

The process of double-labeling immunofluorescence was as follows. Staining coverslips with 70 nm serial sections were done as previously described (Kay et al., 2013). Paraffin-embedded sections were rehydrated with reduced concentrations of ethanol and subjected to a standard antigen- retrieval procedure consisting of being microwaved in 5% goat serum for 20 min (ZLI-9056, China). The sections were cooled for about 40 min at 4°C. They were then blocked with 5% normal goat serum for 1 h at room temperature. Finally, they were incubated with the primary antibody overnight at 4°C. After 24 h, the sections were deparaffinized and washed through a series of xylene and ethanol to rehydrate. With anti-GFAP to label astrocytes, all primary antibodies were diluted in PBS. Slides were incubated for the secondary antibody and fluorescently labeled for 1 h. Finally, the coverslips were mounted on glass slides and then observed using the Zeiss laser confocal microscope.



Statistical Analysis

All data were analyzed using the SPSS22.0. Imaging data of AD models and control subjects were compared using t-test for pairwise comparison. One-way analysis of variance (ANOVA) followed by multiple comparisons were used to investigate the associations between Y-maze. A level of p < 0.05 was considered as statistically significant for all tests.




RESULTS


Y-Maze Test Results of AD Model Rat

In the Y-maze test, significant decrease of the spontaneous alternation was found in AD model group compared with the sham operated control group (p < 0.05, Figure 1A). Meanwhile, a significant decrease of the time, total distance and the total distance in the new arm were also found in AD model group compared with the sham-operated control group (p < 0.05, Figures 1B,C). There was no significant difference between the two groups in the numbers of arm entries (Figure 1D). These results demonstrated the AD model had loss spatial learning and memory.
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FIGURE 1. Learning and memory assessment of AD model group and sham operated control group measured by Y-maze. (A) Alternation behavior: AD model group had significantly decreased the spontaneous alternation behavior compared with the sham operated control group. (B) Time spent in the new arm: The time spent in the new arm of AD model group decreased significantly compared with the sham operated control group. (C) Total distance and the total new arm distance: AD model group had significant decrease of the total distance and the total new arm distance compared with the sham operated control group. (D) There was no significant difference between two groups on the numbers of arm entries. ∗p < 0.05.





Results of APT Imaging and SAFARI Imaging

The Z-spectra and MTRasym curves showed that there were significant differences between AD models and sham operated controls in the whole brain (Figure 4A), there are more significant reductions when hippocampus regions are compared (Figure 4B). ΔMTRasym was maximal with a 1.3 μT B1 power and the peak of MTRasym curve was at 3.5 ppm. The APT maps of AD model and sham control were showed in the Figures 2A,C. The APTSAFARI maps of AD model and sham control were showed in the Figures 2B,D. Image uniformity and image contrast of the SAFARI method were all better than that acquired from APT imaging. T2w anatomical only-image is added for the readers to understand the exact geometrical position of the selected slice (Figure 3A). ROIs for the APT image were manually drawn on the EPI-based image (Figure 3B). AD model rats (n = 10) had reduced APT effect compared to the sham groups. The APT effects of AD model rats were 4.7 ± 1.2, 5.9 ± 1.4, 2.78 ± 0.9, and 3.3 ± 1.1% at CX, HI, TH and whole brain (WB), respectively. APT effects at CX, HI and WB were lower than that in sham controls (7.5 ± 1.3%, 9.6 ± 1.5%, 5.2 ± 0.9%, p < 0.05). At TH, no significant differences in APT effect were observed between two groups (p > 0.05) (Figure 4C). The APTSAFARI effects of AD model in above four regions were 8.5 ± 1.2, 9.6 ± 1.3, 7.7 ± 1.3, and 8.2 ± 1.2%, respectively. APTSAFARI effects at CX, HI and WB, were lower than that in sham controls (16.8 ± 1.4%, 18.7 ± 1.1%, 13.5 ± 1.3%, p < 0.01). At TH, no significant differences in APT effect were observed at two groups (p > 0.05) (Figure 4D).
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FIGURE 2. (A) APT imaging of sham operated control, (B) APTSAFARI imaging of sham operated control, (C) APT imaging of AD model, (D) APTSAFARI imaging of AD model.
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FIGURE 3. (A) The T2w image demonstrates the ROIs in the coronal brain slices for the cortex (CX), hippocampus (HI) and thalamus (TH). The red dotted lines indicate the ROI tissues. (B) ROIs for the APT image were manually drawn on the EPI-based image. The blue dotted lines indicate the ROI tissues.
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FIGURE 4. (A) The Z-spectra and MTRasym curve between AD model and sham controls in the whole brain, (B) The Z-spectra and MTRasym curve between AD model and sham controls in hippocampus regions, (C) The plot for the different region APT effect in AD model and sham groups, (D) The plot for the different region APTSAFARI effect in AD model and sham groups. ∗p < 0.05, ∗∗p < 0.01.





Results of T1 and T2 Maps

In our study, in order to examine the possible difference of T1 and T2 maps between two groups (Figure 5), we scanned T1 and T2 maps. The T1 map values were found to be 1.43 ± 0.07 and 1.51 ± 0.12 s for the cortex of the AD rats and sham rats, respectively; while the T2 map values were 0.047 ± 0.003 s (AD rats) and 0.051 ± 0.002 s (sham rats). No significant difference was observed between AD and sham rats (p = 0.29 and 0.21 for the T1 and T2 map values, respectively). No significant differences in different regions of T1 and T2 map values were observed either between two groups (p > 0.05) (Figures 5C,F).
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FIGURE 5. (A) T1 map of sham operated control, (B) T1 map of AD model, (C) The plot for the different region T1 map values in AD model and sham groups, (D) T2 map of sham operated control, (E) T2 map of AD model, (F) The plot for the different region T2 map values in AD model and sham groups.





Results of Histological Examinations

Significant changes in neuron morphology in each group were revealed in histological studies. For HE staining, the number of intact neurons in the hippocampal CA1 was markedly decreased in the AD model group compared with those in the sham operated control group (Figure 7A). The AD model group showed significant neuronal loss in the hippocampus CA1 region and cortex (Figures 6D,E, red arrows). GFAP staining was strongly enhanced in reactive astrocytes identified by double-labeling immunofluorescence in the AD model (Figure 6F, red arrows). Figures 6A–C are the pathological results of the corresponding region of sham operated controls. The total number of GFAP-positive astrocytes was expressed as the mean number per field of view. A significant increase in the number of GFAP-positive astrocytes was observed in the hippocampus CA1 region of the AD model, as compared to sham rats (Figure 7B).
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FIGURE 6. HE staining and double-labeling immunofluorescence and confocal microscopy of GFAP (green) of Hippocampal CA1 and cortex. HE staining (A) CA1 region of sham operated control, (B) Cortex of sham operated control, (D) CA1 region of AD model, (E) Cortex of AD model (above all original magnification × 40). AD model group showed significant neuronal loss in the hippocampus CA1 region and cortex (red arrows); Double-labeling immunofluorescence (C) Hippocampal CA1 region of sham operated control, (F) Hippocampal CA1 region of AD model; GFAP staining is strongly enhanced in reactive astrocytes identified by double-labeling immunofluorescence (red arrows) in AD model, Scale bars = 20 μm.
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FIGURE 7. (A) HE staining, AD model group showed significant neuronal loss in the hippocampus CA1 region and cortex compared sham operated control, (B) Bar graphs of mean densities of GFAP-positive reactive astrocytes of AD model and sham group. ∗∗p < 0.01.





Correlation Analysis

The linear regression analysis revealed a positive correlation between alternation behavior (%) and the APT (%) of the hippocampus in AD model rats (R2 = 0.9453, p < 0.0001 and R2 = 0.8077, p = 0.0004 for the APTSAFARI and APT values, respectively) (Figure 8A). A negative correlation between the APT (%) and GFAP-positive astrocytes/field of the hippocampus was found in AD model rats (R2 = 0.9410, p < 0.0001 and R2 = 0.7598, p = 0.0010 for the APTSAFARI and APT values, respectively) (Figure 8B). In terms of goodness of fit, APTSAFARI was better than APT for both behavior and pathology correlation. These results demonstrated that APTSAFARI was a more sensitive method to detect CEST signal change compared with that using APT method.
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FIGURE 8. (A) The linear regression analysis of the correlation between alternation behavior (%) and the APT (%) of the hippocampus in AD model rats (R2 = 0.9453, p < 0.0001 and R2 = 0.8077, p = 0.0004 for the APTSAFARI and APT values, respectively). (B) The linear correlation between the APT (%) and GFAP-positive astrocytes/field of the hippocampus in AD model rats (R2 = 0.9410, p < 0.0001 and R2 = 0.7598, p = 0.0010 for the APTSAFARI and APT values, respectively).






DISCUSSION

In this study, we used both APT and APTSAFARI (Scheidegger et al., 2011) methods to assess the APT value in AD models at 7.0T. These results indicate the APT is a potential method that can non-invasively visualize the protein concentration of AD in vivo. APT imaging is a novel molecular MRI technique for detecting endogenous mobile proteins. APT could be affected by many other factors, including tissue water content, pH, temperature, and the background MT effect (Togao et al., 2014). In our study, the results showed significantly reduced signal for the AD model compared to the control group, which is due to the effect of protein aggregation involved in AD (Chen et al., 2019). Several studies of APT have shown that the protein concentration is homogenous throughout the brain (Xu et al., 2016). APT is highly sensitive to changes of pH in tissue, although it is designed to provide a direct measurement of proton exchange. The pathology of AD also includes vascular compromise that can result in hypoperfusion, local tissue hypoxia, and acidosis (Eugenin et al., 2016). Brain acidification in AD patients has already been observed (Fang et al., 2010). This reduced pH results in a reduced rate of exchange of amide protons because the chemical exchange of the amide in the protein is base catalyzed (Zhang et al., 1995). Exchange of these amide protons with water results in a reduction in MR imaging signal that is highly pH-sensitive (Jin et al., 2017). In particular, it may serve as an important biomarker when evaluating the efficacy of novel therapeutics that target pH-sensitive pathways (Anand et al., 2014). Because of the reduced mobile protein content and decrease of pH, AD should have lower APT value than normal control. Our study also demonstrated this viewpoint.

The key to the SAFARI technology is the simultaneous application of RF radiation to acquire images at both the amide proton (ωs = +3.5 ppm) and control (–ωs) frequencies. There is a range of RF acquisition which the amide proton saturation is independent of power. SAFARI only needs to acquire three MR images, and the sum of these images can eliminate the symmetrical MT effects (Scheidegger et al., 2011). A series of SAFARI acquisitions may be used to more selectively detect specific endogenous biomolecules with a unique chemical exchange rate (Bateman et al., 2012). Compared with a conventional MTRasym measurement, the SAFARI method has the advantage of reducing the effect of MT, direct water saturation, and field inhomogeneity and measurement times.

T1 and T2 maps have emerged to be able to adequately identify the biochemical composition and changes of the cartilaginous tissue (Ying et al., 2019). These sequences also enable the direct quantification of T1, T2 values of the myocardium (Kim et al., 2017). In our study, no clear differences were observed between AD and sham rats. Chen et al. (2019) study showed similar finding to our analysis.

The animal behavioral test is essential to understand the bases of neurologic and psychological disorders (Bello-Arroyo et al., 2018). The Y-maze test was implemented to assess immediate spatial working memory of animals (Xu et al., 2018). Because of the simple structure and convenient operation of automated Y-maze applications, more and more animal experiments have adopted the Y-maze to explore the learning and memory of animals (Ru and Liu, 2018). The numbers of arm entries and time spent in the new arm have been identified as well indices of short-term spatial memory (Lewis et al., 2017). The spontaneous alternation behavior, the time spent in the new arm, total distance and the total new arm distance were measured to assess the learning ability of the rats (Conrad et al., 2003).

Crescenzi et al. (2017) revealed that a reduced glutamate chemical exchange saturation transfer (GluCEST) in 3.0 ppm occurred in the subhippocampal fields of AD. Our previous study had found the best parameters for scanning APT (Shen et al., 2017). So, in this study, the APT signals most of the contribution comes from the mobile protein with amide proton, rather than glutamate and glutamine. The increased GFAP in pathology and the loss of neurons in HE staining indicated that amyloid protein toxicity led to glial cell proliferation and neuronal loss (Trias et al., 2017), indicating that the modeling was successful and abnormal protein deposition was the cause of APT signal change.


Limitations

The calculation of APT CEST metric in this study was conventional MTRasym. More specific analysis using the fitting algorithm, which we are currently still working on, would reduce the impact of several unwanted contributors of the APT contrast and make the result more accurate.




CONCLUSION

This report demonstrated the value of APTSAFARI as a non-invasive MRI technique for assessment of AD rat model. The non-invasive nature of APT data collection may allow for a relatively easy translation into the clinical setting. However, further standardization and improvement are required to provide useful diagnostic data within clinically feasible imaging times. We demonstrated abnormality in AD models compared to the sham operated controls, as confirmed by subsequent analysis of histological examinations. In summary, this is the first report of using APT technique with SAFARI method to detect AD. Our study provides evidence of the feasibility of APT imaging in the detection of cerebral abnormality in AD model and it has great potential for clinical application.
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Aging is consistently reported as the most important independent risk factor for neurodegenerative diseases. As life expectancy has significantly increased during the last decades, neurodegenerative diseases became one of the most critical public health problem in our society. The most investigated neurodegenerative diseases during aging are Alzheimer disease (AD), Frontotemporal Dementia (FTD) and Parkinson disease (PD). The search for biomarkers has been focused so far on cerebrospinal fluid (CSF) and blood. Recently, exosomes emerged as novel biological source with increasing interest for age-related neurodegenerative disease biomarkers. Exosomes are tiny Extracellular vesicles (EVs; 30–100 nm in size) released by all cell types which originate from the endosomal compartment. They constitute important vesicles for the release and transfer of multiple (signaling, toxic, and regulatory) molecules among cells. Initially considered with merely waste disposal function, instead exosomes have been recently recognized as fundamental mediators of intercellular communication. They can move from the site of release by diffusion and be retrieved in several body fluids, where they may dynamically reflect pathological changes of cells present in inaccessible sites such as the brain. Multiple evidence has implicated exosomes in age-associated neurodegenerative processes, which lead to cognitive impairment in later life. Critically, consolidated evidence indicates that pathological protein aggregates, including Aβ, tau, and α-synuclein are released from brain cells in association with exosomes. Importantly, exosomes act as vehicles between cells not only of proteins but also of nucleic acids [DNA, mRNA transcripts, miRNA, and non-coding RNAs (ncRNAs)] thus potentially influencing gene expression in target cells. In this framework, exosomes could contribute to elucidate the molecular mechanisms underneath neurodegenerative diseases and could represent a promising source of biomarkers. Despite the involvement of exosomes in age-associated neurodegeneration, the study of exosomes and their genetic cargo in physiological aging and in neurodegenerative diseases is still in its infancy. Here, we review, the current knowledge on protein and ncRNAs cargo of exosomes in normal aging and in age-related neurodegenerative diseases.
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INTRODUCTION

The growing increase of lifespan has implemented the research in aging processes and in age related pathologies like Alzheimer’s Disease (AD), Frontotemporal Dementia (FTD) and Parkinson’s disease (PD). Aging encloses multiple and complex processes where cellular senescence is the critical one. Senescent phenotype is characterized by three phenomena: the permanent cell growth arrest; the resistance to apoptosis; the acquisition of altered and differentiated functions (Campisi and d’Adda Di Fagagna, 2007; Campisi, 2012). Several evidence associates senescence to an increase in exosome release introducing a new phenotype named Senescence-Associated Secretory Phenotype (SASP) observed in vitro after genotoxic stress in different kinds of cells (Lehmann et al., 2008; Takasugi et al., 2017). Exosomes are tiny Extracellular vesicles (EVs) sizing from 30 nm to 100 nm, shed from almost all the cells, including the nervous ones (Zhang and Yang, 2018). Exosomes were thought to serve as cellular garbage but now there are many evidence that support their role in the intercellular communication (Rashed et al., 2017) pouring their content, through different mechanisms, to the recipient cells in the neighborhood as well as in the periphery even passing through the blood brain barrier (BBB; Alvarez-Erviti et al., 2011; Ridder et al., 2014). Indeed exosomes were detected in many biological fluids as in serum, plasma, urine, cerebrospinal fluid (CSF) and others (Caby et al., 2005; Franzen et al., 2015; Yagi et al., 2016). The growing interest in the last decade on exosome research is linked to their composition that represents a “mirror” of the physiological as well as the pathological state of the donor cells (Willms et al., 2016). Exosome cargo consists of lipid, proteins, mRNAs and ncRNAs, mostly microRNAs, whose sorting is regulated from the cell of origin with complex mechanisms that are not fully understood (Simons and Raposo, 2009). Instead, it is not clear, if the recipient cell can have an active role to select the exosome cargo or if it depends only from the parental cell. Not only their content but also markers on their membrane surface reflect their origin. Therefore, besides general exosome markers useful to discriminate exosomes from other EVs (e.g., CD81, CD9, ALIX, TSG101), the detection of neural derived exosomes (NDEs) is possible due to the presence of L1CAM (L1- cell adhesion molecule), that is a Central Nervous System (CNS)- specific exosome marker (Kenwrick, 2002; Fauré et al., 2006; Lachenal et al., 2010). Therefore, the investigation of the impressive variety of NDEs cargoes, especially proteins and microRNAs, could open a “window into the brain” creating a direct thread between the CNS and the periphery (Shi et al., 2019). To support this assumption, more and more findings have reported the presence of proteins and microRNAs critical for age-related disorders inside NDEs (Rajendran et al., 2014; Soria et al., 2017). This review article, is intended to explore the current understanding on the exosome’s role in physiological aging comparing to pathological aging in the most relevant elderly neurological disorders, such as AD, FTD and PD emphasizing the emerging discoveries on proteins and ncRNAs inside exosomes.



EXTRACELLULAR VESICLES (EVs)

EVs are membrane surrounded structures released outside the cells. To date, these vesicles have been cataloged-based on their dimension and origin. Among those exosomes, originating from the endosomal compartment, are the most investigated. They have small dimensions (30–100 nm) and round shape (Mashouri et al., 2019). The biochemical content of exosomes consists of lipid, proteins but also microRNA and mRNAs. Several studies reported that mRNAs delivered by exosomes to target cells were translated in functional proteins (Pegtel et al., 2010); in the same way miRNAs regulated gene expression in recipient cells (Figure 1; Hu et al., 2019). Moreover, it has been reported the presence of genomic and mitochondrial DNA (Hough et al., 2018). Exosome contents not only reflect the donor cell composition but also reflect a sophisticated sorting mechanism. Analysis of exosome proteome revealed that some proteins specifically arise from cell and tissue of origin, and some are characterisitic for all exosomes (Figure 2A; Mashouri et al., 2019). The lipid content of exosomes is cell-specific or conserved. Indeed lipids protect exosome shape, take part in exosome biogenesis, and regulate homeostasis in the recipient cells (Vidal et al., 1989). Noteworthy, exosomes are present in several body fluids such as blood, urine, breast milk, saliva and also CSF (Urbanelli et al., 2016). Given that, they appear potentially useful biomarkers for the diagnosis of several diseases, including neurodegenerative diseases.
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FIGURE 1. Interaction mechanisms between exosome and recipient cell. Exosomes secreted from a donor cell can move through biological fluids to reach the recipient cell close or distant to the site of their origin. The interaction mechanisms with recipient cell are various: (1) membrane fusion with transfer of exosomal cargo to recipient cell; (2) internalization of whole exosome by endocytosis and release of the cargo by fusion with endosomal membrane; (3) activation of signaling pathways through ligand/receptor interaction. For more details, see review by Jan et al. (2017, 2019).
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FIGURE 2. (A) Exosome structure and cargo. Exosomes are surrounded by a phospholipid bilayer and their content reflects the cell of origin. So besides to generic molecules that identify all exosomes as Tetraspanins, Lipid rafts, MVB formation proteins, membrane transport and fusion proteins, there are other molecules specific to their origin, as L1CAM for neural exosomes as well as proteins related to aging and neurological diseases such as β-amyloid, p-Tau, LRKK2, insulin receptor substrate 1 (IRS-1), a-synuclein, amyloid precursor protein (APP), TDP-43, depeptide protein repeats (DPRs) and many others. In addition, there is also a nucleic component consisting of DNA, mRNA and different kinds of non-coding RNAs (ncRNAs; miRNAs, lncRNAs, circRNAs, piwi-RNA, etc…). (B) Exosomes: a double-edged sword in neurodegenerative disease. Exosomes could favorite and/or trigger the spreading of the disease leading to neurodegeneration or they could sequester neuro-toxic components from neural cells protecting them.




Exosomes in Aging and Cellular Senescence

The increasing number of aged individuals in the global population will likely lead to an increase of costs accounting on health care system. Thus, it is of crucial importance improving the comprehension of the mechanisms underneath ageing processes and developing new therapeutic strategies in order to reduce the effects of age-related morbidities. The goal standard will promote an improvement in health lifespan and a reduction of age-related co-morbidities conditions.

Aging is defined as a loss of physiological function during the time and is regulated by specific molecular pathways (Xu and Sun, 2015). Aging process leads to an increased risk of several chronic diseases such as cancer, cardiovascular disease, and autoimmune disease, but also dementia. It is associated with the body’s altered capacity to face up stress caused by metabolism, infection, and damage to cellular macromolecules. The comprehension of molecular mechanisms driving aging will help the scientific community to figure out why aged individuals are more vulnerable to those diseases and why they may be less stress-resistant (Panagiotou et al., 2018).

Aging is considered conserved across taxia and it is characterized by nine hallmarks comprising: genomic instability, telomere shortening, epigenetic alterations, loss of proteostasis, deregulated nutrient sensing, mitochondrial dysfunction, senescence, stem cell exhaustion and alteration in intercellular communication (Shiels et al., 2017). Moreover, the so-called “inflammaging,” a chronic inflammatory status, represents the main feature of aging process (Salvioli et al., 2013).

While aging involves the entire organism, not all cell types age at the same rate and it is conceivable that senescent cells may contribute to spread senescence to young cells (Olivieri et al., 2015).

Senescence is a particular phenotype of eukaryotic cells leading to a loss of replication ability in response to several stimuli that induce DNA damage (Campisi and d’Adda Di Fagagna, 2007).

The major component in the signal transmission from senescent cells to the surrounding tissue is the SASP that can facilitate the removal of senescent and remodeling of tissue by attraction of phagocytic immune cells (Urbanelli et al., 2016). Beside previously known SASP components, many Wnt ligands have been counted. Wnt is a secreted signaling molecule extremely conserved playing critical roles in many processes including stem cell proliferation and maintenance of homeostasis in the canonical pathway (β-catenin dependent) and transcriptional and non-transcriptional cellular responses in the non-canonical ones (β-catenin independent) triggered by calcium or other Wnt ligands, as Frizzled receptors (Nusse, 2005). It should be noted that these two different pathways interact with each other and other multiple pathways, including the NF-κB, MAPK, and JNK pathways making Wnt signaling extremely complex and articulated (Zhang et al., 2014; Ma and Hottiger, 2016). It is not surprising that Wnt is involved in aging too (Nusse, 2005). Indeed some sources suggest that Wnt signaling decays with aging in brain impairing adult neurogenesis (Okamoto et al., 2011) and lung (Hofmann et al., 2014 but at the same time it may increase in an age-dependent manner (Brack et al., 2007; Liu et al., 2014). Furthermore, the key members of Wnt pathways involved in SASP are secreted in the extracellular space by exosomes. These vesicles carrying Wnt proteins on their surface have been reported to active Wnt signaling in target cells. These findings highlighted a new role of exosomes in mediating the cell-to-cell transmission of senescence signals, suggesting that exosomes represent a new SASP component (Urbanelli et al., 2016). For the first time in 2008, Lehmann et al. (2008) described an increase of exosomes secretion by senescent cells. This increase seems to be a general feature of cellular senescence and has been observed in fibroblasts, epithelial cells, and cancer cells (Takasugi, 2018). On the contrary, Eitan et al. (2017) in cross-longitudinal study showed that plasma exosomes concentration decreased with human age, at least from the early 30s to late 60s. Monocytes and B cells internalized more exosomes rather than T cells, even if these ones are the most representative kind of PBMC in bloodstream. In addition, exosomes were more incorporated in B cells and monocytes of aged donors suggesting that exosomes internalization not only is cell-specific but age-dependent. Moreover, aging can alter RNA and protein composition of exosomes. For example Galectin-3, which plays a role in osteoblast maturation, was reduced in the plasma exosomes of elderly people, presumably as consequence of the stem cell functionality loss in the skeleton, classical of aging process (Weilner et al., 2016). Plasma exosomes isolated from young but not elderly donors promoted the osteogenic differentiation of mesenchymal stem cells in a galectin-3-dependent manner (Weilner et al., 2016). In particular, this protein, belonging to the lectin family, consists of carbohydrate recognition and collagen α-like domains. This chimeric structure allows Galectin-3 to interact with a multitude of intra-and extracellular proteins, in the nucleus as well as in the cytoplasm or on the membrane and in the extracellular space, after its secretion from different types of cells and tissues. Interacting with a myriad of proteins, Galectin-3 is involved in multiple biological processes, physiological and pathological, such as development, neuronal functions, immune reactions, endocytosis, neoplastic transformation and metastasis, and osteoblastogenesis, which impairing seems to contribute to age-related bone frailty (Dumic et al., 2006).

Exosomal miRNAs are also involved in brain aging (Pusic and Kraig, 2014). Peripheral exosomes isolated from young Wistar rats promoted differentiation in primary oligodendrocyte precursor cell (OPC) differentiation and remyelination in slice cultures. Moreover, nasal administration of EVs from young rats increased myelination in aged rat brain due to the presence of high levels of miR-219, which reduced the expression of inhibitory regulators of OPC differentiation (Pusic and Kraig, 2014). Recently, it has been described that the activity of acetylcholinesterase protein (AChE) was increased in young as well as old Wistar rats. An age-related increase was observed in CD63 levels in CSF exosomes but a decrease was observed in plasma vesicles of the older group. The authors showed that the young adult rats had significantly higher circulating IL-1β levels in the exosomes compared to the aged ones, without any effect on central content. These data suggest that the normal aging process caused different changes in the profiles of central and circulating exosomes. Altered IL-1β levels in circulating EVs could be linked, at least partly, to age-related inflammatory conditions, and a disruption of the CSF exosomes in aged rats, evaluated by CD63 levels, could be related to susceptibility to neurodegenerative disorders (Gomes de Andrade et al., 2018).

Cellular senescence triggered by specific conditions as irradiation, DNA-damaging reagents, and oncogenic RAS expression, all enhance exosomes secretion. This increase is mediated by p53 (Lehmann et al., 2008) and one of its targets, Tumor suppression-activated pathway 6 (TSAP6), but the mechanism whereby TSAP6 regulates exosomes secretion is not well understood. Nevertheless, it has been demonstrated that exosomes creating pro-inflammatory environment accelerate the aging process (Biran et al., 2017). Interestingly, exosomes contain various lengths of genomic DNA fragments and seem to be one of the major routes of DNA secretion (Fernando et al., 2017) and DNA secretion from exosomes increases upon cellular senescence (Takasugi, 2018). Intriguingly, cH2AX positive cytoplasmic chromatin fragments appear in senescent cultured cells (IMR90 and HEMa-LP); suggesting that damaged DNA may be the major source of exosomes associated DNA in senescent cells (Ivanov et al., 2013). Exosomes are involved also in promoting genomic instability, another aging hallmark, thought the transfer of retrotransposons that are DNA elements able to create and insert multiple copies of themselves into host genomes. It is interesting to note that retrotransposons expression has been found to increase in senescent mouse cells (strain C57BL/6; De Cecco et al., 2013).

The deposition of toxic proteins is another event correlated with aging. To date, it is demonstrated that exosomes are involved in the transport of pathogenic proteins in the brain and in the progression of neurodegenerative diseases (Bellingham et al., 2012). Recently, the NDE levels of six neuronal proteins have been quantified in cognitively intact older subjects. Except for Phosphorylated tau-S396, the exosomal levels of Phosphorylated tau P-181, Beta Amyloid 42 (Aβ1–42), chatepsin D, repressor element 1-silencing transcription factor (REST) and neurogranin are significantly modified with aging (Goetzl et al., 2016).



The Role of Exosome miRNAs in Aging and Cellular Senescence

MicroRNAs are short non-coding RNAs that regulate negatively gene expression at post-transcriptional level. It has been reported that several miRNAs are involved in aging and cellular senescence (Urbanelli et al., 2016). The importance of exosomal miRNAs analysis lies in the fact that these molecules could potentially transmit signals to surrounding tissues with a good impact, but also with a detrimental role. Moreover, exosomal miRNAs are interesting in the context of aging biomarker search (Sprott, 2010). MiRNAs released from senescence cells in the extracellular environment by exosomes have been reported that are able to spread senescence in surrounding cells.

For example, miR-433 promoted the induction of senescence in ovarian cancer cells (A2780) and when overexpressed, miR-433 was released in association with exosomes (Weiner-Gorzel et al., 2015). MiR-34a and miR-29 can induce cell cycle arrest in colon carcinoma cell line (HCT116 cells) contributing to the stabilization of p53/p21 by targeting proteins relevant for its regulation such as Sirtuin 1 (SIRT1; Yamakuchi and Lowenstein, 2009). The miR17–92 cluster is down regulated in several cell aging models as endothelial cells, replicated CD8+ T cells, renal proximal tubular epithelial cells, and skin fibroblasts and they can target p53/p21 (Weilner et al., 2013). Another miRNA involved in cellular senescence is miR-146, whose expression was increased in senescent human fibroblasts (HCA2) when compared with proliferating quiescent ones. It is important to underlie that miRNA-146 targets IL-6 and IL-8, SASP components with pro-inflammatory function, suggesting a role for miR-146 as senescence-associated inflammation modulator (Bhaumik et al., 2009). On the other hand, miRNAs encapsulated in exosomes are able to suppress cellular senescence; this is the case of miR-214, involved in angiogenesis, that plays a role in vesicle-mediated signaling between endothelial cells. Exosomes derived from human microvascular endothelial cell line (HMEC-1) stimulated migration and angiogenesis in recipient cells, whereas exosomes from miR-214-depleted endothelial cells failed to stimulate these processes preventing senescence and allowing blood vessel formation (van Balkom et al., 2013). A recent microarray study performed on salivary exosomes miRNAs from young and old healthy subjects has identified mir-24-3p as a possible peripheral aging biomarker (Machida et al., 2015). Exosomes isolated from the bone marrow of young and aged C57BL/6 mice showed a similar concentration and size distribution. However, bioanalyzer data indicated that exosomes from young and aged mice were differently enriched in miRNAs. The amount of miR-183-5p was increased in aged bone marrow exosomes, and its overexpression detected also in bone marrow stromal cells, mimicked the effects of aged bone marrow exosomes (Davis et al., 2017).




EXOSOMES IN ELDERLY NEUROLOGICAL DISORDERS: NEUROPROTECTIVE OR NEURODEGENERATIVE ROLE?

Although there are, still few evidence on the role of exosome in the healthy aged brain, as we discussed before, it is known that exosomes have a role in the pathogenesis and in the progression of many neurodegenerative diseases (Soria et al., 2017). However, it is not established if they play a positive or negative role because the literature is controversial defining them like a double-edged sword in the neurodegenerative disease (Lee and Kim, 2017). The discovery that exosomes carry functional biomolecules as key pathogenic proteins (e.g., Aβ-amyloid, tau and α-synuclein) and miRNAs (Figure 2A) led to consider their involvement in neurological disorders (Thompson et al., 2016). Dysregulation of intercommunication between neurons or between neurons and glial cells mediated by exosomes could trigger the disease (Lee and Kim, 2017). On the contrary, exosomes could sequester neuro-toxic components from neural cells and flow neuro-protective ones (Figure 2B). This means that they can favorite the spreading of the disease or they can inhibit it (Lee and Kim, 2017). This section is intended to give an overview of the double roles of exosome proteins and microRNAs proposed for AD, FTD and PD.


Exosomes in Alzheimer’s Disease (AD)

AD is considered the most frequent cause of dementia. It is characterized, clinically, by cognitive and behavioral disorders and, pathologically, by the extracellular deposit of insoluble Aβ-amyloid and intracellular neurofibrillary tangles (NFTs), consisting of tau fibrils. The amyloid plaques derived from impaired processing of the APP leading to the formation of the toxic Aβ-amyloid. APP is translocated into the endoplasmic reticulum (ER) and matures through Golgi apparatus. The mature form of APP is transported to the cell membrane where it undergoes to further proteolytic cleavage from β- and γ-secretases acting together to produce fibrils of the toxic Aβ-amyloid that accumulates with age in human AD brains (Busciglio et al., 1993; Takahashi et al., 2002). The dosage of Aβ-amyloid, total tau and phosphorylated tau in the CSF is recognized as the “core” of AD biomarkers in the clinical practice (Molinuevo et al., 2018). Interestingly, the first link between exosomes and AD proposed that Aβ-amyloid was released in association with exosomes. Moreover, the presence of other specific exosomal proteins as Alix and Flotillin-1 were also found accumulating into the AD brain (Rajendran et al., 2006; Sharples et al., 2008). A prion-like mechanism to explain how aggregates of Aβ-amyloid seem to self-propagate and spread to cells out of CNS is confirmed in AD mouse models. Seeding of Aβ was observed when extracts of AD human brain were injected in healthy mice that express the human wild-type APP gene causing the formation of the plaques in the site of injection and adjacent brain region (Morales et al., 2011). In addition, tauopathy was inducted in ALZ17 transgenic mice injecting aggregated of tau protein (Clavaguera et al., 2009). In the light of these findings, the hypothesis that exosomes could use a prion-like mechanism to disseminate toxic proteins associated with AD is taking hold (Coleman and Hill, 2015; Thompson et al., 2016). Exosomes could be involved in the trafficking of amyloid aggregates because Tg2576 mouse brain mice and post-mortem human AD brains were enriched in exosome markers within amyloid plaques (Kokubo et al., 2004; Rajendran et al., 2006). Phosphorylated tau was also detected in the exosomes from CSF of early-onset AD patients (Saman et al., 2012). ADAM10, Beta-secretase 1 (BACE1), nicastrin, and presenilin 1 and 2 (PSEN1 and 2) are other examples of AD pathogenic proteins found inside exosomes of transgenic mouse brain (Tg2576) and cell culture APP models, as CHO cell line (Sharples et al., 2008; Perez-Gonzalez et al., 2012). More recently, researchers have found that exosomes could stimulate aggregation of Aβ-amyloid and tau in vivo models, 5XFAD and rTg4510 transgenic mice (Dinkins et al., 2014; Polanco et al., 2016). In other words, exosomes, removing the excess of intracellular Aβ, shuttled it outside the cells concurring to plaque formation (Joshi et al., 2015). On the other hand, a neuroprotective role is also proposed. Neural exosomes could uptake Aβ-amyloid reducing the Aβ load in the brain as seen in the brains of mouse models (C57BL/6, KM670/671NL and V717F) where after the injection of exosomes, a decrease of Aβ and amyloid deposition was observed (Yuyama et al., 2015). Furthermore, extracellular tau could arise by secretion through exosomes in SH-SY5Y and COS-7 cell lines (Simón et al., 2012). Even if there is a body of literature arguing the role of exosomes in aggregate transmission, the fact remains that this theory assumes the presence of pathogenic proteins within exosomes about which the functional evidences are few or controversial (Lim and Lee, 2017). Nevertheless, the exosome hypothesis is appealing and partly explains the intercellular transmission of proteinopathies. Worth mentioning also, a research field that proposes exosomes as source of biomarkers for CNS disorders (Figure 3) due to their interesting characteristics suitable to the clinic (e.g., presence in many biological fluids, crossing the BBB, protection of the biomolecules inside them, etc.). Goetzl et al. (2015, 2018) measured the levels of different pathogenic proteins, Aβ-amyloid, total tau and p-tau isoforms inside NDEs immunoprecipitated with L1CAM to isolate specifically neuronal exosomes from blood of AD, Mild Cognitive Impairment (MCI) and controls (Kapogiannis et al., 2015). They found higher levels of these proteins vs. controls able to predict the development of AD 10 years before clinical onset (Fiandaca et al., 2015) or the progression from MCI to dementia (Winston et al., 2016). Instead, a contrary study showed no difference in NDEs total tau levels for AD patients (Shi et al., 2017). It is known that type-2 diabetes is an AD risk factor thus AD brains have markers of insulin resistance as Insulin Receptor Substrate-1 (IRS-1). Altered forms of IRS-1 were detected in NDEs of AD plasma patients and at lower levels compared to controls and to patients with type 2 diabetes with intermediate levels. This is interesting because NDEs IRS-1 protein levels could contribute to discriminate MCI/AD to controls and patients with type-2 diabetes at the same time (Kapogiannis et al., 2015). Pathological proteins were also found in exosomes extracted from CSF. In the work of Saman et al. (2012), the tau phosphorylated at threonine 181 (pT181) was more concentrated in CSF exosomes than in the total CSF and in early stage of AD, while it was absent in other dementing conditions as vascular or Lewy body diseases. This exosomal tau detected so early in AD suggests that CSF tau could be secreted, not shed from dead neurons (Saman et al., 2012).
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FIGURE 3. Exosomes are able to pass through blood brain barrier (BBB) in both directions. This means that specific exosomes (i.e., the neural ones with L1CAM on their surface) detected in the cerebrospinal fluid (CSF) can be released into bloodstream and vice versa. This feature makes exosomes appealing in the research of new sources of biomarkers suitable for use in clinical practice, as liquid biopsy that could replace current invasive diagnostic methods.




The Role of Exosome miRNAs in AD

Not only proteins but also ncRNAs, mostly miRNAs, are detected within exosomes and are different from those of donor cell. These so named “exosomal RNAs” are shuttled between donor and recipient cells becoming “exosomal shuttle RNA” (esRNA). They are protected from the degradation and are functionally active suggesting the esRNAs as a novel mechanism of intercellular genetic transfer and communication (Valadi et al., 2007). Exosomal miRNAs have been isolated from exosomes derived from different kinds of cells (from C57BL6 primary cultures) including neurons and primary astrocytes (prepared using cortices obtained from neonatal rat) and fluids as blood and CSF (Caby et al., 2005; Guescini et al., 2010; Goldie et al., 2014; Liu et al., 2014; Cheng et al., 2015; Lugli et al., 2015). The relevance of miRNAs in the CNS is now widely documented with almost 70% of all miRNAs expressed in the human brain (Nowak and Michlewski, 2013) hypothesizing that neuronal miRNAs may regulate the transcription of more than a third of genes (Kosik, 2006). Therefore, it is not surprising that altered blood/CSF exosomal miRNAs signature could be related to neurodegenerative disease, in particular to AD (Cheng et al., 2015; Gui et al., 2015; Lugli et al., 2015). Cheng et al. (2015) profiled miRNAs from serum exosomes to determine a set of miRNAs differentially expressed in AD. They found a specific miRNAs signature consisting of 16 miRNAs, along with risk factors, and many of them were identified as implicated in AD pathogenesis in several mouse and cell models. In detail, mir-1306-5p, that targets ADAM10, was the microRNA with the best sensitivity and specificity to predict AD. Lugli et al. (2015) found another interesting microRNA signature in plasma exosomes using Illumina deep sequencing technology. The researchers identified 20 microRNAs downregulated among which the lowest expressed miRNA in AD group compared to controls was the miR-342-3p. This is a brain-enriched miRNAs and its expression was highly correlated across individuals. Interestingly, the failure of proteasomal machine in tauopathies was supposed to be modulated by miRNA expression (Carrettiero et al., 2009). Indeed, hyperphosphorylation of tau was linked to up-regulation of ERK kinases after downregulation in AD brains of mir-15a, specifically dysregulated in AD (Hébert et al., 2010).

AD-related exosomal microRNAs were also investigated in the CSF. The overexpression of mir-193b in the hippocampus of AD C57BL/6J double transgenic mice could inhibit the expression of APP involving it in neurodegenerative process like an unique biomarker of AD (Liu et al., 2014). Gui et al. (2015) performed another study on exosomes from CSF. They isolated exosomes in CSF from AD patients and healthy controls, and used microarray analysis in order to identify microRNAs differentially abundant between AD, and normal group. AD exosomes showed fewer differences with healthy controls, with only six miRNAs showing significantly altered levels. In the same study, it was interesting to notice that also several mRNAs were differentially expressed in CSF exosomes in AD subjects. The levels of APP mRNA, SNCA (α-synuclein) mRNA, DJ-1/PARK7 (Deglicase) mRNA, and CX3CL1 (Fractalkine) mRNA were lower in AD exosomes, while the levels of neurofilamentL (NEFL) mRNA were higher. Interestingly, MAPT (Tau) mRNA was unchanged while the lncRNAs RP11- 462G22.1 and PCA3 were enriched in CSF exosomes from AD (Figure 4; Gui et al., 2015).
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FIGURE 4. Comprehensive expression profile patterns of ncRNAs differentially expressed in patients with Alzheimer’s disease (AD), frontotemporal dementia (FTD) and Parkinson’s disease (PD) extracted from serum or CSF exosomes.



The potential therapeutic utility of exosomes is nowadays increasing. For example, siRNAs inside exosomes could use to target specific genes. Alvarez-Erviti et al. (2011) demonstrated that exosomes with exogenous siRNA anti-BACE1 were able to reduce the levels of BACE1 mRNA and protein in C57BL/6 mouse model brains. As well as the number of researches proposing one or more exosomal miRNAs as a potential biomarker to prognostic and/or diagnostic AD is growing. Recently, Yang et al. (2018) reported that serum exosome miR-135a and miR-384 were up-regulated while miR-193b was down-regulated in the serum of AD patients compared with normal controls, whereas exosomal miR-384 was the best among the three miRNAs to discriminate AD, Vascular Dementia (VaD), and PD with dementia (PDD). Receiver Operating Characteristic (ROC) curve to estimate the diagnostic utility of a biomarker or a set of them showed that the combination of miR-135a, -193b, and -384 was better than the single one to diagnose early-onset AD (Yang et al., 2018). Another study analyzed a limited subset of miRNAs involved in neuroinflammation, miR-137, miR-155 and miR-223 (Figure 4). They found that the median level of serum exosomal miR-223 was significantly reduced in patients with AD and was significantly correlated with Mini-Mental State Examination (MMSE) scores, Clinical Dementia Rating (CDR) scores, magnetic resonance spectroscopy (MRS) spectral ratios and serum concentrations of IL-1b, IL-6, TNF-a, and CRP. Authors concluded that exosomal miR-223 could be a promising biomarker for AD diagnosis although the sample size was limited and miRNAs screened are only three (Wei et al., 2018). Although both works are certainly interesting, they should be considered with attention because they lack the correlation with CSF values of β-amyloid, tau and P-tau. Anyway, they are pioneering for future studies.

It should be mentioned that exosomes have inside them other categories of ncRNA species as long noncoding RNAs (lncRNAs), circular RNAs (circRNAs), small nucleolar RNA (snoRNAs), small nuclear RNAs (snRNAs), transfer RNA (tRNAs), ribosomal RNAs (rRNAs), and piwi-interacting RNAs (piRNAs) identified comprehensively using high-throughput RNA-Seq (Kim et al., 2017). Although the role for some of them is emerging as critical for gene expression, their involvment in AD related to exosomes is still in the infancy.




Exosomes in Frontotemporal Dementia (FTD)

FTD is the most common form of dementia in the presenium accounting for up to 20% of patients with an onset before 65 years. Three clinically different syndromes characterize FTD: behavioral variant (bv) FTD, Progressive Non Fluent Aphasia (PNFA), and Semantic Dementia (SD). These different subtypes are related to different clinical features but mostly patients present a profound alteration in the behavior and personality, often associated with cognitive and executive impairment, except for PNFA and SD where the language impairment is prevalent (Snowden et al., 2007). All of these syndromes at pathological level are characterized by Frontotemporal lobar degeneration (FTLD). Histopathologically FTLD is defined on the type of protein depositing into FTLD-Tau, FTLD-TAR DNA Binding protein (TDP)-43, and FTLD-Fused in Sarcoma (FUS; Fenoglio et al., 2018).

Up to 40% of patients have a history of familial transmission with nearly 10% of patients showing an autosomal dominant inheritance pattern. The majority of familial FTLD account mutations in the microtubule associated protein tau (MAPT) and progranulin (GRN) genes, and the pathologic expansion of the hexanucleotide GGGGCC repeat in the first intron of C9ORF72 gene (Rademakers and Hutton, 2007).

As discussed above for AD, also for FTD, the involving of exosomes in the pathology has been investigated although the current knowledge is still limited. FTD is characterized by TDP-43 aggregates accumulation throughout the nervous system. As for AD pathogenic proteins, also TDP-43 protein can be exchanged via exosomes between neuronal cells (Neuro2a cells and primary neurons) leading to propagation of TDP-43 proteinopathy in a “prion-like” manner (Iguchi et al., 2016). Indeed the uptake of exosomal TDP-43 oligomers from recipient cells induces higher toxicity than free TDP-43 in murine primary cortical neuron cell culture (C57Bl76J; Feiler et al., 2015). Furthermore, exosomes derived from ALS-FTD-CSF cell model showed a high concentration of full length and TDP-43 C-terminal fragments (CTFs). The latter lead to the formation of cytoplasmic inclusions within cells, so authors suggest that aberrant cleavage of TDP-43 in these exosomes acting as “seed” induces the formation of TDP-43 aggregates in the ALS-FTD-CSF-cultured cells (Ding et al., 2015). Not only TDP-43, but also dipeptide repeat proteins (DPRs) produced by aberrant translation of C9ORF72 FTD patients throughout CNS seem to spread between cells via exosome-dependent pathways (Westergard et al., 2016).

As was the case for AD patients, levels of Aβ and pT181 were increased in FTD as well (Fiandaca et al., 2015). Interestingly, the levels of synaptophysin, synaptopodin, synaptotagmin-2, and neurogranin dosed in NDEs were decreased in patients with FTD compared to controls, probably because of reduced functionality of synaptic proteins in senile dementias. These levels were low years before dementia making synaptic NDEs proteins useful for preclinical diagnosis of dementia (Goetzl et al., 2016). Instead, the Repressor Element 1 Silencing Transcriptor factor (REST) was significantly high in FTD over controls and AD representing a potential marker to discriminate FTD patients from AD (Goetzl et al., 2015). The IRS-1 phosphorylated in serine 312 was able to distinguish at 84% of accuracy between FTD patients and controls (Kapogiannis et al., 2015).

Lastly, Benussi et al. (2016) studied human primary fibroblasts without GRN null mutations. They conclude that the glycosylated form of PGRN was released with exosomes and in the presence of mutation, the secretion of exosomes was extremely reduced and their composition changed enriching in Lamp1 protein. Overall, the GRN null mutations cause an alteration in the intercellular communication.


The Role of Exosome miRNAs in FTD

The current knowledge of exosomal miRNAs in the pathogenesis of FTLD is exiguous. The work of Schneider et al. (2018) is the only performed on exosomes from CSF of FTLD patients. MiRNA expression profiles of 23 presymptomatic and 15 symptomatic mutation carriers compared to 11 healthy non-mutation carriers were performed on the Genetic Frontotemporal Dementia Initiative (GENFI) cohort and sporadic FTD. They found that miR-204-5p and miR-632 significantly decreased in symptomatic respect to presymptomatic mutation carriers (Figure 4). In another cohort, the miR-632 was highly decreased in sporadic FTLD compared to sporadic AD and healthy controls. The authors, using in silico analysis, discovered a potential target of miR-204-5p and miR-632; HRK that encodes for HARAKIRI, a pro-apoptotic protein. Its aberrant increasing could contribute to the neuronal death in FTLD patients (Schneider et al., 2018). Although these findings open a new perspective in the FTLD research, they need further investigations.




Exosomes in Parkinson’s Disease (PD)

PD is a chronic neurodegenerative disease characterized by motor impairments due to the selective death of dopaminergic neurons. Cognitive impairments can arise in the course of the disease at any time. The most of PD cases are sporadic but there are rare familial forms linked to mutations in several genes; SNCA, parkin, DJ-1, PTEN-induced kinase 1 (PINK-1) and Leucine-rich repeat kinase 2 (LRRK2; Thomas and Beal, 2007). Even if the molecular pathogenesis of PD is not fully understood, it’s now universally accepted that α-synuclein plays a predominant role in PD accumulating in Lewy Bodies, a pathological hallmark of PD (Spillantini and Goedert, 2018). Indeed α-synuclein aggregates are responsible for synaptic pathology and neurodegeneration (Kramer and Schulz-Schaeffer, 2007). In addition, mutations that involve duplication or triplication of the wild-type SNCA are associated to autosomal dominant PD with a severity proportional to the degree of α-synuclein over-expression whereas missense mutations in SNCA (e.g., A53T) are linked to dominantly inherited forms of PD (Thomas and Beal, 2007). Therefore, it is not surprising that the spreading of pathology, already proposed for AD and demonstrated for PD involved α-synuclein. Several studies on murine primary cortical neurons and SH-SY5Y cell lines reported that α-synuclein was secreted from exosomes (Emmanouilidou et al., 2010; Danzer et al., 2012). Moreover, exosomes, providing environments for α-synuclein nucleation, catalyzed its aggregation in N2a cells and cultured hippocampal neurons (Olanow and Brundin, 2013; Grey et al., 2015). Another study in human H4 cell line demonstrated that the loss of function of P-type ATPase ion pump PARK9/ATP13A2 led to a decrease in secretion of α-synuclein into extracellular space, indeed the overexpression of PARK9/ATP13A2 caused the opposite effect, suggesting that PARK9/ATP13A2 was involved in the α-synuclein secretion at least in part via exosomes (Tsunemi et al., 2014). This consequence could have a neuroprotective effect. Probably because the increased release of exosomes containing α-synuclein reducing the intracellular levels of that protein, it could explain the surviving of neurons of substantia nigra in sporadic PD patients that overexpress PARK9/ATP13A2.

Furthermore, the biogenesis of α-synuclein exosomes seems to be modulated by zinc levels regulated from PARK9/ATP13A2 in SHSY5Y cells (Kong et al., 2014). Stuendl et al. (2016) measured the levels of CSF exosomal α-synuclein, and found differences among patients with PD and Lewy bodies. In accordance with previous studies in glioblastoma cell lines, the same group demonstrated that CSF exosomes derived from patients with PD and dementia with Lewy bodies induced the oligomerization of soluble α-synuclein in target cells in a dose-dependent manner (Stuendl et al., 2016). In this regard, Shi et al. (2014) were able to demonstrate in mouse models that CSF α-synuclein was promptly transported to blood, with a small portion within exosomes but CNS specific. An increased releasing of this protein to the blood of PD patients was explained discovering that in a large cohort of clinical samples (267 PD and 215 controls); the levels of plasma exosomal α-synuclein were significantly higher in PD patients. Another protein secreted from exosomes is LRRK2. Mutations in the LRKK2 gene cause late-onset PD. LRKK2 secretion was regulated by 14-3-3 protein. Indeed, using 14-3-3 inhibitor, the LRRK2 secretion from exosomes was interrupted in mouse primary neurons and macrophages (Fraser et al., 2013).


The Role of Exosome miRNAs in PD

Concerning the involvement of exosomal miRNAs in PD, the literature is still scarce. Cao et al. (2017) profiled the expression of 24 candidate miRNAs, already dysregulated in previous studies, in the serum of 109 PD patients matched with healthy controls finding the downregulation of miR-19b and the upregulation of miR-195 and miR-24 compared to healthy controls. Instead, Gui et al. (2015) investigated the expression of 746 miRNAs in CSF of PD patients finding 16 miRNAs upregulated and 11 downregulated. In detail, miR-1 and miR-19b-3p were significantly reduced; miR-153, miR-409-3p, miR-10a-5p, and let-7g-3p were significantly overexpressed in PD CSF exosomes (Figure 4). With bioinformatics tools the predicted targets of these miRNAs were involved in critical pathways for PD; neurotrophin signaling, mTOR signaling, ubiquitin-mediated proteolysis, dopaminergic synapse, and glutamatergic synapse. To complete the study, authors analyzed exosomal miRNAs in AD too, as we mentioned before in this review article. They conclude that exosomal RNAs could be useful to distinguish accurately between PD and AD (Gui et al., 2015).

With respect to the research of new biomarkers for early diagnosis of PD, Dos Santos et al. (2018) combining an optimized technique of exosomal miRNA isolation with small RNA sequencing, they detected 1,683 exosomal miRNAs in the CSF on 40 early-stage PD patients and 40 well-matched controls. Then, using machine learning approach to find the best miRNA biomarkers for the accurate diagnosis of early-stage PD, they restricted analysis on a panel model of 5 microRNAs, let-7f-5p, miR-27a-3p, miR-125a-5p, miR-151a-3p, and miR-423-5p. Intriguingly, when combining miRNA profiles to protein analysis of the most studied PD related proteins as biomarkers, as DJ-1, UCHL1 and α-synuclein, the robustness of the generated model increased. This work was worth to be mentioned because it is the first study integrating the state-of-the-art microRNA sequencing with protein analysis and complex machine learning approach and obtained potential PD biomarkers in CSF exosomes able to discriminate early PD from healthy controls (Dos Santos et al., 2018). Unfortunately, studies are still scarce and need further investigations and validations although they are promising in the field of biomarker research.





CONCLUDING REMARKS

It is undeniable that last two decades have been characterized by an exponential increase in the number of publications regarding exosomes and their role in the pathogenesis of diseases as well as in the field of clinical biomarker research. Indeed due to their intrinsic ability to transfer biomolecules to other cells and to cross the BBB in both directions, they are becoming an attractive source of potential new biomarkers and/or reservoir of validated ones. The times when exosomes were considered full of junk are long gone. Indeed, new roles and functions for exosomes emerged to the point where these small EVs have been proposed with a double-edged sword role, “Trojan horses” of neurodegeneration or neuroprotective from neurodegeneration. This means that their involvement in neurodegenerative diseases is not totally understood. Some questions remain opened and the most interesting seem to be: (1) are exosomes carrier of disease propagating pathogenic molecules also in vivo; (2) can targeting the release of exosomes, or the release of their cargo have an inhibitor effect on the progression of diseases; and (3) can specific protein, or ncRNA signatures isolated from patients be used as biomarker of disease. Further investigations will clarify these aspects as well as the basic research on exosomes improving the comprehension on the role of exosomes in the etiology and progression of these pathologies.



AUTHOR CONTRIBUTIONS

MD and MS wrote the article. CF contributed to writing the article and supervised it. BA, MC, ES and DG supervised the final version of the manuscript.



FUNDING

This work was supported by grants from the Italian Ministry of Health (Ministero della Salute): NET-2011-02346784 and the Monzino Foundation.



REFERENCES

Alvarez-Erviti, L., Seow, Y., Yin, H., Betts, C., Lakhal, S., and Wood, M. J. A. (2011). Delivery of siRNA to the mouse brain by systemic injection of targeted exosomes. Nat. Biotechnol. 29, 341–345. doi: 10.1038/nbt.1807

Bellingham, S. A., Guo, B. B., Coleman, B. M., and Hill, A. F. (2012). Exosomes: vehicles for the transfer of toxic proteins associated with neurodegenerative diseases? Front. Physiol. 3:124. doi: 10.3389/fphys.2012.00124

Benussi, L., Ciani, M., Tonoli, E., Morbin, M., Palamara, L., Albani, D., et al. (2016). Loss of exosomes in progranulin-associated frontotemporal dementia. Neurobiol. Aging 40, 41–49. doi: 10.1016/j.neurobiolaging.2016.01.001

Bhaumik, D., Scott, G. K., Schokrpur, S., Patil, C. K., Orjalo, A. V., Rodier, F., et al. (2009). MicroRNAs miR-146a/b negatively modulate the senescence-associated inflammatory mediators IL-6 and IL-8. Aging 1, 402–411. doi: 10.18632/aging.100042

Biran, A., Zada, L., Abou Karam, P., Vadai, E., Roitman, L., Ovadya, Y., et al. (2017). Quantitative identification of senescent cells in aging and disease. Aging Cell 16, 661–671. doi: 10.1111/acel.12592

Brack, A. S., Conboy, M. J., Roy, S., Lee, M., Kuo, C. J., Keller, C., et al. (2007). Increased Wnt signaling during aging alters muscle stem cell fate and increases fibrosis. Science 317, 807–810. doi: 10.1126/science.1144090

Busciglio, J., Gabuzda, D. H., Matsudaira, P., and Yankner, B. A. (1993). Generation of beta-amyloid in the secretory pathway in neuronal and nonneuronal cells. Proc. Natl. Acad. Sci. U S A 90, 2092–2096. doi: 10.1073/pnas.90.5.2092

Caby, M. P., Lankar, D., Vincendeau-Scherrer, C., Raposo, G., and Bonnerot, C. (2005). Exosomal-like vesicles are present in human blood plasma. Int. Immunol. 17, 879–887. doi: 10.1093/intimm/dxh267

Campisi, J. (2012). Aging, cellular senescence and cancer. Annu. Rev. Physiol. 75, 685–705. doi: 10.1146/annurev-physiol-030212-183653

Campisi, J., and d’Adda Di Fagagna, F. (2007). Cellular senescence: when bad things happen to good cells. Mol. Cell Biol. 8, 729–740. doi: 10.1038/nrm2233

Cao, X. Y., Lu, J. M., Zhao, Z. Q., Li, M. C., Lu, T., An, X. S., et al. (2017). MicroRNA biomarkers of Parkinson’s disease in serum exosome-like microvesicles. Neurosci. Lett. 644, 94–99. doi: 10.1016/j.neulet.2017.02.045

Carrettiero, D. C., Hernandez, I., Neveu, P., Papagiannakopoulos, T., and Kosik, K. S. (2009). The cochaperone BAG2 sweeps paired helical filament- insoluble tau from the microtubule. J. Neurosci. 29, 2151–2161. doi: 10.1523/JNEUROSCI

Cheng, L., Doecke, J. D., Sharples, R. A., Villemagne, V. L., Fowler, C. J., Rembach, A., et al. (2015). Prognostic serum miRNA biomarkers associated with Alzheimer’s disease shows concordance with neuropsychological and neuroimaging assessment. Mol. Psychiatry 20, 1188–1196. doi: 10.1038/mp.2014.127

Clavaguera, F., Bolmont, T., Crowther, R. A., Abramowski, D., Frank, S., Probst, A., et al. (2009). Transmission and spreading of tauopathy in transgenic mouse brain. Nat. Cell Biol. 11, 909–913. doi: 10.1038/ncb1901

Coleman, B. M., and Hill, A. F. (2015). Extracellular vesicles—their role in the packaging and spread of misfolded proteins associated with neurodegenerative diseases. Semin. Cell Dev. Biol. 40, 89–96. doi: 10.1016/j.semcdb.2015.02.007

Danzer, K. M., Kranich, L. R., Ruf, W. P., Cagsal-Getkin, O., Winslow, A. R., Zhu, L., et al. (2012). Exosomal cell-to-cell transmission of α synuclein oligomers. Mol. Neurodegener. 7:42. doi: 10.1186/1750-1326-7-42

Davis, C., Dukes, A., Drewry, M., Helwa, I., Johnson, M. H., Isales, C. M., et al. (2017). MicroRNA-183–5p increases with age in bone-derived extracellular vesicles, suppresses bone marrow stromal (stem) cell proliferation and induces stem cell senescence. Tissue Eng. Part A 23, 1231–1240. doi: 10.1089/ten.TEA.2016.0525

De Cecco, M., Criscione, S. W., Peterson, A. L., Neretti, N., Sedivy, J. M., and Kreiling, J. A. (2013). Transposable elements become active and mobile in the genomes of aging mammalian somatic tissues. Aging 5, 867–883. doi: 10.18632/aging.100621

Ding, X., Ma, M., Teng, J., Teng, R. K. F., Zhou, S., Yin, J., et al. (2015). Exposure to ALS-FTD-CSF generates TDP-43 aggregates in glioblastoma cells through exosomes and TNTs-like structure. Oncotarget 6, 24178–24191. doi: 10.18632/oncotarget.4680

Dinkins, M. B., Dasgupta, S., Wang, G., Zhu, G., and Bieberich, E. (2014). Exosome reduction in vivo is associated with lower amyloid plaque load in the 5XFAD mouse model of Alzheimer’s disease. Neurobiol. Aging 35, 1792–1800. doi: 10.1016/j.neurobiolaging.2014.02.012

Dos Santos, M. C. T., Barreto-Sanz, M. A., Correia, B. R. S., Bell, R., Widnall, C., Perez, L. T., et al. (2018). miRNA-based signatures in cerebrospinal fluid as potential diagnostic tools for early stage Parkinson’s disease. Oncotarget 9, 17455–17465. doi: 10.18632/oncotarget.24736

Dumic, J., Dabelic, S., and Flögel, M. (2006). Galectin-3: an open-ended story. Biochim. Biophys. Acta 1760, 616–635. doi: 10.1016/j.bbagen.2005.12.020

Eitan, E., Green, J., Bodogai, M., Mode, N. A., Bæk, R., Jørgensen, M. M., et al. (2017). Age-related changes in plasma extracellular vesicle characteristics and internalization by leukocytes. Sci. Rep. 7:1342. doi: 10.1038/s41598-017-01386-z

Emmanouilidou, E., Melachroinou, K., Roumeliotis, T., Garbis, S. D., Ntzouni, M., Margaritis, L. H., et al. (2010). Cell-produced α-synuclein is secreted in a calcium-dependent manner by exosomes and impacts neuronal survival. J. Neurosci. 30, 6838–6851. doi: 10.1523/jneurosci.5699-09.2010

Fauré, J., Lachenal, G., Court, M., Hirrlinger, J., Chatellard-Causse, C., Blot, B., et al. (2006). Exosomes are released by cultured cortical neurones. Mol. Cell. Neurosci. 31, 642–648. doi: 10.1016/j.mcn.2005.12.003

Feiler, M. S., Strobel, B., Freischmidt, A., Helferich, A. M., Kappel, J., Brewer, B. M., et al. (2015). TDP-43 is intercellularly transmitted across axon terminals. J. Cell Biol. 211, 897–911. doi: 10.1083/jcb.201504057

Fenoglio, C., Scarpini, E., and Galimberti, D. (2018). Epigenetic regulatory modifications in genetic and sporadic frontotemporal dementia. Expert Rev. Neurother. 18, 469–475. doi: 10.1080/14737175.2018.1481389

Fernando, M. R., Jiang, C., Krzyzanowski, G. D., and Ryan, W. L. (2017). New evidence that a large proportion of human blood plasma cell-free DNA is localized in exosomes. PLoS One 12:e0183915. doi: 10.1371/journal.pone.0183915

Fiandaca, M. S., Kapogiannis, D., Mapstone, M., Boxer, A., Eitan, E., Schwartz, J. B., et al. (2015). Identification of preclinical Alzheimer’s disease by a profile of pathogenic proteins in neurally derived blood exosomes: a case-control study. Alzheimers Dement. 11, 600.e1–607.e1. doi: 10.1016/j.jalz.2014.06.008

Franzen, C. A., Blackwell, R. H., Foreman, K. E., Kuo, P. C., Flanigan, R. C., and Gupta, G. N. (2015). Urinary exosomes: the potential for biomarker utility, intercellular signaling and therapeutics in urological malignancy. J. Urol. 195, 1331–1339. doi: 10.1016/j.juro.2015.08.115

Fraser, K. B., Moehle, M. S., Daher, J. P. L., Webber, P. J., Williams, J. Y., Stewart, C. A., et al. (2013). LRRK2 secretion in exosomes is regulated by 14–3-3. Hum. Mol. Genet. 22, 4988–5000. doi: 10.1093/hmg/ddt346

Goetzl, E. J., Abner, E. L., Jicha, G. A., Kapogiannis, D., and Schwartz, J. B. (2018). Declining levels of functionally specialized synaptic proteins in plasma neuronal exosomes with progression of Alzheimer’s disease. FASEB J. 32, 888–893. doi: 10.1096/fj.201700731r

Goetzl, E. J., Boxer, A., Schwartz, J. B., Abner, E. L., Petersen, R. C., Miller, B. L., et al. (2015). Low neural exosomal levels of cellular survival factors in Alzheimer’s disease. Ann. Clin. Transl. Neurol. 2, 769–773. doi: 10.1002/acn3.211

Goetzl, E. J., Kapogiannis, D., Schwartz, J. B., Lobach, I. V., Goetzl, L., Abner, E. L., et al. (2016). Decreased synaptic proteins in neuronal exosomes of frontotemporal dementia and Alzheimer’s disease. FASEB J. 30, 4141–4148. doi: 10.1096/fj.201600816r

Goldie, B. J., Dun, M. D., Lin, M., Smith, N. D., Verrills, N. M., Dayas, C. V., et al. (2014). Activity-associated miRNA are packaged in Map1b-enriched exosomes released from depolarized neurons. Nucleic Acids Res. 42, 9195–9208. doi: 10.1093/nar/gku594

Gomes de Andrade, G., Reck Cechinel, L., Bertoldi, K., Galvão, F., Valdeci Worm, P., and Rodrigues Siqueira, I. (2018). The aging process alters IL-1β and CD63 levels differently in extracellular vesicles obtained from the plasma and cerebrospinal fluid. Neuroimmunomodulation 25, 18–22. doi: 10.1159/000488943

Grey, M., Dunning, C. J., Gaspar, R., Grey, C., Brundin, P., Sparr, E., et al. (2015). Acceleration of α-synuclein aggregation by exosomes. J. Biol. Chem. 290, 2969–2982. doi: 10.1074/jbc.M114.585703

Guescini, M., Genedani, S., Stocchi, V., and Agnati, L. F. (2010). Astrocytes and glioblastoma cells release exosomes carrying mtDNA. J. Neural Transm. 117, 1–4. doi: 10.1007/s00702-009-0288-8

Gui, Y., Liu, H., Zhang, L., Lv, W., and Hu, X. (2015). Altered microRNA profiles in cerebrospinal fluid exosome in Parkinson disease and Alzheimer disease. Oncotarget 6, 37043–37053. doi: 10.18632/oncotarget.6158

Hébert, S. S., Papadopoulou, A. S., Smith, P., Galas, M. C., Planel, E., Silahtaroglu, A. N., et al. (2010). Genetic ablation of dicer in adult forebrain neurons results in abnormal tau hyperphosphorylation and neurodegeneration. Hum. Mol. Genet. 19, 3959–3969. doi: 10.1093/hmg/ddq311

Hofmann, J. W., McBryan, T., Adams, P. D., and Sedivy, J. M. (2014). The effects of aging on the expression of Wnt pathway genes in mouse tissues. Age 36:9618. doi: 10.1007/s11357-014-9618-3

Hough, K. P., Trevor, J. L., Strenkowski, J. G., Wang, Y., Chacko, B. K., Tousif, S., et al. (2018). Exosomal transfer of mitochondria from airway myeloid-derived regulatory cells to T cells. Redox Biol. 18, 54–64. doi: 10.1016/j.redox.2018.06.009

Hu, H.-Y., Yu, C.-H., Zhang, H.-H., Zhang, S.-Z., Yu, W.-Y., Yang, Y., et al. (2019). Exosomal miR-1229 derived from colorectal cancer cells promotes angiogenesis by targeting HIPK2. Int. J. Biol. Macromol. 132, 470–477. doi: 10.1016/j.ijbiomac.2019.03.221

Iguchi, Y., Eid, L., Parent, M., Soucy, G., Bareil, C., Riku, Y., et al. (2016). Exosome secretion is a key pathway for clearance of pathological TDP-43. Brain 139, 3187–3201. doi: 10.1093/brain/aww237

Ivanov, A., Pawlikowski, J., Manoharan, I., van Tuyn, J., Nelson, D. M., Rai, T. S., et al. (2013). Lysosome-mediated processing of chromatin in senescence. J. Cell Biol. 202, 129–143. doi: 10.1083/jcb.201212110

Jan, A. T., Azam, M., Rahman, S., Almigeiti, A. M. S., Choi, D. H., Lee, E. J., et al. (2017). Perspective insights into disease progression, diagnostics and therapeutic approaches in Alzheimer’s disease: a judicious update. Front. Aging Neurosci. 9:356. doi: 10.3389/fnagi.2017.00356

Jan, A. T., Rahman, S., Khan, S., Tasduq, S. A., and Choi, I. (2019). Biology, pathophysiological role, and clinical implications of exosomes: a critical appraisal. Cells 8:E99. doi: 10.3390/cells8020099

Joshi, P., Benussi, L., Furlan, R., Ghidoni, R., and Verderio, C. (2015). Extracellular vesicles in Alzheimer’s disease: friends or foes? focus on Aβ-vesicle interaction. Int. J. Mol. Sci. 16, 4800–4813. doi: 10.3390/ijms16034800

Kapogiannis, D., Boxer, A., Schwartz, J. B., Abner, E. L., Biragyn, A., Masharani, U., et al. (2015). Dysfunctionally phosphorylated type 1 insulin receptor substrate in neural-derived blood exosomes of preclinical Alzheimer’s disease. FASEB J. 29, 589–596. doi: 10.1096/fj.14-262048

Kenwrick, S. (2002). Neural cell recognition molecule L1: relating biological complexity to human disease mutations. Hum. Mol. Genet. 9, 879–886. doi: 10.1093/hmg/9.6.879

Kim, K. M., Abdelmohsen, K., Mustapic, M., Kapogiannis, D., and Gorospe, M. (2017). RNA in extracellular vesicles. Wiley Interdiscip. Rev. RNA 8:e1413. doi: 10.1002/wrna.1413

Kokubo, H., Saido, T. C., Iwata, N., Helms, J. B., Shinohara, R., and Yamaguchi, H. (2004). Part of membrane-bound Aβ exists in rafts within senile plaques in Tg2576 mouse brain. Neurobiol. Aging 26, 409–418. doi: 10.1016/j.neurobiolaging.2004.04.008

Kong, S. M. Y., Chan, B. K. K., Park, J. S., Hill, K. J., Aitken, J. B., Cottle, L., et al. (2014). Parkinson’s disease-linked human PARK9/ATP13A2 maintains zinc homeostasis and promotes α-Synuclein externalization via exosomes. Hum. Mol. Genet. 23, 2816–2833. doi: 10.1093/hmg/ddu099

Kosik, K. S. (2006). The neuronal microRNA system. Nat. Rev. Neurosci. 7, 911–920. doi: 10.1038/nrn2037

Kramer, M. L., and Schulz-Schaeffer, W. J. (2007). Presynaptic α-synuclein aggregates, not lewy bodies, cause neurodegeneration in dementia with lewy bodies. J. Neurosci. 27, 1405–1410. doi: 10.1523/jneurosci.4564-06.2007

Lachenal, G., Pernet-Gallay, K., Chivet, M., Hemming, F. J., Belly, A., Bodon, G., et al. (2010). Release of exosomes from differentiated neurons and its regulation by synaptic glutamatergic activity. Mol. Cell. Neurosci. 46, 409–418. doi: 10.1016/j.mcn.2010.11.004

Lee, J. Y., and Kim, H. S. (2017). Extracellular vesicles in neurodegenerative diseases: a double-edged sword. Tissue Eng. Regen. Med. 14, 667–678. doi: 10.1007/s13770-017-0090-x

Lehmann, B. D., Paine, M. S., Brooks, A. M., McCubrey, J. A., Renegar, R. H., Wang, R., et al. (2008). Senescence-associated exosome release from human prostate cancer cells. Cancer Res. 68, 7864–7871. doi: 10.1158/0008-5472.can-07-6538

Lim, Y. J., and Lee, S. J. (2017). Are exosomes the vehicle for protein aggregate propagation in neurodegenerative diseases? Acta Neuropathol. Commun. 5:64. doi: 10.1186/s40478-017-0467-z

Liu, C. G., Song, J., Zhang, Y. Q., and Wang, P. C. (2014). MicroRNA-193b is a regulator of amyloid precursor protein in the blood and cerebrospinal fluid derived exosomal microRNA- 193b is a biomarker of Alzheimer’s disease. Mol. Med. Rep. 10, 2395–2400. doi: 10.3892/mmr.2014.2484

Lugli, G., Cohen, A. M., Bennett, D. A., Shah, R. C., Fields, C. J., Hernandez, A. G., et al. (2015). Plasma exosomal miRNAs in persons with and without Alzheimer disease: altered expression and prospects for biomarkers. PLoS One 10:e0139233. doi: 10.1371/journal.pone.0139233

Ma, B., and Hottiger, M. O. (2016). Crosstalk between Wnt/β-catenin and NF-κB signaling pathway during inflammation. Front. Immunol. 7:378. doi: 10.3389/fimmu.2016.00378

Machida, T., Tomofuji, T., Ekuni, D., Maruyama, T., Yoneda, T., Kawabata, Y., et al. (2015). MicroRNAs in salivary exosome as potential biomarkers of aging. Int. J. Mol. Sci. 16, 21294–21309. doi: 10.3390/ijms160921294

Mashouri, L., Yousefi, H., Aref, A. R., Ahadi, A. M., Molaei, F., and Alahari, S. K. (2019). Exosomes: composition, biogenesis, and mechanisms in cancer metastasis and drug resistance. Mol. Cancer 18:75. doi: 10.1186/s12943-019-0991-5


Molinuevo, J. L., Ayton, S., Batrla, R., Bednar, M. M., Bittner, T., Cummings, J., et al. (2018). Current State of Alzheimer’s Fluid Biomarkers. Berlin: Springer.


Morales, R., Duran-Aniotz, C., Castilla, J., Estrada, L. D., and Soto, C. (2011). De novo induction of amyloid-β deposition in vivo. Mol. Psychiatry 17, 1347–1353. doi: 10.1038/mp.2011.120

Nowak, J. S., and Michlewski, G. (2013). miRNAs in development and pathogenesis of the nervous system: table 1. Biochem. Soc. Trans. 41, 815–820. doi: 10.1042/bst20130044

Nusse, R. (2005). Wnt signaling in disease and in development. Cell Res. 15, 28–32. doi: 10.1038/sj.cr.7290260

Okamoto, M., Inoue, K., Iwamura, H., Terashima, K., Soya, H., Asashima, M., et al. (2011). Reduction in paracrine Wnt3 factors during aging causes impaired adult neurogenesis. FASEB J. 25, 3570–3582. doi: 10.1096/fj.11-184697

Olanow, C. W., and Brundin, P. (2013). Parkinson’s disease and alpha synuclein: is Parkinson’s disease a prion-like disorder? Mov. Disord. 28, 31–40. doi: 10.1002/mds.25373

Olivieri, F., Albertini, M. C., Orciani, M., Ceka, A., Cricca, M., Procopio, A. D., et al. (2015). DNA damage response (DDR) and senescence: shuttled inflamma-miRNAs on the stage of inflamm-aging. Oncotarget 6, 35509–35521. doi: 10.18632/oncotarget.5899

Panagiotou, N., Neytchev, O., Selman, C., and Shiels, P. (2018). Extracellular vesicles, ageing, and therapeutic interventions. Cells 7:E110. doi: 10.3390/cells7080110

Pegtel, D. M., Cosmopoulos, K., Thorley-Lawson, D. A., van Eijndhoven, M. A. J., Hopmans, E. S., Lindenberg, J. L., et al. (2010). Functional delivery of viral miRNAs via exosomes. Proc. Natl. Acad. Sci. U S A 107, 6328–6333. doi: 10.1073/pnas.0914843107

Perez-Gonzalez, R., Gauthier, S. A., Kumar, A., and Levy, E. (2012). The exosome secretory pathway transports amyloid precursor protein carboxyl-terminal fragments from the cell into the brain extracellular space. J. Biol. Chem. 287, 43108–43115. doi: 10.1074/jbc.m112.404467

Polanco, J. C., Scicluna, B. J., Hill, A. F., and Götz, J. (2016). Extracellular vesicles isolated from the brains of rTg4510 mice seed tau protein aggregation in a threshold-dependent manner. J. Biol. Chem. 291, 12445–12466. doi: 10.1074/jbc.m115.709485

Pusic, A. D., and Kraig, R. P. (2014). Youth and environmental enrichment generate serum exosomes containing miR-219 that promote CNS myelination. Glia 62, 284–299. doi: 10.1002/glia.22606

Rademakers, R., and Hutton, M. (2007). The genetics of frontotemporal lobar degeneration. Curr. Neurol. Neurosci. Rep. 7, 434–442. doi: 10.1007/s11910-007-0067-6

Rajendran, L., Bali, J., Barr, M. M., Court, F. A., Kramer-Albers, E.-M., Picou, F., et al. (2014). Emerging roles of extracellular vesicles in the nervous system. J. Neurosci. 34, 15482–15489. doi: 10.1523/JNEUROSCI.3258-14.2014

Rajendran, L., Honsho, M., Zahn, T. R., Keller, P., Geiger, K. D., Verkade, P., et al. (2006). Alzheimer’s disease β-amyloid peptides are released in association with exosomes. Proc. Natl. Acad. Sci. U S A 103, 11172–11177. doi: 10.1073/pnas.0603838103

Rashed, M. H., Bayraktar, E., Helal, G. K., Abd-Ellah, M. F., Amero, P., Chavez-Reyes, A., et al. (2017). Exosomes: from garbage bins to promising therapeutic targets. Int. J. Mol. Sci. 18:E538. doi: 10.3390/ijms18030538

Ridder, K., Keller, S., Dams, M., Rupp, A. K., Schlaudraff, J., Del Turco, D., et al. (2014). Extracellular vesicle-mediated transfer of genetic information between the hematopoietic system and the brain in response to inflammation. PLoS Biol. 12:e1001874. doi: 10.1371/journal.pbio.1001874

Salvioli, S., Monti, D., Lanzarini, C., Conte, M., Pirazzini, C., Bacalini, M. G., et al. (2013). Immune system, cell senescence, aging and longevity—inflamm-aging reappraised. Curr. Pharm. Des. 19, 1675–1679. doi: 10.2174/138161213805219531

Saman, S., Lee, N. C. Y., Hall, G. F., Saman, S., Visnick, Y., Jackson, B., et al. (2012). Exosome-associated tau is secreted in tauopathy models and is selectively phosphorylated in cerebrospinal fluid in early Alzheimer disease. J. Biol. Chem. 287, 3842–3849. doi: 10.1074/jbc.m111.277061

Schneider, R., McKeever, P., Kim, T., Graff, C., van Swieten, J. C., Karydas, A., et al. (2018). Downregulation of exosomal miR-204–5p and miR-632 as a biomarker for FTD: a GENFI study. J. Neurol. Neurosurg. Psychiatry 89, 851–858. doi: 10.1136/jnnp-2017-317492

Sharples, R., Vella, L. J., Nisbet, R. M., Naylor, R., Perez, K., Barnham, K. J., et al. (2008). Inhibition of γ-secretase causes increased secretion of amyloid precursor protein C-terminal fragments in association with exosomes. FASEB J. 22, 1469–1478. doi: 10.1096/fj.07-9357com

Shi, M., Kovac, A., Korff, A., Cook, T. J., Ginghina, C., Kristin, M., et al. (2017). CNS tau efflux via exosomes is likely increased in Parkinson’s disease but not in Alzheimer’s disease. Alzheimers Dement. 12, 1125–1131. doi: 10.1016/j.jalz.2016.04.003

Shi, M., Liu, C., Cook, T. J., Bullock, K. M., Zhao, Y., Ginghina, C., et al. (2014). Plasma exosomal α-synuclein is likely CNS-derived and increased in Parkinson’s disease. Acta Neuropathol. 128, 639–650. doi: 10.1007/s00401-014-1314-y

Shi, M., Sheng, L., Stewart, T., Zabetian, C. P., and Zhang, J. (2019). New windows into the brain: central nervous system-derived extracellular vesicles in blood. Prog. Neurobiol. 175, 96–106. doi: 10.1016/j.pneurobio.2019.01.005

Shiels, P. G., Stenvinkel, P., Kooman, J. P., and McGuinness, D. (2017). Circulating markers of ageing and allostatic load: a slow train coming. Pract. Lab. Med. 7, 49–54. doi: 10.1016/j.plabm.2016.04.002

Simón, D., García-García, E., Gómez-Ramos, A., Falcón-Pérez, J. M., Díaz-Hernández, M., Hernández, F., et al. (2012). Tau overexpression results in its secretion via membrane vesicles. Neurodegener. Dis. 10, 73–75. doi: 10.1159/000334915

Simons, M., and Raposo, G. (2009). Exosomes—vesicular carriers for intercellular communication. Curr. Opin. Cell Biol. 21, 575–581. doi: 10.1016/j.ceb.2009.03.007

Snowden, J., Neary, D., and Mann, D. (2007). Frontotemporal lobar degeneration: clinical and pathological relationships. Acta Neuropathol. 114, 31–38. doi: 10.1007/s00401-007-0236-3

Soria, F. N., Pampliega, O., Bourdenx, M., Meissner, W. G., Bezard, E., and Dehay, B. (2017). Exosomes, an unmasked culprit in neurodegenerative diseases. Front. Neurosci. 11:26. doi: 10.3389/fnins.2017.00026

Spillantini, M. G., and Goedert, M. (2018). Neurodegeneration and the ordered assembly of α-synuclein. Cell Tissue Res. 373, 137–148. doi: 10.1007/s00441-017-2706-9

Sprott, R. L. (2010). Biomarkers of aging and disease: introduction and definitions. Exp. Gerontol. 45, 2–4. doi: 10.1016/j.exger.2009.07.008

Stuendl, A., Kunadt, M., Kruse, N., Bartels, C., Moebius, W., Danzer, K. M., et al. (2016). Induction of α-synuclein aggregate formation by CSF exosomes from patients with Parkinson’s disease and dementia with Lewy bodies. Brain 139, 481–494. doi: 10.1093/brain/awv346

Takasugi, M. (2018). Emerging roles of extracellular vesicles in cellular senescence and aging. Aging Cell 17:2. doi: 10.1111/acel.12734

Takasugi, M., Okada, R., Takahashi, A., Virya Chen, D., Watanabe, S., and Hara, E. (2017). Small extracellular vesicles secreted from senescent cells promote cancer cell proliferation through EphA2. Nat. Commun. 8:15729. doi: 10.1038/ncomms15728

Takahashi, R. H., Milner, T. A., Li, F., Nam, E. E., Edgar, M. A., Yamaguchi, H., et al. (2002). Intraneuronal Alzheimer Aβ42 accumulates in multivesicular bodies and is associated with synaptic pathology. Am. J. Pathol. 161, 1869–1879. doi: 10.1016/s0002-9440(10)64463-x

Thomas, B., and Beal, M. F. (2007). Parkinson’s disease. Hum. Mol. Genet. 16, R183–R194. doi: 10.1093/hmg/ddm159

Thompson, A. G., Gray, E., Heman-Ackah, S. M., Mäger, I., Talbot, K., El Andaloussi, S., et al. (2016). Extracellular vesicles in neurodegenerative disease-pathogenesis to biomarkers. Nat. Rev. Neurol. 12, 346–357. doi: 10.1038/nrneurol.2016.68

Tsunemi, T., Hamada, K., and Krainc, D. (2014). ATP13A2/PARK9 regulates secretion of exosomes and α-synuclein. J. Neurosci. 34, 15281–15287. doi: 10.1523/jneurosci.1629-14.2014

Urbanelli, L., Buratta, S., Sagini, K., Tancini, B., and Emiliani, C. (2016). Extracellular vesicles as new players in cellular senescence. Int. J. Mol. Sci. 17:E1408. doi: 10.3390/ijms17091408

Valadi, H., Ekström, K., Bossios, A., Sjöstrand, M., Lee, J. J., and Lötvall, J. O. (2007). Exosome-mediated transfer of mRNAs and microRNAs is a novel mechanism of genetic exchange between cells. Nat. Cell Biol. 9, 654–659. doi: 10.1038/ncb1596

van Balkom, B. W. M., de Jong, O. G., Smits, M., Brummelman, J., den Ouden, K., de Bree, P. M., et al. (2013). Endothelial cells require miR-214 to secrete exosomes that suppress senescence and induce angiogenesis in human and mouse endothelial cells. Blood 121, 3997–4006. doi: 10.1182/blood-2013-02-478925

Vidal, M., Sainte-Marie, J., Philippot, J. R., and Bienvenue, A. (1989). Asymmetric distribution of phospholipids in the membrane of vesicles released during in vitro maturation of guinea pig reticulocytes: evidence precluding a role for “aminophospholipid translocase”. J. Cell. Physiol. 140, 455–462. doi: 10.1002/jcp.1041400308

Wei, H., Xu, Y., Xu, W., Zhou, Q., Chen, Q., Yang, M., et al. (2018). Serum exosomal miR-223 serves as a potential diagnostic and prognostic biomarker for dementia. Neuroscience 379, 167–176. doi: 10.1016/j.neuroscience.2018.03.016

Weilner, S., Keider, V., Winter, M., Harreither, E., Salzer, B., Weiss, F., et al. (2016). Vesicular Galectin-3 levels decrease with donor age and contribute to the reduced osteo-inductive potential of human plasma derived extracellular vesicles. Aging 8, 16–30. doi: 10.18632/aging.100865

Weilner, S., Schraml, E., Redl, H., Grillari-Voglauer, R., and Grillari, J. (2013). Secretion of microvesicular miRNAs in cellular andorganismal aging. Exp. Gerontol. 48, 626–633. doi: 10.1016/j.exger.2012.11.017

Weiner-Gorzel, K., Dempsey, E., Milewska, M., McGoldrick, A., Toh, V., Walsh, A., et al. (2015). Overexpression of the microRNA miR-433 promotes resistance to paclitaxel through the induction of cellular senescence in ovarian cancer cells. Cancer Med. 4, 745–758. doi: 10.1002/cam4.409

Westergard, T., Jensen, B. K., Wen, X., Cai, J., Kropf, E., Iacovitti, L., et al. (2016). Cell-to-cell transmission of dipeptide repeat proteins linked to C9orf72 -ALS/FTD. Cell Rep. 17, 645–652. doi: 10.1016/j.celrep.2016.09.032

Willms, E., Johansson, H. J., Mäger, I., Lee, Y., Blomberg, K. E. M., Sadik, M., et al. (2016). Cells release subpopulations of exosomes with distinct molecular and biological properties. Sci. Rep. 6:22519. doi: 10.1038/srep22519

Winston, C. N., Goetzl, E. J., Akers, J. C., Carter, B. S., Rockenstein, E. M., Galasko, D., et al. (2016). Prediction of conversion from mild cognitive impairment to dementia with neuronally derived blood exosome protein profile. Alzheimers Dement. 3, 63–72. doi: 10.1016/j.dadm.2016.04.001

Xu, Y., and Sun, Z. (2015). Molecular basis of Klotho: from gene to function in aging. Endocr. Rev. 36, 174–193. doi: 10.1210/er.2013-1079

Yagi, Y., Ohkubo, T., Kawaji, H., Machida, A., Miyata, H., Goda, S., et al. (2016). Next-generation sequencing-based small RNA profiling of cerebrospinal fluid exosomes. Neurosci. Lett. 636, 48–57. doi: 10.1016/j.neulet.2016.10.042

Yamakuchi, M., and Lowenstein, C. J. (2009). MiR-34, SIRT1 and p53: the feedback loop. Cell Cycle 8, 712–715. doi: 10.4161/cc.8.5.7753

Yang, T. T., Liu, C. G., Gao, S. C., Zhang, Y., and Wang, P. C. (2018). The serum exosome derived MicroRNA-135a, -193b, and -384 were potential Alzheimer’s disease biomarkers. Biomed. Environ. Sci. 31, 87–96. doi: 10.3967/bes2018.011

Yuyama, K., Sun, H., Usuki, S., Sakai, S., Hanamatsu, H., Mioka, T., et al. (2015). A potential function for neuronal exosomes: sequestering intracerebral amyloid-β peptide. FEBS Lett. 589, 84–88. doi: 10.1016/j.febslet.2014.11.027

Zhang, G., and Yang, P. (2018). A novel cell-cell communication mechanism in the nervous system: exosomes. J. Neurosci. Res. 96, 45–52. doi: 10.1002/jnr.24113

Zhang, Y., Pizzute, T., and Pei, M. (2014). A review of crosstalk between MAPK and Wnt signals and its impact on cartilage regeneration. Cell Tissue Res. 358, 633–649. doi: 10.1007/s00441-014-2010-x

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 D’Anca, Fenoglio, Serpente, Arosio, Cesari, Scarpini and Galimberti. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 03 September 2019
doi: 10.3389/fnagi.2019.00222






[image: image2]

Age-Dependent Relationship Between Plasma Aβ40 and Aβ42 and Total Tau Levels in Cognitively Normal Subjects

Lih-Fen Lue1, Ming-Chyi Pai2, Ta-Fu Chen3, Chaur-Jong Hu4,5, Li-Kai Huang4,5, Wei-Che Lin6, Chau-Chung Wu7, Jian-Shing Jeng3, Kaj Blennow8,9, Marwan N. Sabbagh10, Sui-Hing Yan11, Pei-Ning Wang12,13, Shieh-Yueh Yang14,15, Hiroyuki Hatsuta16,17, Satoru Morimoto16,18, Akitoshi Takeda17, Yoshiaki Itoh17, Jun Liu19, Haiqun Xie20 and Ming-Jang Chiu3*


1Civin Neuropathology Laboratory, Banner Sun Health Research Institute, Sun City, AZ, United States

2Division of Behavioral Neurology, Department of Neurology, National Cheng Kung University Hospital, College of Medicine, National Cheng Kung University, Tainan, Taiwan

3Department of Neurology, National Taiwan University Hospital, College of Medicine, National Taiwan University, Taipei, Taiwan

4Department of Neurology, Taipei Medical University, Taipei, Taiwan

5Department of Neurology, Shuang Ho Hospital, Taipei Medical University, New Taipei City, Taiwan

6Department of Neurology, Kaohsiung Chang Gung Memorial Hospital, Kaohsiung, Taiwan

7Department of Internal Medicine, National Taiwan University Hospital, College of Medicine, National Taiwan University, Taipei, Taiwan

8Clinical Neurochemistry Laboratory, Sahlgrenska University Hospital, Mölndal, Sweden

9Department of Psychiatry and Neurochemistry, Institute of Neuroscience and Physiology, University of Gothenburg, Mölndal, Sweden

10Lou Ruvo Center for Brain Health, Cleveland Clinic Nevada, Las Vegas, NV, United States

11Department of Neurology, Renai Branch, Taipei City Hospital, Taipei, Taiwan

12Department of Neurology, National Yang-Ming University, Taipei, Taiwan

13Department of Neurology, Taipei Veterans General Hospital, Taipei, Taiwan

14MagQu Company Limited, New Taipei City, Taiwan

15MagQu LLC, Surprise, AZ, United States

16Hatsuta Neurology Clinic, Osaka, Japan

17Department of Neurology, Osaka City University Graduate School of Medicine, Osaka, Japan

18Department of Physiology, School of Medicine, Keio University, Tokyo, Japan

19Departemnt of Neurology, Sun Yat-Sen Memorial Hospital, Sun Yat-Sen University, Guangzhou, China

20Department of Neurology, Foshan Hospital of Sun Yat-Sen University, Foshan, China

Edited by:
Beatrice Arosio, University of Milan, Italy

Reviewed by:
Evelyn Ferri, IRCCS Ca ’Granda Foundation Maggiore Policlinico Hospital, Italy
Mahnaz Talebi, Tabriz University of Medical Sciences, Iran

* Correspondence: Ming-Jang Chiu, mjchiu@ntu.edu.tw

Received: 15 April 2019
 Accepted: 06 August 2019
 Published: 03 September 2019

Citation: Lue L-F, Pai M-C, Chen T-F, Hu C-J, Huang L-K, Lin W-C, Wu C-C, Jeng J-S, Blennow K, Sabbagh MN, Yan S-H, Wang P-N, Yang S-Y, Hatsuta H, Morimoto S, Takeda A, Itoh Y, Liu J, Xie H and Chiu M-J (2019) Age-Dependent Relationship Between Plasma Aβ40 and Aβ42 and Total Tau Levels in Cognitively Normal Subjects. Front. Aging Neurosci. 11:222. doi: 10.3389/fnagi.2019.00222



Both amyloid plaques and neurofibrillary tangles are pathological hallmarks in the brains of patients with Alzheimer’s disease (AD). However, the constituents of these hallmarks, amyloid beta (Aβ) 40, Aβ42, and total Tau (t-Tau), have been detected in the blood of cognitively normal subjects by using an immunomagnetic reduction (IMR) assay. Whether these levels are age-dependent is not known, and their interrelation remains undefined. We determined the levels of these biomarkers in cognitively normal subjects of different age groups. A total of 391 cognitively normal subjects aged 23–91 were enrolled from hospitals in Asia, Europe, and North America. Healthy cognition was evaluated by NIA-AA guidelines to exclude subjects with mild cognitive impairment (MCI) and AD and by cognitive assessment using the Mini Mental State Examination and Clinical Dementia Rating (CDR). We examined the effect of age on plasma levels of Aβ40, Aβ42, and t-Tau and the relationship between these biomarkers during aging. Additionally, we explored age-related reference intervals for each biomarker. Plasma t-Tau and Aβ42 levels had modest but significant correlations with chronological age (r = 0.127, p = 0.0120 for t-Tau; r = −0.126, p = 0.0128 for Aβ42), ranging from ages 23 to 91. Significant positive correlations were detected between Aβ42 and t-Tau in the groups aged 50 years and older, with Rho values ranging from 0.249 to 0.474. Significant negative correlations were detected between Aβ40 and t-Tau from age 40 to 91 (r ranged from −0.293 to −0.582) and between Aβ40 and Aβ42 in the age groups of 30–39 (r = −0.562, p = 0.0235), 50–59 (r = −0.261, p = 0.0142), 60–69 (r = −0.303, p = 0.0004), and 80–91 (r = 0.459, p = 0.0083). We also provided age-related reference intervals for each biomarker. In this multicenter study, age had weak but significant effects on the levels of Aβ42 and t-Tau in plasma. However, the age group defined by decade revealed the emergence of a relationship between Aβ40, Aβ42, and t-Tau in the 6th and 7th decades. Validation of our findings in a large-scale and longitudinal study is warranted.

Keywords: Alzheimer, plasma, amyloid, tau, immunomagnetic reduction, cognitively normal subjects


INTRODUCTION

The greatest risk factor for developing late-onset Alzheimer’s disease (AD) is age. At age 65, the incidence of AD is 3%, and every 5–6 years, the incidence rate doubles (Kukull et al., 2002; Ziegler-Graham et al., 2008). As the population of the world is living longer, it is estimated that there will be over 100 million people with AD by 2050 (Alzheimer’s Association, 2013). To meet the challenges ahead, the development of effective disease-modifying therapeutics and preventative strategies is being accelerated. In the meantime, there is also a pressing need for developing biomarkers whose intended use is for identifying preclinical AD or subjects at risk of AD for clinical trials. Studies have shown that by combining various biomarkers, such as amyloid positron emission tomography (PET), fluorodeoxyglucose (FDG)-PET, magnetic resonance imaging (MRI), and cerebral spinal fluid (CSF) measures of amyloid beta (Aβ), total Tau (t-Tau), and phosphorylated Tau (p-Tau), the accuracy for identifying preclinical AD could be improved (Dubois et al., 2014, 2016; Jack et al., 2016, 2018).

Currently, there are no blood-based biomarkers for identifying the preclinical stage of AD. The progress in developing blood-based biomarkers has been hampered previously by the lack of sensitivity and other technical limitations (Blennow, 2017; Lue et al., 2017a). The most widely used immunoassays for measuring AD biomarkers in CSF produced discordant findings when used in blood (Fei et al., 2011; Olsson et al., 2016; Lövheim et al., 2017; Hanon et al., 2018). Recently, several new technologies have offered superior detection sensitivity and accuracy in measuring blood-based biomarkers (Andreasson et al., 2016; Zetterberg and Blennow, 2018). These innovative technologies include immunomagnetic reduction (IMR) assay (Chiu et al., 2012), single-molecule assay (SIMOA; Janelidze et al., 2016), immuno-infrared-sensor assay (Nabers et al., 2018), and immunoprecipitation-mass spectrophotometry (Nakamura et al., 2018).

Some of these technologies are being validated for classifying mild cognitive impairment (MCI) and AD and for prescreening for PET scans (Chiu et al., 2012, 2013; Tzen et al., 2014; Lue et al., 2017b; Verberk et al., 2018). AD pathological formation precedes the clinical symptoms by one to two decades (Jack et al., 2013). To identify the earliest changes in the blood to reflect the brain pathological state, it is necessary to first establish the normal ranges of the biomarkers Aβ40, Aβ42, and t-Tau. Therefore, in this study, we characterized the age-associated levels of these biomarkers and their relationship within different age groups and finally provided age-related reference intervals for each biomarker. To generalize our research results, this study was conducted in young, middle-aged and older adults with normal cognition across various countries. It is worth noting that this study is cross-sectional, not longitudinal.



MATERIALS AND METHODS


Participating Sites

A total of 391 cognitively normal subjects aged 23–91 were enrolled from 2010 to 2018 from the following six hospitals in Taiwan: National Taiwan University Hospital (NTUH), Taipei Medical University Shuang-Ho Hospital (SHH), Renai Branch of Taipei City Hospital (RAH), Taipei Veterans General Hospital (TVGH), National Cheng Kung University Hospital (NCKUH), and Kaohsiung Chang Gung Memorial Hospital (KCGMH); Sahlgrenska University Hospital (SUH) in Guttenberg, Sweden; Banner Sun Health Research Institute (BSHRI) in Sun City, AZ, USA; two hospitals in the cities of Foshan, Foshan Hospital (FH) and Guangzhou, Sun Yat-Sen Memorial Hospital (SYSMH), Guangdong, China; and finally two hospitals in Japan: Hatsuta Neurology Clinic (HNC) in Osaka, and Osaka City University Hospital (OCUH) in Osaka. All participants were older than 21 years of age and gave their own written informed consent. The study was approved by the Institutional Review Board (IRB) or Research Ethics Committee (REC) of each participating hospital in the respective countries, namely, NTUH REC, Taipei Medical University-Joint IRB for SHH, Taipei City Hospital REC for RAH, TVGH IRB, NCKUH IRB, KCGMH IRB, Central Ethical Review Board-University of Gothenburg for SUH, Banner Health IRB for BSHRI, Sun Yat-Sen University Hospital (SYSUH) Cancer Center IRB, Asai Dermatology Clinic IRB and Osaka City University IRB.



Cognition Assessment and Criteria for Recruitment

The purpose of the recruitment criteria was to exclude subjects with diagnoses of MCI and dementia. All study sites followed the NIA-AA criteria for the diagnosis of dementia and MCI due to AD (Albert et al., 2011; McKhann et al., 2011). In addition to clinical criteria, basic cognitive assessment tools [Mini-Mental State Examination (MMSE) and Clinical Dementia Rating (CDR)] were also used. The criteria for normal cognition were MMSE ≥ 28 and CDR = 0. Brain imaging and CSF biomarkers were used as supplementary tools. Brain (FDG)-PET were used by HNC/OCUH, Japan, and Subjects from SUH, Sweden had CSF Aβ > 530 pg/ml and t-Tau < 350 pg/ml (Sutphen et al., 2015; Teunissen et al., 2018). Subjects who had acute or chronic systemic diseases or neuropsychiatric disorders, visual or auditory dysfunction severe enough to interfere with cognitive assessments were all excluded.

Numbers of subjects and age profiles of participating hospitals are shown in Table 1.


TABLE 1. The means and standard deviations (SD) of age (years) of the normal-cognition subjects in each participating site*
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Preparation of Plasma Samples

Nonfasting plasma samples were collected in EDTA-coated vacutainers (Becton Dickinson, New Jersey, NJ, USA) followed by centrifugation at speeds ranging from 1,500 g to 2,500 g for 15 min at room temperature. The upper layer (plasma) was transferred to a new 15-ml tube, aliquoted into 1.5 ml tubes, and stored at −70°C or lower. Sample aliquots were shipped on dry ice to MagQu Company Limited for IMR assays of Aβ1–40, Aβ1–42 and t-Tau. Assays were performed without knowing the demographic features of the subjects.



Assays of Aβ40, Aβ42 and t-Tau in Human Plasma

Before the assays, frozen aliquoted samples were thawed on ice. Sample preparation and assays were performed at room temperature. Assays were performed in duplicate for each sample for Aβ40, Aβ42 and t-Tau. The volumes of the reagents and plasma samples were 80 μl reagent (MF-AB0–0060, MagQu) and 40 μl plasma for the Aβ40 assay, 60 μl reagent (MF-AB2–0060, MagQu) and 60 μl plasma for the Aβ42 assay, and 80 μl reagent (MF-TAU-0060, MagQu) and 40 μl plasma for the t-Tau assay. Samples and reagents were mixed briefly in special-sized glass tubes and sealed. The tubes were then placed inside the sample channels of the IMR analyzer (XacPro-S, MagQu) for assay. The concentrations of Aβ40, Aβ42, and t-Tau were calculated according to the standard curves respective to each biomarker. The means of the values obtained from duplicate measurements were calculated for each biomarker and each sample.



Statistical Analysis

Statistical analysis was performed with MedCalc statistical software version 17.4.41. The statistical significance was defined as p < 0.05. Continuous variables according to age groups were analyzed by one-way analysis of variance followed by pairwise differences using the Student-Newman-Keuls test. Spearman’s correlations were performed to determine the correlation between the levels of each plasma biomarker and demographic features such as age, sex, and the presence of the ApoEɛ4 allele. The relationship between different biomarkers was also analyzed according to the age groups defined by the intervals of 10 years starting from 20 years of age. Three participants aged 91 were combined into a group of ages 80–89. Multiple stepwise regression analysis was used to determine whether age, ApoE ɛ4 allele, and biomarkers (Aβ40, Aβ42, and t-Tau) had a significant contribution to the levels of a particular biomarker. MedCalc software was used for the construction of age-related reference intervals, and the values of the biomarkers at the 2.5th and 97.5th percentiles were tabulated.




RESULTS


Cohort Characteristics

This study included a total of 391 cognitively normal subjects aged 23–91 years from 12 participating hospitals. The relative frequency of age distribution is shown in Figure 1. The ApoE genotype information is shown in Table 2. We then determined whether carrying one or two ApoE ɛ4 alleles had effects on any of the biomarker levels. The results in Table 3 show that the only genotype effect was on Aβ40. The Apo-ɛ4 carriers had significantly lower levels of Aβ40.


[image: image]

FIGURE 1. The vertical bar on the y-axis shows the frequency as the percentage in the number of all participants in the cohort, and the x-axis indicates the age groups in 10-year intervals.




TABLE 2. The numbers of subjects according to ApoE genotypes.

[image: image]



TABLE 3. The levels of Aβ40, Aβ42, and t-Tau in pg/ml grouped by ApoE ɛ4 carrier status.
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Correlations of Age With the Concentrations and Ratios of Aβ40, Aβ42, and t-Tau

To determine the relationship between age and plasma concentrations and the ratios of Aβ40, Aβ42, and t-Tau, Spearman’s rank correlation analyses were performed. A significant positive correlation was detected between age and t-Tau concentrations (r = 0.127, p = 0.0120), and a negative correlation was detected between age and Aβ42 concentrations (r = −0.126, p = 0.0128). There was also a significant correlation with the ratio of Aβ42 to t-Tau (r = −0.155, p = 0.0022). These correlation coefficients were modest. No correlation was detected between age and Aβ40 concentrations or ratios.



Relationship Between Core AD Bioarkers Within Age Groups

To further examine the age effect, we grouped all participants by 10-years intervals starting from age 20 to 29 years, the third decade. Aβ40, Aβ42, and t-Tau levels for these age groups are shown in Table 4. None of these biomarkers had age-group differences. To determine how age affected the relationship between the AD biomarkers in plasma, Spearman’s rank correlation analyses between the biomarkers within each age group were performed (Table 5).


TABLE 4. Plasma AD bioboconcentrations (pg/ml) by age groups.
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TABLE 5. Relationship between Aβ40, Aβ42, and t-Tau within each age group.
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We observed an increasing presence of the relationship between AD biomarkers as age advances. A negative correlation was found between Aβ40 and Aβ42 in the age group ranging from 30 to 69 with the exception of the people in the 5th decade (age 40–49). Plasma t-Tau and Aβ40 concentrations were negatively correlated in age groups starting at age 40 and up to age 79. The t-Tau and Aβ42 concentrations correlated positively in age groups starting from age 50 to 59 to the oldest age group. These findings demonstrated that the levels of all three AD biomarkers in plasma became associated with each other in the 6th and 7th decades of life.

We also assessed whether the age group, ApoE ɛ4 carrier status, and plasma AD biomarkers could be useful for predicting the concentration of a specific AD biomarker (Table 6). Stepwise multiple regression analyses were performed for each biomarker by entering data in the order of age group, ApoE ɛ4 allele status, and the other two biomarkers. The results showed that ApoE ɛ4 allele status was not a significant contributor to the prediction of any biomarker levels. By contrast, age group contributed to the prediction of the AD biomarker concentrations. Plasma t-Tau concentrations could be predicted by a combination of age group and plasma concentrations of Aβ42 and Aβ40 with a coefficient of determination of 0.3701 (p < 0.0001). The coefficient of determination for predicting Aβ42 concentrations was 0.3433 (p < 0.0001) when age group and t-Tau concentrations were included in the model. The coefficient of determination for Aβ40 concentration prediction was 0.1205 (p = 0.0001) with age group and t-Tau in the model.


TABLE 6. Multiple regression of age group, ApoE ɛ4 allele, and plasma biomarkers.
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Age-Related Reference Intervals of Plasma AD Biomarkers

As blood-based biomarkers have the potential to be used for screening subjects at the preclinical stage or those with MCI or early AD in the clinic or for clinical trials, we performed an analysis of the age-related reference intervals of Aβ40, Aβ42, and t-Tau concentrations from 391 subjects. The temporal concentration range of each biomarker is shown by age group at the 2.5th and 97.5th centiles in Table 7. Additional 10th and 90th centiles for each biomarker are illustrated in Figures 2A–C.


TABLE 7. Age-related plasma biomarker reference intervals (pg/ml).
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FIGURE 2. Age-related plasma biomarker reference intervals: means and centiles. The scatter plots illustrate the reference intervals for Aβ40 (A), Aβ42 (B), and t-Tau (C). The age range in years is indicated on the x-axis, and the reference intervals of each marker are shown in circles in the figure. The units of the reference intervals are pg/ml. The central lines are the calculated means, and the top and bottom lines are the 90th and 10th centile curves.






DISCUSSION

In this cross-sectional study, we characterized the relationship between age and three plasma AD core biomarkers and the relationship between these biomarkers within a given age group. The 391cognitively normal subjects spanning 23–91 years of age were enrolled from 12 participating hospitals located in Asia, the USA, and Europe. The statistical analyses were performed in all participants as one large multicenter cohort. Our study detected weak but significant correlations between chronological years of age and plasma Aβ42 and t-Tau. Plasma Aβ42 decreased as age increased, in contrast to t-Tau, which increased with age. As the age span of the cohort was quite large, we grouped ages into 10-years intervals to assess whether the changes in plasma biomarker levels were more prominent in certain decades. By grouping ages into 10-years intervals, we did not detect age-group-associated differences in all three biomarkers. However, our important finding came from an analysis of the relationship between biomarkers within a given decade of life. There was an emerging prevalence of relationships between AD biomarkers during ages 50–70. Although no significant relationship between any two AD biomarkers was detected in the middle-aged groups, e.g., the 3rd and 4th decades of life, positive correlations between Aβ42 and t-Tau were detected from the 6th to 9th decades; negative correlations were detected between Aβ40 and Aβ42 in age groups from the 4th, 6th, and 7th decades and between Aβ40 and t-Tau during the 5th to 8th decades. During the 6th and 7th decade of life, all three biomarkers showed a significant relationship, positively correlated between Aβ42 and t-Tau and negatively correlated between Aβ40 and Aβ42 and Aβ40 and t-Tau. These relationships provided significant insights into the aging-associated patterns of changes in AD plasma biomarkers. Previous IMR studies reported AD-associated increases in Aβ42 and t-Tau (Chiu et al., 2013). This supports that during the 6th to 8th decades of life, the expression patterns of plasma biomarkers coincided with the pattern observed in MCI and early AD.

There have been only a few studies analyzing the effect of age on the levels of Aβ and t-Tau in incognitively normal subjects. One study reported a decrease in plasma Aβ40 levels with age (Kleinschmidt et al., 2016). Another study, dividing 245 subjects into age groups of young (≤34), adult (35≤ age ≤64), and old (>64), showed the lowest plasma Aβ42 concentration in the youngest group but no differences between the two older groups. The assay used in this study was Innogenetics ELISA (Belgium; Zecca et al., 2018). A study in Korean healthy adults aged 40–69 reported the effects of age and sex on the plasma levels and ratios of Aβ42 and Aβ40 (Kim et al., 2016). The assays of the study were also performed in ELISA format (Immuno-Biological Laboratories, Japan). A previous study on the plasma of healthy controls using IMR assays detected significantly higher tau levels in subjects aged 65–95 years than in the group aged 45–64 years (Chiu et al., 2017). If the participants in the present study were divided into only two groups, younger than 65 and older than 65, similar results were found (higher tau in the older group, P = 0.0378). The differences in findings between the reports could be due to the types of assays used for obtaining data, the age ranges, the age grouping, and the number of subjects in age groups.

The physiological significance of these relationships found in this study is not readily understood. It is possible that as age advances, various upstream/downstream molecular mechanisms in the brain (production, accumulation) and/or periphery (excretion, destruction) that affect circulating levels of Aβ40, Aβ42, and t-Tau could converge or interact, resulting in the formation of a relationship. Evidence has supported that amyloid pathological events in the brain precede and trigger Tau pathology and even synergize with each other (Small and Duff, 2008; Han and Shi, 2016). Notably, the relationships between these AD biomarkers were most prominently detected during the 6th and 7th decades of life, the time when AD pathology had increasingly accumulated in the brain and CSF Aβ42 changes were already detectable (Buchhave et al., 2012).

It has been demonstrated with different preclinical AD classification systems that in cognitively normal subjects in their 70s and older, AD pathology is prevalent (Dubois et al., 2016; Jack et al., 2016; Kern et al., 2018). Our finding that the relationship between plasma AD biomarkers was most prominently present in the age group of 60–69 suggested that age-related changes in the brain might be captured in plasma, as observed in the relationship between AD biomarkers during aging.

It has been well established that the decreases in CSF Aβ42 coincide with increased brain amyloid plaque pathology (Seeburger et al., 2015; Doecke et al., 2018). In CSF, Aβ changes were detected before the changes in t-Tau in cognitively normal adults (Buchhave et al., 2012), and the change could be observed as early as middle-age (Sutphen et al., 2015). It is important to establish the relationship of core AD biomarkers between CSF and plasma. A recent study reported a significant but small positive correlation between IMR-assayed plasma Aβ42 levels and ELISA-assayed CSF Aβ42 levels in incognitively normal subjects (Teunissen et al., 2018). Further studies using the same assay platforms are needed to understand this relationship.

The mechanisms by which the ApoE ɛ4 genotype increases the risk of developing AD have been an important topic of research. Much evidence has indicated that ApoE ɛ4 forms less stable complexes with Aβ (Chiu et al., 2013). How this might affect soluble Aβ levels in the circulation has not been understood because of the complexity of the potential mechanisms involved in brain and peripheral clearance as well as the degradation of the complexes. In this study, we detected higher plasma Aβ40 levels in ApoE ɛ4 noncarriers than in ApoE ɛ4 carriers. Nevertheless, a cross-sectional cognitively normal population-based study that determined how ApoE ɛ4 status affected the relationship between plasma levels of Aβ species and soluble receptors for Aβ, the soluble low-density lipoprotein receptor-related protein-1 (sLRP1) and soluble receptor for advanced glycation end products (sRAGE), found positive correlations of the receptors with Aβ40 but not with Aβ42 in ApoE ɛ4 noncarriers (Tai et al., 2014). This finding led to speculation that part of the reason why the noncarriers had higher levels of Aβ40 in plasma than the carriers could be because more clearance receptors were available in the noncarriers. This possibility will require further studies in different cohorts to validate the findings by Gao et al. (2018) and us as well as research to delineate the genotype-specific mechanisms in the brain-periphery clearance associated with these two Aβ receptors (Deane et al., 2009; Zlokovic et al., 2010).



CONCLUSION

Previously, plasma levels of Aβ or t-Tau were considered to have limited value as biomarkers for disease classification. However, new technologies with superior technical sensitivity bring hope to the potential of using blood-based biomarkers in identifying preclinical, MCI, and early AD subjects. In this study, we provided the normal ranges of Aβ species and t-Tau in plasma as well as the development of a dynamic relationship between the biomarkers from middle to old age. Future studies will move towards a better understanding of the biology and dynamics of plasma Aβ and Tau in health and disease, as well as vigorous assessment of the clinical utility of IMR-assayed plasma Aβ and Tau in identifying preclinical AD, MCI, and early AD, and the study findings should be comparable with those from CSF biomarker and imaging studies.
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A Corrigendum on
 Age-Dependent Relationship Between Plasma Aβ40 and Aβ42 and Total Tau Levels in Cognitively Normal Subjects

by Lue, L.-F., Pai, M.-C., Chen, T.-F., Hu, C.-J., Huang, L.-K., Lin, W.-C., et al. (2019). Front. Aging Neurosci. 11:222. doi: 10.3389/fnagi.2019.00222



In the original article, there was an error. The name of a participating site was incorrectly written as “Keio University Hospital.” The correct site is “Hatsuta Neurology Clinic.”

A correction has therefore been made to the table and legend for Table 1:


Table 1. The means and standard deviations (SD) of age (years) of the normal-cognition subjects in each participating site*.

[image: Table 1]

Additionally, a correction has also been made to the Materials and Methods section, subsection Participating Sites:

“A total of 391 cognitively normal subjects aged 23–91 were enrolled from 2010 to 2018 from the following six hospitals in Taiwan: National Taiwan University Hospital (NTUH), Taipei Medical University Shuang-Ho Hospital (SHH), Renai Branch of Taipei City Hospital (RAH), Taipei Veterans General Hospital (TVGH), National Cheng Kung University Hospital (NCKUH), and Kaohsiung Chang Gung Memorial Hospital (KCGMH); Sahlgrenska University Hospital (SUH) in Guttenberg, Sweden; Banner Sun Health Research Institute (BSHRI) in Sun City, AZ, USA; two hospitals in the cities of Foshan, Foshan Hospital (FH) and Guangzhou, Sun Yat-Sen Memorial Hospital (SYSMH), Guangdong, China; and finally two hospitals in Japan: Hatsuta Neurology Clinic (HNC) in Osaka, and Osaka City University Hospital (OCUH) in Osaka. All participants were older than 21 years of age and gave their own written informed consent. The study was approved by the Institutional Review Board (IRB) or Research Ethics Committee (REC) of each participating hospital in the respective countries, namely, NTUH REC, Taipei Medical University-Joint IRB for SHH, Taipei City Hospital REC for RAH, TVGH IRB, NCKUH IRB, KCGMH IRB, Central Ethical Review Board-University of Gothenburg for SUH, Banner Health IRB for BSHRI, Sun Yat-Sen University Hospital (SYSUH) Cancer Center IRB, Asai Dermatology Clinic IRB and Osaka City University IRB.”

And the subsection Cognition Assessment and Criteria for Recruitment:

“The purpose of the recruitment criteria was to exclude subjects with diagnoses of MCI and dementia. All study sites followed the NIA-AA criteria for the diagnosis of dementia and MCI due to AD (Albert et al., 2011; McKhann et al., 2011). In addition to clinical criteria, basic cognitive assessment tools [Mini-Mental State Examination (MMSE) and Clinical Dementia Rating (CDR)] were also used. The criteria for normal cognition were MMSE ≥ 28 and CDR = 0. Brain imaging and CSF biomarkers were used as supplementary tools. Brain (FDG)-PET were used by HNC/OCUH, Japan, and Subjects from SUH, Sweden had CSF Ab > 530 pg/ml and t-Tau <350 pg/ml (Sutphen et al., 2015; Teunissen et al., 2018). Subjects who had acute or chronic systemic diseases or neuropsychiatric disorders, visual or auditory dysfunction severe enough to interfere with cognitive assessments were all excluded.”

The authors apologize for these errors and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.
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Objective: Evaluation and monitoring of brain health throughout aging by direct electrophysiological imaging (DELPHI) which analyzes TMS (transcranial magnetic stimulation) evoked potentials.

Methods: Transcranial magnetic stimulation evoked potentials formation, coherence and history dependency, measured using electroencephalogram (EEG), was extracted from 80 healthy subjects in different age groups, 25–85 years old, and 20 subjects diagnosed with mild dementia (MD), over 70 years old. Subjects brain health was evaluated using MRI scans, neurocognitive evaluation, and computerized testing and compared to DELPHI analysis of brain network functionality.

Results: A significant decrease in signal coherence is observed with age in connectivity maps, mostly in inter-hemispheric temporal, and parietal areas. MD patients display a pronounced decrease in global and inter-hemispheric frontal connectivity compared to healthy controls. Early and late signal slope ratio also display a significant, age dependent, change with pronounced early slope, phase shift, between normal healthy aging, and MD. History dependent analysis demonstrates a binary step function classification of healthy brain vs. abnormal aging subjects mostly for late slope. DELPHI measures demonstrate high reproducibility with reliability coefficients of around 0.9.

Conclusion: These results indicate that features of evoked response, as charge transfer, slopes of response, and plasticity are altered during abnormal aging and that these fundamental properties of network functionality can be directly evaluated and monitored using DELPHI.

Keywords: brain, aging, DELPHI, plasticity, imaging, functional, network


INTRODUCTION

The ability to deal with the expanding risk of age associated brain disorders, such as vascular cognitive impairment, Alzheimer’s disease (AD), and other neurodegenerative or psychiatric disorders, the impact of which cannot be overstated, is limited by the lack of tools which enable the evaluation and monitoring of brain functional health status. These brain disorders are mostly manifested as brain network functionality changes, particularly in the early stages changing the network function. Brain functionality refers to the network topological features of connectivity, plasticity and strength which together reflect the network hierarchy and its ability to store and process information (Greenwood, 2007; Palop et al., 2007; Berlucchi and Buchtel, 2009; Feldman, 2009; Almeida et al., 2017; Kumar et al., 2017; Schulz and Hausmann, 2017). Current clinically available brain imaging provides high resolution images of the rigid brain anatomical network. Advanced technologies such as functional MRI (fMRI), or positron emission tomography can provide functional information but use indirect measurement as blood flow in high spatial but poor temporal resolution (Gore, 2003; Cherry, 2009). Therefore, these methods are insufficient for the evaluation of brain health during normal aging or age-related pathological deterioration such as mild cognitive impairment (MCI) or mild dementia (MD).

Electrophysiology is a well-established powerful tool for evaluating brain network functionality. It is used extensively in neurophysiological research, for measuring properties of brain network functionality as network effective strength of connectivity and excitation/inhibition balance that corresponds to network short term plasticity (STP) (Markram and Tsodyks, 1996; Markram et al., 1998; Bédard et al., 2004; Covey and Carter, 2015). However, clinically, it is used mostly for epilepsy and sleep monitoring, in the form of electroencephalograph – EEG, (Niedermeyer and da Silva, 2005) measuring spontaneous activity or activity related to specific task (event related potential -ERP) but is not routinely used in the clinical environment for evaluation of brain health (Shah and Mittal, 2014). Therefore, there is a great need for an ancillary tool, which enables an objective, direct, and accessible evaluation of brain network functionality in physiological terms of network connectivity, plasticity, and strength.

Transcranial magnetic stimulation (TMS) is a non-invasive brain stimulation method that allows the study of human cortical function in vivo (Ilmoniemi et al., 1999; Hallett, 2007; Rossini et al., 2015). TMS enables the exploration and modulation of functional neuronal networks topology with a potential therapeutic aim (Bordet et al., 2017), both in normal brain aging and in patients with degenerative or vascular dementia (Pennisi et al., 2016). Using TMS for examining human cortical functionality is enhanced by combining it with simultaneous registration of EEG. EEG provides an opportunity to directly measure the cerebral response to TMS, measuring the cortical TMS evoked potential (TEP), and is used to assess cerebral reactivity across wide areas of neocortex (Komssi et al., 2002; Nikulin et al., 2003; Rossini et al., 2015). Studies integrating TMS with EEG (TMS-EEG) have shown that TMS produces waves of activity that reverberate throughout the cortex and that are reproducible and reliable (Komssi and Kähkönen, 2006; Lioumis et al., 2009; Casarotto et al., 2010; Farzan et al., 2010; Kerwin et al., 2018), thus providing direct information about cortical excitability and connectivity with excellent temporal resolution (Kähkönen et al., 2005; Ilmoniemi and Kicić, 2010; Chung et al., 2015; Shafi et al., 2016). By evaluating the propagation of evoked response in different behavioral states and in different tasks, TMS-EEG has been used to causally probe the dynamic effective connectivity of human brain networks (Shafi et al., 2012; Kugiumtzis and Kimiskidis, 2015; Rogasch et al., 2015; Cash et al., 2017; Ferreri et al., 2017b).

Our approach, called direct electro-physiological imaging (DELPHI), is a new methodology for evaluating brain network functionality, evaluating fundamental physiological properties of brain functionality. DELPHI is a clinically available bedside tool, combining TMS-EEG and their robust scientific infrastructure, into one complete automated acquisition, and analysis system. The DELPHI software algorithm extracts direct stimulation related properties of brain network functionality in time-frequency-location. Using DELPHI, common electro-physiological features are clustered into multi-dimensional patterns of evoked network response, characterizing a profile of brain network functional pathophysiology. This neurophysiological profile includes properties of network connectivity and plasticity measured by analyzing the evoked response to changes in magnetic stimulation to specific cortical neuronal network hubs.

Aging is a normal, yet, complex biological process associated with decline in specific brain functions (sensory, motor, and cognitive) (Mora, 2013). Brain plasticity is highly important during aging, for optimal brain health (Grady et al., 2003; Kelly et al., 2006). Evidence support the understanding that network plasticity becomes less efficient with age (Rosenzweig and Barnes, 2003; Greenwood, 2007; Sambataro et al., 2010; Wang et al., 2010). Patients with early AD, reveal an abnormally suppressed efficacy of plasticity mechanisms (Greenwood, 2007; Casarotto et al., 2011; Pascual-Leone et al., 2011; Oberman and Pascual-Leone, 2013). Although common age-related diseases, such as vascular cognitive impairment and neurodegenerative disorders, are known to share patho-physiological mechanisms of alerted cortical excitability, synaptic plasticity (Bella et al., 2013; Lanza et al., 2017), and neurotransmission pathways (Bella et al., 2016), currently, there are no available tools or methods to monitor and evaluate brain health during aging.

The purpose of this work was to evaluate age dependent brain network functional changes in healthy adults using our developed DELPHI technology, providing a potential tool, and method to distinguish between normal and abnormal aging pathophysiology.

Based on the vast published data supporting the understanding that abnormal aging processes share common measurable electrophysiological features, the experimental hypothesis of this study was that using DELPHI we can characterize normal brain network functional aging, and differentiate it from abnormal aging defined in this study as MD.



MATERIALS AND METHODS


Clinical Data Collection and Analysis

This study was carried out in accordance with the recommendation of “Assaf-Harofeh” Medical center review board. Protocol was approved by the local institutional “Ethical Committee.” All subjects gave written informed consent in accordance with the Declaration of Helsinki. All participants underwent the exact same TMS-EEG stimulation and recording protocol.



Subjects

Four study groups were included in the study, defined as follows: (a) Healthy young, 25–45 years old (N = 30; mean age: 35, stdv: 6.6); (b) Healthy adults, 50–70 years old (N = 30 mean age: 61; stdv: 5.9); (c) Healthy elderly, over 70 years old; (N = 17; mean age: 75.4; stdv: 5.6); (d) MD subjects, over 70 years old (N = 20; mean age: 75.2, stdv: 4.3). Statistics of each study group is described in Tables 1, 2. Inclusion criteria for the healthy subject groups were as follows: (1) No neurological or psychiatric disorder documented in medical history or self-report. (2) Absence of any significant abnormal findings in MRI scan such as brain tumors, subdural hematoma, and other brain structural lesion. (3) No central nervous system (CNS) directed prescribed medication treatment. (4) A global index score and memory (verbal and non-verbal) of 95 or above (normalized to age related population) in computerized testing. MD inclusion criteria were defined as follows: (1) A clinical diagnosis of probable AD Dementia (McKhann et al., 2011). (2) Montreal cognitive assessment (MoCA) score between 11 and 22 as evaluated by neuropsychologist (Nasreddine et al., 2005; Saczynski et al., 2015). (3) Computerized testing index score of at least 1.5 standard deviations (STDV) below age related norm in verbal and non-verbal memory score and at least in one out of 3 additional computerized tests (Attention/Information Processing/Executive Function). (4) Absence of other unrelated neurological or psychiatric disorder documented in medical history or self-report. (5) Absence of any unrelated significant abnormal findings in MRI scan such as brain tumors, subdural hematoma, and other brain structural lesion. Tables 3, 4 summarize study groups computerized cognitive score per cognitive domain. Mean MoCA score of the MD subject group was 16 ± 4.

TABLE 1. Statistical distribution of study groups.

[image: image]

TABLE 2. Statistical differences between ages of study groups.
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TABLE 3. Statistical distribution of study groups computerized testing scores.
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TABLE 4. Statistical differences between study groups computerized testing scores.
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All subjects underwent a brain MRI scan 1–2 weeks before DELPHI evaluation. Imaging was performed with a 3 Tesla system (20 channels, MAGNETOM Skyra, Siemens Medical Solutions). The MRI protocol included T2 weighted, T1 weighted, FLAIR, and susceptibility weighted imaging (SWI) sequences. All scans were evaluated at “Assaf-Harofeh” medical center by a neuro-radiologist. Assessment of cognitive functions was performed by trained neuropsychologists using the MoCA test (Nasreddine et al., 2005) and NeuroTrax Mindstreams Mild Impairment Battery computerized BrainCare cognitive battery tests (NeuroTrax Corp., TX, United States) (Dwolatzky et al., 2003).



TMS-EEG

Transcranial magnetic stimulation was performed with a MagPro R30 stimulator (MagVenture, Denmark) and an MCF-B65-HO figure-8 Coil (MagVenture, Denmark). 32-channel EEG data were obtained using two 32-channel TMS compatible BrainAmp DC amplifiers (5 kHz sampling rate; ±16.384 mv measurement range; analog low pass filter 1 kHz; Brain Products GmbH, Germany). These were attached to the Easy EEG cap (EasyCap GmbH, Germany) with Ag-AgCl electrodes. Electrode impedances were kept below 5 kOhm. The reference and ground electrodes were affixed to the ear lobes. EEG data were recorded using a BrainVision Recorder software (Brain Products GmbH, Germany). All data were pre-processed and analyzed using our developed fully automated DELPHI algorithm and implemented in MATLAB (R2016b, The Mathworks Inc., MA, United States).



Experimental Procedure

Transcranial magnetic stimulation coil was positioned over the left cortical motor (M1) region, at 45° toward the contralateral forehead according to guidelines (Rossini et al., 2015). Each TMS-EEG run entailed 420 pulses (biphasic pulses at 280 ms pulse width) at ranging intensities, from 25 to 60% of the maximal device intensity of stimulation varied in frequencies from 0.1 Hz up to 20 Hz. A thin (0.5 mm) foam pad was attached to the TMS coil to minimize electrode movement and bone-conducted auditory artifact. Participants were instructed to keep their eyes closed throughout the examination to reduce ocular artifacts. The operator of the system conversed with subjected between the short stimulation protocol blocks in order to avoid drowsiness. Electrode were grouped for statistical purposes: Frontal, F3, F5 -ipsilateral and F4, F6- contralateral to stimulation. Parietal, C3, C5, CP1 -ipsilateral and C4, C6, CP2- contralateral to stimulation. Temporal CP5, CP3, CF5 -ipsilateral and CP6, CP4, FC6- contralateral to stimulation. Occipital cortex, O1, PO3 -ipsilateral and O2, PO4- contralateral to stimulation.



Sham Stimulation

For sham TMS stimulation a realistic sham was performed by spacing the TMS coil in order to maintain auditory, pressure and tactile parameters with reduced magnetic field (Veniero et al., 2009; Zanon et al., 2013; Gordon et al., 2018). The figure of 8 coil was placed over the left cortical motor (M1) region in the exact same orientation as for non-sham stimulation. After placement, the coil was moved 3 cm away from the scalp and a silicone cube (10 cm × 3 cm) filled with artificial cerebral spinal fluid (aCSF) (Dolev et al., 2013) was placed between scalp and TMS coil. Stimulation protocol (duration, intensities, and frequencies) was maintained the same as in non-sham (Supplementary Figure 1).



DELPHI Analysis

Direct electrophysiological imaging analyzes the regional and network TMS evoked EEG pattern of response to single and history dependent events. A single TMS pulse delivered over the primary motor cortex (M1) results in a sequence of positive and negative EEG peaks at specific latencies (i.e., N45, P60, N100, and P180; negative peaks 45 and 100 msec after stimulation, positive peaks 60 and 180 msec after stimulation, Supplementary Figure 2). This pattern of response indicates synaptic activity, specifically the Glutamate-excitatory and Gamma-aminobutyric acid (GABA)-inhibitory transmission balance (Du et al., 2018). It is considered that the P60 peak represents activity of α1-subunit-containing GABA-A receptors whereas the N100 represents activity of GABA-B receptors (Premoli et al., 2014a). These TMS-evoked cortical potentials last for up to 300 msec in both the vicinity of the stimulation, as well as in remote interconnected brain areas that reflect long term changes in cortical network excitation-inhibition balance, referred to as brain network plasticity (Bonato et al., 2006; Daskalakis et al., 2008; Fitzgerald et al., 2008; Casarotto et al., 2010; Premoli et al., 2014a, b). Changes in TMS evoked short term plasticity measurements provide important insights into cortical processing both in health (Massimini et al., 2005; Ferrarelli et al., 2010) and disease (Daskalakis et al., 2002; Julkunen et al., 2008; Kaster et al., 2015; Manganotti et al., 2015; Ferreri et al., 2017a). All data processing is performed automatically by the DELPHI software algorithm.



DELPHI Architecture

Direct electrophysiological imaging is composed of customized integrated hardware devices (TMS and EEG), combined with an automated acquisition and analysis software (Figure 1).
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FIGURE 1. DELPHI system hardware and software architecture: DELPHI software algorithm architecture is divided into five layers.



Direct electrophysiological imaging software algorithm architecture is divided into five layers, as outlined in Figure 1A. Data acquisition: automated data collection. A fixed stimulation protocol of TMS in varying intensities and frequencies, introduced to specific pre-determined locations on the skull, ensuring accuracy of the acquired TEP data. (B) Online data check: automated and continuous evaluation of the collected data quality for optimal collection at minimum acquisition time. The online data check ensures a continuous online feedback of data quality. (C) Data pre- processing: automated rapid cleaning of data following acquisition. (D) Data analysis and features extraction: measured signal features are extracted and calculated for determining the relevant electrophysiological parameters of DELPHI physiological profiling. (E) Classification of population subgroups. DELPHI electrophysiological parameters constitute the subject network physiological profiling, which is displayed as numeric raw values. The reliability of DELPHI as a state and disease classification tool increases with the growth in the quantity of collected neuro-physiological biomarkers data.



DELPHI Physiological Network Profile Analysis

Direct electrophysiological imaging profile, characterizing brain network functionality, analyzes the physiological features of the local brain response to stimuli. The analysis regard two fundamental features of brain physiology: (1) Single pulse. This refers to the evoked response to a single TMS pulse in varying intensities, calculated as the local Input/output curve (Supplementary Figure 2A). Evoked response is represented as a collection of amplitudes, slopes and latencies (P60-N100 slope is referred to as the early slope and the N100-P180 slope as the late slope) (Rogasch et al., 2015; Tremblay et al., 2019). (2) Network plasticity. Refers to frequency dependent changes in evoked response, an attribute that expresses the history dependency of the network. Introducing high frequency of stimulation (>=20 Hz) evokes excitation of network response (Maeda et al., 2000; Garcia-Toro et al., 2006) while low frequency (>=5 Hz) evokes inhibition of the regional network response in a mechanism that may be similar to long term depression -LTD (Muellbacher et al., 2000; Fitzgerald et al., 2006; Supplementary Figure 2B). Data acquisition is performed automatically by introducing a sequence of stimuli in changing intensities and frequencies (Figure 2A) followed by a bilayer data cleaning step of TMS artifact removal and data filtering (Figures 2B,C). Average response features of charge transfer, slopes and latencies are extracted (Figure 2D), providing the single pulse and plasticity profile of network functionality. These physiological parameters are unified into one multidimensional neuro-physiological DELPHI profile of brain network functionality (Figure 2E). Cortical network values may be translated into pseudo-colored coded image describing brain network functionality (Figure 2F).
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FIGURE 2. Outline of the DELPHI functional network analysis.



Reproducibility test was performed on collected and analyzed parameters. Results demonstrate high reliability and reproducibility of the DELPHI analyzed physiological parameters displaying reliability coefficient (r) of 0.87 and 0.94 (Supplementary Figure 3).



Statistical Analysis

Statistical data analysis was performed using GraphPad Prism 7. Reproducibility measures were compared by Pearson’s correlation. Error bars shown in the figures represent standard error of the mean (SEM). The number of subjects is defined by N. One-way ANOVA analysis with post hoc Tukey was used to compare subject groups. Student’s un-paired t-test was used to compare two groups. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001, ns, non-significant.




RESULTS


Evaluation of Age Dependent Changes in Network Connectivity

Brain Network Connectivity and Coherence Are Indicators of Network Health and Function. The concept of using TMS-EEG for evaluating brain neuronal network by monitoring its response has been described in numerus papers and has been shown to provide clinical evidence for functional brain network pathophysiological deterioration (Grady et al., 2003; Wang et al., 2010; Legon et al., 2016).

Direct electrophysiological imaging analysis of single pulse response is displayed as connectivity matrixes (Pearson’s r) of averaged age groups (Figure 3). A decrease in signal coherence is observed with age, young 25–45 matrix (Figure 3A) display high correlation values which are slightly decreased in the healthy 50–70 group (Figure 3B) and decreases further in the over 70 healthy group (Figure 3C). A significant decrease is observed for young 25–45 and over 70 healthy group between left and right parietal and temporal areas (p < 0.01), but not between frontal right and left areas. A significant decrease is also displayed for frontal and parietal areas (p < 0.01), frontal and temporal areas (p < 0.01), and frontal vs. occipital areas (p < 0.01). There is also a significant decrease in r values for the 50–70 and over 70 healthy group for frontal connectivity between frontal and parietal areas (p < 0.01), frontal and temporal areas (p < 0.01), and frontal vs. occipital areas (p < 0.01). When comparing the MD patients, over 70 years old, with healthy over 70 controls (Figure 3D) a pronounced decrease in frontal inter-hemispheric connection is displayed (p < 0.01) as well as a decrease in connectivity values between frontal and contralateral parietal, temporal, and occipital areas (p < 0.01).
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FIGURE 3. Age dependent TEP-connectivity matrixes analysis. Pearson’s correlation coefficient of bi-lateral EEG sensors single pulse evoked response. Data presents averaged population response (A) 25–45 years old healthy group. (B) 50–70 years old healthy group. (C) Over 70 years old healthy group. (D) Over 70 years old diagnosed with Mild Dementia (MD). Correlation values are presented as consecutive color-coded bar. blue, high correlation; red, low correlation.



Direct electrophysiological imaging pinpoints two features that display a significant age dependent decrease in both early (Figure 4A) and late (Figure 4B) components of evoked response (data displayed for right hemisphere, contralateral to stimulation, parietal cortex). Moreover, comparing the two age comparable groups of healthy elderly and patients diagnosed with MD, reveals a significant difference in both components, particularly in the late slope of evoked response (Figure 4B). Group averaged regional ratio between these two slopes (early and late) of evoked response displays a significant, age dependent, change with pronounced differentiation between normal healthy aging, and MD, over the frontal, parietal, temporal and occipital cortical areas (Figures 4C–F, respectively). These extracted cortical network ratio values may be displayed as individual pseudo-color-coded images. Figures 4G–J presents color-coded images of subjects from the representative four study groups. 38-year-old healthy subject demonstrates high and uniform ratio between the late and early slope of evoked response reflected as a homogeneous blue colored brain (Figure 4G). A decline in the measured ratio is demonstrated with age, translated into light blue colored brain of a 58-year-old subject, representing the healthy 50–70 age group (Figure 4H), and a green-yellow colored brain presenting the over 70 years old group (Figure 4I). The MD group, represented by a 71 years-old subject, display a negative high ratio between late and early slopes of evoked response, reflected as orange colored cortical brain network functionality (Figure 4J).
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FIGURE 4. Age dependent network strength. (A) Age dependent change in the early slope of evoked response (P60-N100). (B) Age dependent change in the late slope of evoked response (N100-P180). (C–F) Group average of the ratio between the early and late slopes of response measured from the frontal, parietal, temporal, and occipital cortex electrodes, respectively. (C–F) green dots represent the averaged young, 25–45 years old, healthy individuals. Blue dots represents the averaged healthy, 50–70 years old subjects. Purple dots represent the averaged healthy subjects, over 70 years old. Red dots represent patients diagnosed with mild dementia, over 70 years old. Full dots, left hemisphere; empty circles, right hemisphere. (G–J) Represent the color-coded images of representative subjects from the four study groups (G) 38 years old healthy subject. (H) 58 years old healthy subject. (I) 75 years old healthy subject. (J) 71 years old subject diagnosed with mild dementia. Color coded scale bar represent the ratio between the late slope and the early slope of evoked response.





Age Dependent Changes in Network Short Term Plasticity

Brain network plasticity is known to change with age (Cabeza et al., 2002; Buckner et al., 2008; Wang et al., 2010). Moreover, progression of degenerative disorders as AD, correlate with decrease in brain network plasticity (Palop et al., 2007; Kumar et al., 2017). As TMS-EEG technology has been extensively shown to enable measuring of excitability and plasticity changes in healthy and pathological condition (Tremblay et al., 2019) it provides a platform for such evaluation DELPHI Analysis of the history dependency identified two physiological parameters of network functionality that best distinguished between groups (healthy aging and MD). The ratio between the total charge transfer of response (Q) evoked to an inhibitory protocol of stimulation (STP-Q), and the ratio between the late slope component of evoked response to an inhibitory protocol of stimulation (STP-slope N100-P180) (Figures 5A,B). A significant age dependent increase in the charge transfer STP and a decrease in the late slope STP is observed (Figures 5A,B data from the right hemisphere (contralateral to stimulation) parietal cortex is displayed). Comparing the two age comparable groups of healthy elderly and patients with MD, reveals a significant difference in both parameters. Interestingly, the most significant change in STP between the two groups is observed in the STP of the late slope, in which the MD group displays positive values (Figure 5B) reflecting a significant change in inhibitory response (P < 0.001). Group averaged regional ratio between these analyzed parameters of evoked response (Figures 5C–F), displays a pronounced differentiation between normal, healthy aging, and early phases of dementia, over the frontal, parietal, temporal and occipital cortical areas (Figures 5C–F, respectively). Intriguingly, the ratio between these STP calculated parameters demonstrates lower age dependency. These extracted cortical plasticity ratio values may be displayed as individual pseudo-color-coded images. Figures 5G–J, displays the significant differentiation between normal, healthy aging and early stages of dementia, implicating that while single pulse analysis of evoked response demonstrates strong correlation with normal aging (Figure 4), plasticity measures seem to provide a robust parameter for separating normal from abnormal- pathological aging, as in the current case of early stages of dementia (Figure 5).
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FIGURE 5. Age dependent network short term plasticity. (A) Age dependent short-term plasticity of evoked response charge transfer (STP-Q). (B) Age dependent short-term plasticity of evoked response late slope component (STP-slope N100-P180). (C–F) Group average of the ratio between STP of the total charge transfer and STP of the late slope of evoked response measured from the frontal, parietal, temporal, and occipital cortex electrodes, respectively. (C–F) green dots represent the averaged young, 25–45 years old, healthy individuals. Blue dots represents the averaged healthy, 50–70 years old subjects. Purple dots represent the averaged healthy subjects, over 70 years old. Red dots represent subject diagnosed with mild dementia, over 70 years old. Full dots, left hemisphere; empty circles, right hemisphere. (G,H) represent the color-coded images of representative subjects from the four study groups (g) 38 years old healthy subject. (H) 58 years old healthy subject. (I) 75 years old healthy subject. (J) 71 years old subject diagnosed with mild dementia. Color coded scale bar represent the ratio between the STP-Q and STP-slope N100-P180.






DISCUSSION

Current study results display the ability of DELPHI using TMS-EEG technology for measuring crucial brain network parameters of connectivity and plasticity and its relevance for monitoring brain health. Network connectivity measures displayed in this study, indicate monitorable changes that occur with age and point to the ability of this technology to monitor subtle structural and functional changes, as well as the ability to differentiate normal and abnormal aging. Connectivity maps display changes in connectivity between healthy and MD subjects mainly relating frontal areas, indicating a decrease in inter-hemispheric synchronicity, as well as decreased synchronicity between frontal and temporal or parietal areas (Figure 3).

These results are consistent with several structural and functional studies demonstrating intercortical disconnect such as changes in the corpus callosum (CC) in early stages of AD and MCI (Di Paola et al., 2010a, b; Frederiksen et al., 2011). Changes in transcallosal connectivity have also been displayed using TMS in a study differentiating between demented and cognitively impaired non-demented patients (Lanza et al., 2013). TEP slopes, which provide a description of TEP form and an excitation/inhibition reference (Rossi et al., 2009; Tremblay et al., 2019), display an age dependent decrease in both early and late slopes of response (Figure 4). This decrease may be associated with atrophy of gray and white matter or changes in excitation/inhibition balance as supported by anatomical MRI and EEG studies which indicate reduced fiber tracks in frontal and temporal areas and front-occipital reduced synchronicity (Sexton et al., 2011; Dipasquale and Cercignani, 2016; Teipel et al., 2016). In addition, TEP slopes display a clear separation of pathological MD group from healthy control which includes a phase shift represented by slope changes, these may be accounted by severe brain atrophy and/or excitation/inhibition balance shift. Short term plasticity measures (Figure 5), which evaluates the changes in excitation/inhibition balance, are shown to provide discrete parameter which display a sort of binary step function for differentiating the healthy and diseased brain. These results may indicate as to the nature of significant changes in pathological population that results from shifting in excitation/inhibition mechanisms as opposed to connectivity and structural changes that may account for age related changes displayed here. This study results support the significance and value of TMS in understanding and monitoring brain health and pathological aging including neurodegenerative disorders such as Alzheimer’s disease (AD) and vascular dementia. Studies of connectivity, excitability and plasticity utilizing TMS have provided evidence suggesting cortical excitability changes in the early stages of the disease, as well as altered cortical inhibition and cholinergic mechanisms (Bella et al., 2013, 2016; Ni and Chen, 2015; Ferreri et al., 2017b; Lanza et al., 2017). It has also been shown that TMS-EEG evoked potentials (TEP) poses major advantages as: (A) High reproducibility of evoked response within individuals over occipital, parietal, premotor, motor and prefrontal regions (Lioumis et al., 2009; Casarotto et al., 2010; Kerwin et al., 2018). (B) Ability to measure TEP at sub MT intensities. Stimulating the M1 at intensities as low as 40% of the MEP threshold, exemplifying the sensitivity of the measure (Komssi et al., 2004; Komssi and Kähkönen, 2006). (C) Recorded both locally, and in distal electrodes, allowing for the study of the spreading of activation over cortical areas (Ilmoniemi et al., 1997; Komssi et al., 2002).

In this study, we introduce a new scientific and methodological approach, which can be used in the clinical environment, enabling healthcare providers with a bedside tool for the evaluation and monitoring of brain functional status in health and disease. Study results indicate the ability of DELPHI to clinically monitor brain structural and functional changes that may be associated with multiple pathologies, however, this study did not consider different dementia sub groups of AD and Vascular dementia or its precursor of MCI (mild cognitive impairment) and SVD (small vessel disease) this should be further explored in larger pathological populations including different dementia types and their precursor conditions, alongside longitudinal aging studies that might indicate early detection, and exploration of other pathologies.



CONCLUSION

The extent of functional changes during brain aging varies among individuals in a way that cannot be quantified using current available clinical tools. Early identification of abnormal brain aging is extensively researched, scanning genetic, biochemical, and neuropsychological aspects of the transition from normal to pathologic aging. Our findings support the notion that evaluating elecro-physiological properties of connectivity and plasticity enable the characterization of age dependent brain functional changes and the monitoring of abnormal aging processes as presented in previous studies. Data presented in this work DELPHI as clinically effective in evaluating brain functionality and may ultimately provide a clinical tool for monitoring brain network function and brain health. DELPHI automated acquisition and analysis system can be used in order to monitor brain health throughout aging and may enable early detection of abnormal pathophysiological changes leading to neurodegeneration, as for the case of MD.
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This study evaluates the longitudinal changes in the amyloid-β (Aβ) deposition with [18F]-flutemetamol (FMM) PET imaging across the spectrum of Alzheimer’s disease (AD), compared with [11C]-Pittsburgh Compound-B (PIB) PET. Eleven AD, 17 mild cognitive impairment (MCI) and 13 cognitively normal (CN) subjects underwent neuropsychological assessment and amyloid PET imaging using [18F]-FMM and [11C]-PIB during a follow-up period. Regions of interest were defined on co-registered MRI, and the FMM and PIB standardized uptake value ratio (SUVR) was used in the same cortical regions. The annual rate of change in FMM and PIB SUVRs was calculated. Cortical FMM SUVR in amyloid-positive subjects increased over a follow-up of 3.1 ± 0.5 years. An individual FMM SUVR was significantly correlated with PIB SUVR at baseline and at follow-up in the same AD, MCI, and CN subjects. The annual rate of increase in FMM SUVR was significantly greater in typical amyloid-positive (0.033 ± 0.023, n = 7), focal positive MCI (0.076 ± 0.034, n = 4) and positive CN (0.039 ± 0.027, n = 4) while that in AD (0.020 ± 0.018, n = 11) was smaller. Among amyloid-positive patients, the baseline FMM SUVR was inversely related with the increased rate in FMM SUVR (r=−0.44, n = 26, p < 0.05). An individual annual rate in change of cortical FMM SUVR was significantly correlated with that in cortical PIB SUVR. Our results suggest that the [18F]-FMM PET imaging can clarify the longitudinal assessment of Aβ deposition across the AD spectrum, similarly to [11C]-PIB PET. The Increase in Aβ deposition is faster in the predementia stage but not at a constant rate across the clinical stages of the AD spectrum.
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INTRODUCTION

The National Institute on Aging Alzheimer’s Association (NIA-AA) workgroup has proposed diagnostic criteria for the spectrum of Alzheimer’s disease (AD) supported by biomarkers of the underlying pathophysiological process (Jack et al., 2011). This disease framework for AD with biomarkers is an important advance in clinical and pathophysiological progression. Among the biomarkers, amyloid PET imaging is the biomarker of the amyloid-β (Aβ) plaques which represents the earliest evidence of AD neuropathological change currently detectable in living persons and determines whether individuals are on the AD spectrum. Amyloid PET imaging is a key approach for the AD spectrum in general clinical practice.

Amyloid PET imaging with [11C]-labeled Pittsburgh Compound-B (PIB), which has a high affinity for fibrillar Aβ, detects Aβ deposition in the brain and is a distinctive and reliable Aβ biomarker. The [11C]-PIB PET imaging has demonstrated the usefulness of assessing the Aβ plaque status of subjects and has been well established (Klunk et al., 2004; Hatashita and Yamasaki, 2010). [11C]-PIB PET imaging has been extensively used in clinical research, trial and practice for AD. However, [11C]-PIB PET tracer can only be used in large PET centers with their own on-site cyclotron and radiopharmacy facilities due to the 20 min half-life of [11C]. Following the success of [11C]-PIB, several fluorine-18 [18F]-labeled Aβ-selective radiopharmaceuticals have been developed for clinical purposes. They are more suitable radioisotopes for more routine clinical usefulness because the 110 min half-life of [18F] allows distribution from a production site to multiple PET centers. [18F]-labeled amyloid PET imaging has been recently approved and has replaced [11C]-PIB PET imaging (Morris et al., 2016). In particular, [18F]-flutemetamol (FMM) is a fluorinated derivative of [11C]-PIB and is structurally identical to [11C]-PIB. [18F]-FMM PET imaging has been demonstrated to reliably detect Aβ deposition in the brain with imaging-to autopsy comparison, and distinguish AD patients from healthy controls (HC) subjects with both visual reads and quantification in the cortical regions, similar to [11C]-PIB PET imaging (Ikonomovic et al., 2008; Hatashita et al., 2014).

The longitudinal assessment of the increasing amyloid accumulation during the AD process is an important aspect of the clinical progression of the disease across the AD spectrum. Some longitudinal studies with [11C]-PIB PET imaging have shown that Aβ deposition increases continuously from levels in HC to those in AD dementia, and Aβ deposition slows in the later stages of AD (Jack et al., 2013; Villemagne et al., 2013). In contrast, using [18F]-FMM PET imaging, the longitudinal change of Aβ deposition has not yet been successfully clarified across the AD spectrum. It is still unknown whether the clinical progression of the disease across the spectrum of AD is associated with the amount in Aβ deposition and/or the rate of increase in Aβ deposition.

The aim was to evaluate the longitudinal change in the Aβ deposition across the spectrum of AD using amyloid PET imaging with [18F]-FMM and comparing this with [11C]-PIB. We sought to clarify the relationship between the amount of Aβ deposition, the annual rate of change in Aβ deposition, and the clinical progression of the disease.



MATERIALS AND METHODS


Subjects

Forty one subjects aged 60–90 years were recruited from our memory clinic and a community advertisement, and then included in a longitudinal study. Some subjects had participated in our earlier baseline study (Hatashita et al., 2014). All subjects underwent neurological and neuropsychological assessment, and amyloid PET imaging using [18F]-FMM and [11C]-PIB at baseline and one or more during the 3.1 ± 0.5 years of follow-up (range: 2.5–4.5 years). Global cognitive status was assessed with the Mini-Mental-State Examination (MMSE; Folstein et al., 1975) and the severity of dementia was rated on the Clinical Dementia Rating (CDR) scale and CDR sum of boxes (CDR SB; Morris, 1998). Memory measurement of immediate and delayed recall of a paragraph from the Wechsler Memory Scale-Revised (WMS-R) Logical Memory II was performed as a simple episodic memory test (Wechsler, 1987). The apolipoprotein E (APOE) genotype was determined at baseline.

Of these participants, 11 patients with AD dementia met the core clinical criteria of the NIA-AA for probable AD (McKham et al., 2011). The MMSE score was less than or equal to 23 and a CDR score was greater than 0.5. Seventeen patients with mild cognitive impairment (MCI) met the core clinical criteria for MCI by the NIA-AA (Albert et al., 2011), including an MMSE score greater than or equal to 24 and a global CDR score of at least 0.5 in the memory domain. Thirteen cognitively normal (CN) subjects had normal cognitive function with a MMSE score of 28 or greater and a global CDR score of 0. Participants were excluded if they had other systemic or brain diseases, including degenerative, vascular, depressive, traumatic, medical comorbidities, mixed disease, or traumatic brain injury.

The study was approved by the Ethics Committee of the Mirai Iryo Research Center Incorporation (Tokyo, Japan). All subjects or their caregivers provided written informed consent for participation.



PET Imaging

The [18F]-FMM and [11C]-PIB were produced in our PET center with good manufacturing practice guidelines (PIC/S GMP Guide Annex 3) according to standard procedures, as previously described (Hatashita et al., 2014).

All subjects underwent a [11C]-PIB PET scan on the same day as the cognitive testing, and a [18F]-FMM PET scan on the next day. PET imaging was conducted using a Siemens ECAT ACCEL scanner with an axial field of view of 155 mm, providing 63 contiguous 2.4 mm slices with a 5.6mm transaxial and a 5.4 mm axial resolution. Images were reconstructed with an iterative reconstruction algorithm, using a Gaussian filter of 3.5 mm full-width at half-maximum. The subject’s head was immobilized to minimize motion during the scan. In each case, 10 min of transmission data were acquired for attenuation and scatter correction before the emission scan.

The [11C]-PIB was injected intravenously as a bolus with a mean dose of 550 ± 10% MBq. Dynamic PET scanning in the three-dimensional mode was performed for 60 min using a predetermined protocol. A single dose of [18F]-FMM of 190 ± 10% MBq was injected as a bolus. The image acquisition window of the [18F]-FMM extended from 85 to 115 min. All subjects underwent T1-weighed MRI (1.5 Tesla) for screening and subsequent co-registration with the PET images.



Image Analysis

A region of interest (ROI) analysis was performed on individual PET images. MRI-based correction of the PET data for partial volume effects was carried out using the PMOD software (PMOD Technologies Limited, Adliswil, Switzerland). The ROIs were manually drawn on the co-registered MRI in each subject and included the following 20 bilateral cortical regions: lateral temporal cortex (LTC), medial temporal cortex (MTC), frontal cortex (FC), occipital cortex (OC), parietal cortex (PC), sensory motor cortex (MC), anterior cingulate gyrus (ACG), posterior cingulate gyrus (PCG), precuneus cortex (Pre) and cerebellar cortex. The cerebellar gray matter was used as a reference region. The ROIs of the follow-up PET images were co-registered with the initial PET images, and the same ROIs were applied to both the baseline and follow-up images.

The retention of [18F]-FMM was calculated as the regional-to-cerebellum standardized uptake value ratios (SUVR). The regional FMM SUVR in each cortical region and cortical FMM SUVR for the mean of the regional SUVR over the nine cortical regions, including LTC, MTC, FC, OC, PC, MC, ACG, PCG, and Pre, were defined. The retention of [11C]-PIB was calculated as SUVR for 35–60 min. Regional and cortical PIB SUVR values were defined in the same regions as the FMM SUVR.

The cut-off values of FMM SUVR and PIB SUVR for amyloid positivity were based on the bimodal distribution in 56 CN controls and 32 AD patients. The cut-off value of FMM SUVR was 1.36 in cortical region while that of PIB SUVR was 1.39, as previously described (Hatashita et al., 2014). A typical amyloid-positive scan had more than cut-off values of cortical FMM and PIB SUVRs, and of regional FMM and PIB SUVRs in at least four cortical regions of LTC, FC, PC and Pre. The focal amyloid-positive scan had more than the cut-off value of regional FMM and PIB SUVRs in at least one or two regional cortical regions. An amyloid-negative scan had less than the cut-off value of regional FMM and PIB SUVRs in all of the cortical regions.



Data Management

The subjects underwent clinical assessments and [18F]-FMM PET and [11C]-PIB PET imaging approximately 12 months apart during the follow-up period. Annual changes in the [18F]-FMM and [11C]-PIB SUVRs of each cortical region were calculated for each subject at the last follow-up visit using the following equation: annual change = [(SUVR at last follow-up − SUVR at baseline)/follow-up period (year)].



Statistical Analysis

Data were analyzed with Statcel 3 software (OMS Inc., Tokyo, Japan). Paired t-tests were used to study changes between baseline and follow-up data. Clinical group differences were evaluated with two-sample Student’s t-tests. Multiple comparisons of the difference in cortical regions were performed using Bonferroni post hoc test. Pearson’s correlation analyses were conducted among the FMM SUVR, PIB SUVR, and clinical features. Categorical variables were examined with Fisher’s exact test. Results were considered significant at p < 0.05. Data were presented as means ± standard deviations (SD).




RESULTS


Amyloid Positivity

All the 11 subjects with AD dementia had typical amyloid-positive scans. Eleven of the 17 MCI patients were amyloid-positive while six patients were amyloid-negative. Seven of the 11 amyloid-positive MCI patients had typical positive scans and four patients had focal positive scans. Two of four focal positive MCI patients were amyloid-positive in both precuneus and parietal or frontal cortical regions while two were only in precuneus. Four of the 13 CN subjects had typical amyloid-positive scans, and nine subjects were amyloid-negative.



Clinical Data and Cognitive Function

The demographic characteristics of the AD, MCI and CN subjects at baseline and follow-up are shown in Table 1. There was no difference in a mean age, education level, and sex among these groups. An APOEε4 allele was present in 6 (54%) of 11 AD patients, 6 (54%) of 11 amyloid-positive MCI patients and two (50%) of four amyloid-positive CN subjects. The proportion of APOEε4 carriers in these amyloid-positive subjects was larger than that in the amyloid-negative MCI or CN subjects.


TABLE 1. Demographic characteristics of Alzheimer’s disease (AD), mild cognitive impairment (MCI) and cognitively normal (CN) subjects at baseline and follow-up.
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The 11 AD patients had a mean MMSE score of 21.0 ± 2.1, a global CDR score of 0.8 ± 0.2 and a CDR SB score of 2.8 ± 1.1 at baseline, having significantly greater cognitive impairment compared with the amyloid-positive MCI and CN subjects. At follow-up of 3.3 ± 0.3 years, the mean MMSE score significantly decreased to 16.1 ± 3.2 (n = 11, p < 0.05), and global CDR and CDR SB deteriorated to 1.3 ± 0.4 (n = 11, p < 0.05) and 5.5 ± 2.5 (n = 11, p < 0.05), respectively. In contrast, the four amyloid-positive and nine negative CN subjects had no cognitive impairment on MMSE, global CDR or WMS-R Immediate and Delayed Recall scores at baseline and follow-up. None of the CN subjects progressed to MCI or AD during the follow-up period.

The seven typical positive MCI patients had a mean MMSE score of 26.1 ± 1.4 and a CDR SB of 0.7 ± 0.2 at baseline, similarly to the focal positive and amyloid-negative MCI patients. A mean WMS-R Delayed Recall score in typical positive MCI patients was 1.4 ± 2.6, which was smaller than that in the amyloid-negative MCI patients. Five (71%) of the seven typical positive MCI patients progressed to AD during the follow-up of 3.0 ± 0.2 years (range: 2.5–3.5 years). At follow-up, MMSE scores in typical positive MCI patients decreased to 22.0 ± 0.8 (n = 7, p < 0.05) and CDR SB scores increased to 2.1 ± 0.9 (n = 7, p < 0.05). In contrast, none of the four focal positive MCI patients progressed to AD during a follow-up of 3.0 ± 0.1 years. The MMSE and CDR SB scores at follow-up did not significantly differ from those at baseline. None of the six amyloid-negative MCI patients progressed to any dementia. There were no significant differences in MMSE and CDR SB scores between at baseline and follow-up.



Aβ Deposition

Mean cortical FMM SUVR values at baseline and follow-up in AD, MCI, and CN subjects are presented in Figure 1. The cortical FMM SUVR in AD patients was 1.87 ± 0.29 (n = 11, p < 0.01) at baseline, which was higher than that in amyloid-negative CN (1.19 ± 0.09, n = 9) or amyloid-negative MCI patients (1.25 ± 0.06, n = 6). The typical positive MCI patients had high cortical FMM SUVR of 1.86 ± 0.14 (n = 7), being the same high level as AD. In amyloid-positive CN subjects, cortical FMM SUVR was also high (1.62 ± 0.08, n = 4), which was slightly lower than AD patient. At follow-up, AD and amyloid-positive MCI and CN subjects had significantly higher cortical FMM SUVR than that at baseline. The cortical FMM SUVR in AD patients increased to 1.94 ± 0.29, which was not different from that in typical positive MCI (1.95 ± 0.13) or CN subjects (1.73 ± 0.09). In focal positive MCI patients, the cortical FMM SUVR increased significantly from 1.32 ± 0.02 at baseline to 1.50 ± 0.05 (n = 4, P < 0.05). The amyloid-negative MCI and CN subjects had no significant change in cortical FMM SUVR at follow-up.
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FIGURE 1. Mean cortical [18F]-flutemetamol (FMM) standardized uptake value ratio (SUVR) at baseline and follow-up in Alzheimer’s disease (AD) patients, typical positive mild cognitive impairment (MCI typ) and focal positive MCI patients (MCI foc), amyloid-negative MCI patients (MCI−), amyloid-positive cognitively normal (CN) subjects (CN+), and amyloid-negative CN subjects (CN−). Data are presented as mean ± standard deviations (SD). *Statistically significant difference from baseline by paired t-test (p < 0.05).



The individual cortical FMM SUVR values at baseline in the AD patients, the typical and focal positive MCI patients, the amyloid-negative MCI patients and the amyloid-positive and negative CN subjects are shown in Figure 2. All 22 subjects with typical amyloid-positive scans had high cortical FMM SUVR of above 1.50. Five of seven typical positive MCI patients had a higher FMM SUVR of above 1.81, all of whom progressed to AD. Although four focal positive MCI patients had a cortical FMM SUVR of below 1.36, all of them had high regional FMM SUVR of above 1.50 in precuneus; two of them had high regional FMM SUVR in another cortical regions, and one had a regional FMM SUVR of 1.40 in the parietal cortical region while the other had 1.37 in the frontal cortical region. Four amyloid-positive CN subjects had a high cortical FMM SUVR of 1.55–1.74.
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FIGURE 2. Individual cortical FMM SUVR values at baseline in AD, typical positive MCI (MCI typ) and focal positive MCI (MCI foc), amyloid-negative MCI (MCI−), amyloid-positive CN (CN+) and negative CN subjects (CN−). The upper dotted line indicates the FMM SUVR of 1.81, while the lower line indicates the FMM SUVR of 1.50.





Changes in Aβ Deposition

The mean annual rates of change in the cortical FMM SUVR in the AD, MCI and CN subjects are shown in Figure 3. The annual rates of increase in cortical FMM SUVR in typical positive MCI patients (0.033 ± 0.024, n = 7, p < 0.05) and amyloid-positive CN subjects (0.039 ± 0.023, n = 4, p < 0.05) were significantly greater than those in amyloid-negative CN subjects (0.007 ± 0.016, n = 9). The annual increase rate in AD patients (0.020 ± 0.018, n = 11) was small, being not significantly different from the amyloid-negative CN subjects. In the focal positive MCI patients in particular, the annual rate of increase was the greatest among these groups (0.076 ± 0.034, n = 4, p < 0.01). The increase of cortical FMM SUVR was 5.8% per year.
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FIGURE 3. The mean annual rate of change in the cortical FMM SUVR in AD, typical positive MCI (MCI typ) and focal positive MCI (MCI foc), amyloid-negative MCI (MCI−), amyloid-positive CN (CN+) and negative CN subjects (CN−). *Statistically significant difference from CN− by Student’s t-test (p < 0.05).



The annual rate of change in regional FMM SUVR for four different cortical regions in AD, typical and focal positive MCI, amyloid-negative MCI and amyloid-positive and negative CN subjects are shown in Table 2. Among these cortical regions, the annual rate of increase in regional FMM SUVR was the greatest in precuneus in focal positive MCI patients (0.097 ± 0.029, n = 4, p < 0.05), being significantly different from that in the amyloid-negative CN subjects. The increase rate of regional FMM SUVR in the frontal cortical region was also greater in focal positive MCI patients (0.093 ± 0.053, n = 4), but not significantly. There was no significant difference in annual rate of change in regional FMM SUVR between these cortical regions in the AD, typical and focal positive MCI, and amyloid-positive CN group.


TABLE 2. Annual rate of change in regional [18F]-flutemetamol (FMM) standardized uptake value ratio (SUVR) in four different cortical regions of AD, MCI and CN subjects.
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When the individual annual rate of change in cortical FMM SUVR was correlated to the baseline FMM SUVR in all subjects, there was no significant correlation between them with simple model (R2 = 0.002, n = 41, p = 0.73) and inversed U-shape model (R2 = 0.07, n = 41, p = 0.23). In contrast, among amyloid-positive patients, the individual annual rate of increase in cortical FMM SUVR had significantly inverse correlation with the baseline FMM SUVR (r = −0.44, n = 26, p < 0.05).



Comparison Between FMM SUVR and PIB SUVR

The mean cortical FMM and PIB SUVRs at baseline, and the annual rate of change in cortical FMM and PIB SUVRs in the same AD, MCI, and CN subjects are shown in Table 3. The baseline value and the annual increase rate of cortical FMM SUVR in each group were not different from those of cortical PIB SUVR. The individual cortical FMM SUVR was significantly correlated with cortical PIB SUVR at baseline (r = 0.96, n = 41, p < 0.001) and at follow-up (r = 0.95, n = 41, p < 0.001; Figure 4). Furthermore, an individual annual rate in change of cortical FMM SUVR was significantly correlated with that in cortical PIB SUVR (r = 0.69, n = 41, p < 0.01; Figure 5).


TABLE 3. Mean cortical FMM and Pittsburgh Compound-B (PIB) SUVRs at baseline and annual rate of change in cortical FMM and PIB SUVRs in AD, MCI and CN subjects.
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FIGURE 4. Relationship of cortical FMM SUVR and cortical Pittsburgh Compound-B (PIB) SUVR in individual AD (squares), MCI (circles), and CN subjects (triangles) at baseline (A) and follow-up (B). The FMM SUVR is significantly correlated to PIB SUVR at baseline (r = 0.96, n = 41, p < 0.001) and follow-up (r = 0.95, n = 41, p < 0.001).
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FIGURE 5. Relationship between annual rate of changes in cortical FMM SUVR and PIB SUVR in AD (squares), MCI (circles), and CN subjects (triangles). Annual rate of change in FMM SUVR is significantly correlated to that in PIB SUVR (r = 0.69, n = 41, p < 0.01).





Aβ Deposition, Cognition, Age, and APOE Genotype

Of the 26 amyloid-positive patients, the mean cortical FMM SUVR at baseline in the 14 APOEε4 carriers (1.76 ± 0.33, n = 14, p = 0.77) did not differ significantly from that in the 12 non-carriers (1.73 ± 0.22, n = 12). The annual rate of increase in FMM SUVR in the APOEε4 carriers (0.043 ± 0.028, n = 14) was greater than that in non-carriers (0.026 ± 0.029, n = 12), but the difference was not significant. There was no significant relationship between cortical FMM SUVR at baseline and MMSE score in individual amyloid-positive subjects (r = −0.29, n = 26, p = 0.14). Furthermore, the annual rate of changes in cortical FMM SUVR was not significantly correlated to that of the MMSE score in individual amyloid-positive subjects (r = 0.30, n = 26, p = 0.12) or that of the CDR SB score (r = −0.27, n = 26, p = 0.18). The baseline age was not significantly correlated to the cortical FMM SUVR at baseline (r = 0.14, n = 26, p = 0.48) or the annual rate of increase in cortical FMM SUVR (r = −0.14, n = 26, p = 0.49) in individual amyloid-positive subjects.




DISCUSSION

We demonstrated that the cortical FMM SUVR in AD, amyloid-positive MCI, and CN subjects increased over follow-up. The annual rate of increase in cortical FMM SUVR was significantly greater in amyloid-positive MCI and CN subjects while it was relatively small in AD patients, and it was the greatest in focal positive MCI patients. A previous [11C]-PIB PET study revealed that MCI patients with high PIB retention had faster increase rates of Aβ deposition, similarly to HC subjects with high PIB retention, but AD patients had a slower rate (Jack et al., 2013). Our previous study demonstrated that the patients with MCI due to AD had greater rates of increase in Aβ deposition during the process of progression to AD, followed by smaller rates of increase at the stage of AD dementia (Hatashita and Wakebe, 2017). These findings indicate that the increase of Aβ deposition does not occur at a constant rate across the clinical stages of the AD spectrum. Aβ deposition could increase faster in MCI patients than in AD patients, and if MCI patients have focal amyloid-positive scans, the Aβ deposition would increase further faster.

In the present study, the annual rate of increase in regional FMM SUVR differed between the cortical regions in the amyloid-positive groups. The increase rate of regional FMM SUVR was the greatest in the precuneus in focal positive MCI patients, followed by the frontal cortical region. Previous [11C]-PIB PET studies have reported that the parietal and frontal cortices and the posterior cingulate showed the most prominent increase in [11C]-PIB uptake in MCI patients (Villemagne et al., 2011; Kemppainen et al., 2014). These findings indicate that Aβ deposition increases faster in precuneus/posterior cingulate in amyloid-positive MCI patients. On the other hand, the AD pathophysiological process has been demonstrated to be temporoparietal and/or precuneus hypometabolism. In the patients with MCI due to AD, we have reported that a regional hypometabolism in the temporal, parietal, and/or precuneus cortices detected by [18F]-fluorodeoxyglucose (FDG) PET is associated to the progression to AD (Hatashita and Yamasaki, 2013). Therefore, we suggest that the faster increase of Aβ deposition, particularly in precuneus, could cause primarily downstream neurodegeneration in the predementia stage.

The annual rate of change in Aβ deposition has been described as providing the estimation for the duration of clinical progression of disease according to individual current Aβ deposition. The time span of disease progression has been estimated at 19.2 years for an individual to go from a PIB SUVR threshold of 1.5 in HC to a PIB SUVR of 2.33 in AD, equivalent to a 0.043 SUVR increase per year (Villemagne et al., 2013). The present study has demonstrated that the estimated time for disease progression to MCI was 6.15 years in amyloid-positive CN subjects to move from the mean cortical FMM SUVR of 1.62 in CN subjects to FMM SUVR of 1.86 in MCI patients based on a mean 0.039 FMM SUVR increase per year. In contrast, we have recently reported that 63% of 16 HC subjects with preclinical AD progressed to MCI within 7 years based on each clinical core criteria of the NIA-AA diagnostic guidelines (Hatashita and Wakebe, 2019). The time of clinical progression that is estimated by the amount and increased rate of Aβ deposition might actually be smaller than what occurs. The time of clinical progression in the preclinical stage of the AD spectrum would vary with APOE genotype, age, education, cognitive reserve and combined brain pathologies, in addition to increase of Aβ deposition.

On the other hand, in the typical positive MCI patients who had almost the same high level of FMM SUVR of 1.86 at baseline as AD, the present study found that the estimation of time for progression to AD dementia was 0.30 years, based on the annual rate of increase in FMM SUVR of 0.033. However, none of these MCI patients actually progressed to AD within 2 years. This implies that the typical positive MCI patients do not progress to AD quickly, even if Aβ deposition reaches the same level as AD. Furthermore, the present study showed that the increased rate of FMM SUVR was not correlated to the decline of MMSE or CDR SB scores in amyloid-positive subjects. In the predementia stage of AD, the increase rate of Aβ deposition does not appear to cause progressive cognitive deterioration directly but rather to trigger downstream AD neuropathological change.

The comparison of the [18F]-FMM PET and [11C]-PIB PET imaging has been studied along the continuum from normal cognitive status to the dementia of AD (Mountz et al., 2015; Lowe et al., 2017). We had already reported that the quantitative measurement of [18F]-FMM PET images, in addition to visual assessment, was consistent with that of [11C]-PIB PET (Hatashita et al., 2014). In this longitudinal study of [18F]-FMM PET and [11C]-PIB PET, we have demonstrated that the individual cortical FMM SUVR was significantly correlated with PIB SUVR at follow-up, in addition to at baseline, in the same AD, MCI, and CN subjects. In addition, the annual rate of change in cortical FMM SUVR was significantly related to that in cortical PIB SUVR. These findings imply that [18F]-FMM PET imaging successfully evaluates the longitudinal assessment of Aβ deposition across the AD spectrum, similarly to a standard approach of [11C]-PIB PET. Therefore, [18F]-FMM PET imaging can reliably detect longitudinal Aβ deposition in the brain and provide a potential prognostic timeframe based on the amount and increased rate of Aβ deposition. Furthermore, it is likely to play a critical role in the development of anti-amyloid therapies by establishing critical periods suitable for intervention along the disease pathway.

Certain limitations of our study should be noted. We conducted a successful longitudinal assessment of Aβ deposition across the AD spectrum during a follow-up period. The quantification was performed by regional FMM and PIB SUVRs normalized to a reference region of cerebellar gray matter. The number of participants included in the assessment was also relatively small, especially for the amyloid-positive CN subjects and focal positive MCI patients.

In conclusion, the [18F]-FMM PET imaging can clarify the longitudinal assessment of Aβ deposition and the increase rate of Aβ deposition across the AD spectrum, similarly to [11C]-PIB PET. The increase of Aβ deposition is faster in the predementia stage of AD and slower in the dementia stage. The amount and increased rate of Aβ deposition could not directly affect a potential prognostic timeframe across AD spectrum.
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Background: Disruption of Wnt signaling has been implicated in dysfunctional synaptic plasticity, the degree of which correlates with Alzheimer’s disease severity. We sought to examine whether serum levels of Dickkopf-1 (Dkk-1), a Wnt antagonist, are associated with global disease progression in older adults with mild cognitive impairment (MCI) and mild-to-moderate AD.

Methods: We prospectively followed 88 older adults with MCI and mild-to-moderate AD attending a Memory Clinic. Cognitive performance, functional performance and neuropsychological symptoms were assessed at baseline and after 1 year. We reviewed neuroimaging for white matter changes and medial temporal atrophy, and performed ApoE genotyping at baseline. Serum Dkk-1 was assayed at baseline and 1 year, along with blood biomarkers of inflammation and endocrine dysfunction. We defined global disease progression (“progressors”) as an increase in Clinical Dementia Rating Sum-of-Boxes (CDR-SB) score by >2 points at 1 year.

Results: Fifteen (17.0%) participants had global disease progression. At baseline, there was no difference in cognitive performance and neuropsychiatric symptoms between groups, although progressors were more impaired in instrumental activities of daily living (p = 0.008). Progressors had significantly greater deterioration in cognitive performance (p = 0.002), with significantly worse functional performance and more severe neuropsychiatric symptoms (p = 0.042) at follow-up. Serum inflammatory and endocrine biomarkers at baseline and 1 year were similar between progressors and non-progressors. Serum Dkk-1 had increased significantly from baseline amongst progressors, while non-progressors exhibited decremental Dkk-1 over time (Dkk-1change: 354.304 ± 670.467 vs. −173.582 ± 535.676 ng/ml, p = 0.001). Adjusting for age, gender and baseline cognitive performance, incremental Dkk-1 independently predicted global cognitive decline (p = 0.012).

Conclusion: Our results suggest progressively dysfunctional Wnt signaling through Dkk-1 antagonism contributes to disease progression amongst older adults with MCI and mild-moderate AD.

Keywords: Dickkopf-1, mild cognitive impairment, Alzheimer’s disease, disease progression, inflammation


INTRODUCTION

Alzheimer’s disease (AD) is the most common form of dementia, with significant impact on the individual, caregiver, health systems and society. Current treatment strategies remain only symptomatic, with no known cure or disease-modifying therapy. While a natural trajectory of decline is anticipated, disease progression in AD is significantly heterogeneous with high variability in the rate of cognitive decline amongst afflicted persons (Lam et al., 2013). Risk factors for dementia have been widely reported in the literature, and a recent study suggested that rapid progression may be influenced by demographic and clinical factors as well as genetic interactions (Ferrari et al., 2018).

Synaptic dysfunction occurs early in the course of AD, before evidence of neuronal cell death, and the loss of synapses correlates best with cognitive decline (Terry et al., 1991; Palop and Mucke, 2010). Extracellular plaques of amyloid β (Aβ) and neurofibrillary tangles of hyperphosphorylated tau are the neuropathological hallmarks of AD and contribute to synaptic toxicity and neuronal loss. Wnt signaling has a key role in synaptic plasticity and memory, being neuroprotective against Aβ-induced toxicity, tau phosphorylation, neuroinflammation and apoptosis (Vallee and Lecarpentier, 2016; Tapia-Rojas and Inestrosa, 2018a). Dickkopf-1 protein (Dkk-1) is a secreted Wnt antagonist and found to be elevated in post-mortem brain samples from AD patients (Caricasole et al., 2004). Mouse models have demonstrated Dkk-1 as a critical participant in synaptic disassembly induced by Aβ, with short-term exposure to Aβ yielding increasing expression of Dkk-1 with consequent rapid synaptic loss (Purro et al., 2012). The observed enhanced working memory and memory consolidation in old mice deficient in Dkk-1 suggests that neutralization of Dkk-1 may be beneficial in counteracting age-related cognitive decline (Seib et al., 2013). There has been only one prior study that examined the relationship between circulating Dkk-1 levels and cognition in older adults, in which baseline Dkk-1 predicted decline in cognitive performance during follow-up (Ross et al., 2018). However, the study specifically recruited participants with subjective memory concerns and excluded those with confirmed clinical diagnoses of mild cognitive impairment (MCI) and dementia.

Dkk-1 appears to play a role in chronic inflammation (Diarra et al., 2007; Sato et al., 2010; Chae et al., 2016), which has been implicated in the neuropathological profile of AD (Uchihara et al., 1997; Vehmas et al., 2003). Plasma levels of inflammatory cytokines had also been associated with pathological severity, with significant elevations in peripheral inflammatory signals over time amongst AD patients who exhibited rapid cognitive decline (Leung et al., 2013).

The objective of this exploratory study was to investigate whether circulating Dkk-1 is associated with disease progression in older adults with MCI and mild-to-moderate Alzheimer’s dementia. In addition, we measured serum markers representing inflammation and the endocrine axes due to reported associations with AD. If established, the study findings would support the potential role of Dkk-1 antagonist molecules to ameliorate AD progression.



MATERIALS AND METHODS


Study Population

This is a prospective study of community-dwelling older adults from a tertiary Memory Clinic in Singapore. We recruited 96 subjects with a diagnosis of MCI or mild-moderate Alzheimer’s dementia (AD) between December 2012 and November 2013. 88 participants completed a 1-year follow up.

Informed written consent was obtained from the patient or legally acceptable representative where appropriate. Ethics approval was obtained from the Domain Specific Review Board (DSRB) of the National Healthcare Group (NHG).


Diagnostic Categories

MCI was operationalized as follows: (1) global Clinical Dementia Rating (CDR) (Morris, 1993) score of 0.5; (2) presence of subjective memory complaint with corroboration by a reliable informant; (3) delayed recall >1 SD below the age and education-adjusted means of healthy community-dwelling subjects based on an earlier normative study (Sahadevan et al., 2002); (4) relatively normal general cognitive function, defined as Chinese Mini Mental State Examination (CMMSE) (Sahadevan et al., 2000) score ≥21 for subjects with ≤6 years education and ≥24 for those with >6 years of education; (5) largely intact activities of daily living; and (6) no clinical dementia.

Mild-moderate AD subjects were diagnosed according to National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer’s Disease and Related Disorders Association (NINCDS-ADRDA) criteria for probable AD (McKhann et al., 1984), with global CDR of 0.5, 1 or 2, for very mild, mild or moderate dementia, respectively. We excluded subjects with a diagnosis of possible AD in view of the confounding co-morbid diagnoses and differing clinical course in these individuals.



Eligibility Criteria

Potentially eligible subjects must have been aged >55 years, with a diagnosis of MCI or mild to moderate AD at baseline, community-dwelling, and accompanied by a reliable caregiver informant.

Subjects with presence of other central nervous conditions (stroke disease, Parkinson’s disease, subdural hematoma, normal pressure hydrocephalus, and brain tumor); presence of systemic conditions that can contribute to cognitive impairment (hypothyroidism, B12 deficiency, and hypercalcaemia); and presence of any active neuropsychiatric conditions producing disability were excluded. Residents of sheltered or nursing homes were also excluded.

The validity of the overall cognitive evaluation process and CDR scoring has been previously established (Chong and Sahadevan, 2003; Lim et al., 2005). All patients had undergone laboratory investigations and neuroimaging to exclude potentially reversible causes of dementia. All cases were discussed in a multidisciplinary consensus meeting in which all relevant results were reviewed for accurate clinical phenotyping. Patients meeting study eligibility criteria were then recruited.



Measures


Cognitive Assessment

We used the CDR (Morris, 1993), a structured clinician rating, to assess cognitive change and determine dementia severity. The CDR is a global dementia rating scale encompassing assessment across six domains – memory, orientation, judgment-problem solving, community affairs, home hobbies, and personal care – providing both a global and sum-of-boxes (CDR-SB) score (range 0 to 18). Global CDR 0 indicates no dementia, and CDR 1, 2 and 3 correspond to mild, moderate, and severe dementia, respectively. A global CDR stage of 0.5 can be representative of either very mild dementia or MCI, with the latter diagnosis being assigned when the cognitive impairment does not fulfill dementia criteria. CDR-SB provides a finer gradation of impairment and has demonstrated sensitivity to progression in dementia (Williams et al., 2013). The attending geriatrician, trained in administration of the CDR, rated each patient’s CDR at baseline and 1-year follow-up. We defined disease progression as an increase ≥2 points from baseline on the CDR-SB, based on an observed annual rate of change in CDR-SB score of 1.91 ± 0.07 amongst participants with mild AD (Williams et al., 2013).

Cognitive performance was assessed using the Chinese Mini-Mental State Examination (CMMSE). MCI subjects also underwent a neuropsychological assessment, which was modeled after the Consortium to Establish a Registry for Alzheimer’s Disease (CERAD) psychometric instrument, with local validation and education adjustment (Sahadevan et al., 2002). The battery of tests provides for assessment across multiple cognitive domains – memory (word list for immediate and delayed recall, and recognition memory), language (category fluency and modified Boston Naming Test), executive function (category fluency and Color Trail 2), and visuo-spatial ability (Block Design subtest of the Weschler Adult Intelligence Scale-revised).



Blood Biomarkers

All subjects underwent blood biomarker measurements at baseline and 1 year. Participants fasted for 8 h before the blood draw, and the aliquoted serum was frozen and stored at −80°C until the tests were performed. Inflammatory status was assessed by serum levels of Dkk-1, soluble tumor necrosis factor-α receptor-1 (TNF-R1, both R&D Systems, Minneapolis, MN, United States), and interleukin-6 (high sensitive IL-6, eBioscience, San Diego, CA, United States) via ELISA. The endocrine markers insulin-like growth factor-1 (IGF-1) and dehydroepiandrosterone sulfate (DHEA-S) were quantified using commercial ELISA assays (BioVendor, Brno, Czech Republic and Abcam, Cambridge, United Kingdom, respectively). All biomarkers were measured in duplicates according to manufacturers’ recommendations, and the average value was reported for all assays. Detection limits were as follows: DHEAS, 0.2 μmol/L; Dkk-1, 30 pg/ml; IGF-1, 2 ng/ml; IL-6, 0.1 pg/ml; TNF-R1, 30 pg/ml.



Other Co-variates

Demographic data and co-morbid vascular risk factors - hypertension, hyperlipidemia, diabetes mellitus, atrial fibrillation, peripheral vascular disease, smoking history, and ischemic heart disease – were documented at baseline. We reviewed participants’ medical records for the presence of chronic inflammatory disease and any active treatment with steroids or immunosuppressant medication.

At both baseline and 1-year follow-up, functional performance was evaluated using Barthel’s basic activities of daily living (ADL) index (Mahoney and Barthel, 1965) and Lawton and Brody’s instrumental ADL (iADL) index (Barberger-Gateau et al., 1992), while severity of neuropsychological symptoms was assessed using the Neuropsychiatric Inventory Questionnaire (Cummings, 1997).

We reviewed each subject’s neuroimaging scan - brain computed tomography (CT) scan (27 subjects) or magnetic resonance imaging (MRI) (68 subjects). White matter lesion (WML) severity was graded using the Age-Related White Matter Changes (ARWMC) scale applicable to both CT and MRI (using T2-weighted axial slices), in five different regions and separately for the right and left hemispheres – frontal area, parieto-occipital area, temporal area, infra-tentorial area, and basal ganglia. Each region was graded on a 4-point scale, and the global white matter score derived from summation of the individual scores (range 0–30), with higher ARWMC score reflecting a greater burden of white matter lesions (Wahlund et al., 2001). Medial temporal atrophy (MTA) score reflecting neurodegeneration was scored on T1-weighted coronal slices for MRI or non-enhanced CT, parallel to the brainstem axis and perpendicular to the hippocampal axis, by a consensus method where the scores range from 0 (no atrophy) to 4 (severe atrophy) (Wahlund et al., 2000). Visual ratings for ARWMC and MTA were performed by a blinded rater.

APOE genotyping into APOEε2,3,4 isoforms was performed via restriction enzyme analysis using the Applied Biosystems platform ABI Prism 310 Genetic Analyzer.



Statistical Analyses

Descriptive data are presented as means (± SD) or median (interquartile range, IQR) for quantitative variables and as absolute and relative frequencies for categorical variables. We performed univariate analyses comparing progressors and non-progressors in baseline demographics, co-morbidities and neuroimaging markers, along with changes in cognitive, functional performance and blood biomarker measures, using independent-sample t-test and Wilcoxon Rank-Sum test for parametric and non-parametric continuous variables, respectively, and Chi-square test for categorical variables. Pearson’s correlation was performed to examine the relationship between changes in individual blood biomarkers and cognition as measured on both CMMSE and CDR-SB, for the overall cohort as well as subgroup analyses by baseline diagnosis (MCI or AD).

Multiple logistic regression, with disease progression (CDR-SB increase >2 points) as the outcome variable, was performed to examine the independent role of blood biomarkers. The full model included a priori age, gender, and baseline cognitive performance, in addition to each predictor biomarker showing significant univariate association with the outcome of interest. The chosen variables were guided by our sample size and prior literature on factors potentially influencing disease progression in AD, while ensuring no multi-collinearity.

Statistical analyses were performed using SPSS version 24. All statistical tests were two-tailed, with p-value <0.05 considered statistically significant. Owing to the number of blood biomarkers examined in our correlation analyses, we applied Bonferroni correction (0.05 divided by 5 blood biomarkers) to control for family wise error rate, such that only a p-value <0.01 would be considered significant for blood biomarker changes.



RESULTS


Clinical Characteristics (Table 1)

The mean age of our cohort was 77.0 ± 6.8 years, with 15 (15.6%) having a diagnosis of MCI, 69 (71.9%) mild AD, and 12 (12.5%) moderate AD. Eighty-eight (91.7%) of the 96 participants completed 1-year follow-up, of whom 14 had MCI and 74 had mild-moderate AD at baseline. There was no significant difference in age, gender, and baseline cognitive performance between participants who completed vs. those who were lost to follow-up.


TABLE 1. Clinical characteristics and disease progression.

[image: Table 1]Fifteen (17.0%) of 88 participants who completed 1-year follow-up exhibited global disease progression. Fourteen (18.9%) of participants with mild-moderate AD at diagnosis fulfilled CDR-SB cut-off for progression, while only 1 participant (7.1%) in the MCI group had progressed.

Baseline cognitive diagnosis (MCI, mild or moderate AD), cognitive performance and severity of neuropsychiatric symptoms were similar between participants with and without disease progression. However, progressors had significantly greater functional impairment in instrumental ADLs at baseline (15.6 ± 5.4 vs. 12.5 ± 3.4, p = 0.008) and follow-up. At 1-year follow-up, there was significantly greater decline in cognitive performance and increased severity of neuropsychiatric symptoms amongst progressors compared with non-progressors.

Vascular burden, as reflected by comorbidities and extent of white matter lesions on neuroimaging, was similar between progressors and non-progressors. There was no difference in severity of hippocampal atrophy at baseline, and ApoE-4 status was similar, between progressors and non-progressors.



Blood Biomarkers


Association of Disease Progression With Blood Biomarkers at Baseline and 1 Year (Table 2)

While there was no significant difference in baseline Dkk-1, serum Dkk-1 at 1 year was significantly higher in progressors compared with non-progressors (1045.762 ± 553.839 vs. 714.429 ± 366.852, p = 0.005). Contrary to the observed decremental Dkk-1 at 1 year relative to baseline amongst non-progressors, Dkk-1 had increased significantly from baseline amongst progressors (DKK-1change: 354.304 ± 670.467 vs. -173.582 ± 535.676, p = 0.001).


TABLE 2. Blood biomarkers and disease progression.

[image: Table 2]Other serum inflammatory and endocrine biomarkers – both at baseline and 1 year – were similar between progressors and non-progressors. There was also no difference in magnitude of individual inflammatory (IL-6 and TNF-R1) and endocrine biomarker change from baseline to 1 year between progressors and non-progressors.



Correlation Between Changes in Blood Biomarkers and Cognitive Performance (Table 3)

In analysis for the overall cohort of 88 participants, we observed no significant correlation between decline in CMMSE score and magnitude of change in individual biomarkers over time. Amongst the individual blood biomarkers, only incremental serum Dkk-1 over time correlated significantly with change in CDR sum-of-boxes score (r = 0.275, p = 0.010).


TABLE 3. Correlation between changes in blood biomarkers and cognitive performance.

[image: Table 3]In subgroup analysis amongst MCI participants, there was no correlation between any blood biomarker with either CMMSE or CDR-SB score change. However, we observed significant moderate correlation between incremental serum Dkk-1 and progressively higher CDR-SB scores over time in participants with mild-moderate AD at diagnosis (r = 0.346, p = 0.003).



Multiple Logistic Regression Model for Global Cognitive Decline (Table 4)

In multiple logistic regression, adjusting for age, gender, and baseline cognitive performance, incremental Dkk-1 over time independently predicted global disease progression. Incremental Dkk-1 within the upper quartile conferred 4.91-fold higher odds (95% confidence interval: 1.43–16.93, p = 0.012) for global cognitive decline.


TABLE 4. Multiple logistic regression for global cognitive decline.

[image: Table 4]We repeated the multiple logistic regression model for the subgroup with diagnosis of mild-moderate AD at baseline. Incremental Dkk-1 in the upper quartile significantly increased the odds for disease progression (Odds ratio = 3.96, 95% confidence interval: 1.07–14.39, p = 0.039). As only 1 MCI participant exhibited CDR-SB cut-off for progression, subgroup analysis was not performed for MCI.



DISCUSSION

This is the first study to demonstrate an association between circulating Dkk-1 and progressive decline in a cohort of older adults with MCI and mild-moderate AD. Deterioration in cognitive performance was paralleled by greater dependence in functional performance and increased neuropsychological symptoms, supporting the role of Dkk-1 in overall disease progression, particularly with established Alzheimer’s dementia. Notably, there was no difference in baseline vascular burden, hippocampal atrophy, and ApoE-4 status, nor was there a difference in other inflammatory and endocrine blood biomarkers.

The Wnt signaling pathway is fundamental to the development of the central nervous system and also plays critical roles in the adult brain, having been implicated in synaptic plasticity and cognition (Ortiz-Matamoros et al., 2013; Inestrosa and Varela-Nallar, 2014). Inhibition of Wnt signaling in mouse models of AD has been associated with accelerated onset and progression of AD neuropathology and memory loss (
Tapia-Rojas and Inestrosa, 2018b). As a negative modulator of Wnt signaling, Dkk-1 has been demonstrated to trigger synaptic loss mediated by amyloid-β (Purro et al., 2012). Mouse models suggest that Dkk-1 increases with age and its deletion attenuates age-related cognitive decline (Seib et al., 2013). To date, there is only one other study which examined serological Dkk-1 in a cohort of older adults with subjective cognitive concerns but in the absence of clinically diagnosed dementia (Ross et al., 2018). Although baseline Dkk-1 was negatively related to the annual rate of change in global cognition, this association between Dkk-1 and cognition was however lost following exclusion of participants who developed dementia during follow-up, suggesting that Dkk-1 may be more predictive of dementia than mere cognitive change. Our results complement this earlier study by examining a cohort of older adults across the spectrum of cognitive impairment ranging from MCI to mild-moderate AD. Increased Dkk-1 over time correlated with progressive disease severity as indicated by the change in CDR-SB scores. Specifically, our subgroup analysis also showed incremental Dkk-1 was significantly associated with progressively higher CDR-SB scores amongst participants with mild-moderate dementia, but not at the MCI stage. The apparent lack of correlation between changes in Dkk-1 and disease progression in MCI may be attributable to the slower natural progression in MCI compared with dementia given the relatively short duration of follow-up in our study (Storandt et al., 2002), as well as the etiological heterogeneity of MCI, although patients with non-amnestic presentations as well as central nervous or systemic conditions that could potentially contribute to cognitive impairment were excluded. In line with the present findings, Dkk-3 - a related Dkk-1 protein - was also noted to be elevated in both plasma and cerebrospinal fluid of patients with AD (Zenzaimer et al., 2009), although its action on the Wnt-pathway is context-dependent and its induction of vascular endothelial growth factor with dual effects in the central nervous system may occur independently of the Wnt signaling pathway (Busceti et al., 2018). Interestingly, we observed decremental Dkk-1 over time amongst non-progressors, which could not be accounted for by cognitive enhancer use or clinical comorbidities, although our data limits further exploration for possible mechanisms for restoration of Wnt-activity. With synaptic failure underlying the cognitive manifestations of AD, our data suggests that Dkk-1 may contribute to AD progression through synaptic dysfunction consequent to Wnt antagonism.

Contrary to the established role of inflammation in pathogenesis of AD (Perry et al., 2001; Heppner et al., 2015; Bagyinszky et al., 2017), we found no association between blood biomarkers of inflammation and global cognitive decline in our cohort of cognitively impaired older adults. Despite elevated concentrations of inflammatory markers within senile plaques and neurofibrillary tangles (Hosfield and Humpel, 2015), studies examining circulating levels of inflammatory markers and cognitive decline or clinical AD have had conflicting results (Tan et al., 2007; Sundelof et al., 2009). Furthermore, clinical trials of non-steroidal anti-inflammatory drugs have failed to demonstrate benefit on both risk and progression of AD (Aisen et al., 2003; Szekely et al., 2008). In the current study, the lack of relationship between peripheral inflammatory markers and disease progression may be attributed to the effect of the blood-brain barrier such that circulating inflammatory biomarkers may have limited utility in reflecting the changes occurring within the brain.

Disease progression in MCI and mild-moderate AD was also not associated with baseline or changes in serum concentrations of IGF-1 and DHEA-S. Beyond its role on somatic growth and development, IGF-1 has a neurotrophic role and is involved in the regulation of synaptic plasticity (Nieto-Estevez et al., 2016). While the liver is the primary site of IGF-1 production and systemic IGF-1 readily permeates the blood-brain barrier, there is also small local production in brain regions, including the hippocampus (Nieto-Estevez et al., 2016). Earlier studies on the relationship between serum IGF-1 and cognition in older adults have yielded mixed evidence, including the interesting observation of a possible U-shaped relationship where both high and low serum concentrations of IGF-1 were associated with poorer cognitive function (Frater et al., 2018). Most of the earlier studies involved healthy older adults, although in a small cohort of older persons with MCI, higher serum IGF-1 was associated with better cognitive performance, while lower IGF-1 concentration was also found to be associated with MCI (Calvo et al., 2013; Doi et al., 2015). However, with the earlier analyses being cross-sectional, it remains uncertain whether individual changes may potentially affect the rate of cognitive decline over time. Our results suggest that disease progression following established clinical manifestation of AD is independent of circulating IGF-1 changes.

Despite biologic evidence for the neuroprotective effects of androgens against amyloid-β induced apoptosis and tau hyperphosphorylation, we found no association between DHEA-S and disease progression. Our findings are consistent with an earlier study in which plasma DHEA-S was not associated with presence of AD, impairment in cognitive domains, or cumulative mortality (Bo et al., 2006), albeit in contradiction to a subsequent study reporting lower plasma DHEA in AD patients respective to age-matched controls (Aldred and Mecocci, 2010). Further, DHEA levels within cerebrospinal fluid were significantly higher in AD patients compared with cognitively normal controls and correlated with Braak neuropathological disease stage. Postulated reasons for the observed elevation include compensatory mechanisms in AD, heightened stress in more severely ill patients with AD, as well as induction by amyloid-β, indicating an adaptive response (Naylor et al., 2008). However, while CSF DHEA levels were similarly elevated in AD relative to controls in a separate study, CSF DHEA-S levels were notably significantly lower, suggesting that DHEA elevation may be consequent to its accumulation from reduced downstream transformation, rather than being a neuroprotective mechanism (Kim et al., 2003). On the contrary, DHEA positively modulates excitatory N-methyl-D-aspartate receptors while it negatively modulates inhibitory γ-aminobutyric receptors, potentially driving the excitotoxicity in AD and thus representing a non-adaptive response that may be driving AD pathophysiology (Naylor et al., 2008).

The strength of this study lies in our careful phenotyping and exclusion of participants with other central nervous conditions, such that the findings may be more specific to AD pathology, particularly for MCI which is etiologically heterogeneous. With regards to study limitations, we acknowledge that the relatively small sample size of only 15 progressors in our exploratory study may have contributed to the failure to demonstrate an association between disease progression and inflammatory as well as endocrine biomarkers. However, even with the whole cohort pooled, there was no correlation between serial change in inflammatory-endocrine biomarkers and change in cognitive performance or global disease severity. It also remains to be ascertained whether serum levels of biomarkers may reflect their concentrations in the brain. For instance, while circulating IGF-1 readily crosses the blood-brain barrier, local paracrine production has been postulated to be the major source of IGF-1 within the brain. The possibility of circulating biomarker levels being downstream of ongoing pathological changes in the brain cannot be definitively excluded, particularly with the absence of a normal control group. Further, the lack of cognitively healthy elderly precludes inference on the diagnostic or predictive utility of the examined biomarkers and the pathophysiology driving the initial symptomatic manifestations of AD.

In conclusion, our study provides preliminary clinical evidence for progressively dysfunctional Wnt signaling through DKK-1 antagonism in contributing to disease progression amongst cognitively impaired older adults with MCI and mild-moderate AD. The findings offer a platform to encourage further search for Dkk-1 antagonist molecules as potential therapeutic agents to ameliorate AD progression.
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The use of biomarkers is profoundly transforming medical research and practice. Their adoption has triggered major advancements in the field of Alzheimer’s disease (AD) over the past years. For instance, the analysis of the cerebrospinal fluid (CSF) and neuroimaging changes indicative of neuronal loss and amyloid deposition has led to the understanding that AD is characterized by a long preclinical phase. It is also supporting the transition towards a biology-grounded framework and definition of the disease. Nevertheless, though sufficient evidence exists about the analytical validity (i.e., accuracy, reliability, and reproducibility) of the candidate AD biomarkers, their clinical validity (i.e., how well the test measures the clinical features, and the disease or treatment outcomes) and clinical utility (i.e., if and how the test improves the patient’s outcomes, confirms/changes the diagnosis, identifies at-risk individuals, influences therapeutic choices) have not been fully proven. In the present review, some of the methodological issues and challenges that should be addressed in order to better appreciate the potential benefits and limitations of AD biomarkers are discussed. The ultimate goal is to stimulate a constructive discussion aimed at filling the existing gaps and more precisely defining the directions of future research. Specifically, four main aspects of the clinical validation process are addressed and applied to the most relevant CSF biomarkers: (1) the definition of reference values; (2) the identification of reference standards for the disease of interest (i.e., AD); (3) the inclusion within the diagnostic process; and (4) the statistical process supporting the whole framework.
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INTRODUCTION

A biomarker is defined as a characteristic that is objectively measured and evaluated as an indicator of normal biological processes, pathogenic processes, or pharmacological responses to a therapeutic intervention (Biomarkers Definitions Working Group, 2001). The use of biomarkers is profoundly transforming medical research and practice (the so called “biomarker revolution”; Schisterman and Albert, 2012). In fact, they may: (1) support the identification of pathophysiological processes causing or contributing to diseases; (2) define and predict the individual’s health trajectories and clinical outcomes; and (3) help in selecting interventions and monitoring the response to treatments. Thus, they play a relevant role within the promise of precision medicine approaches where medical choices are driven by individually targeted genetic and biological profiles (Jameson and Longo, 2015).

Biomarkers are particularly relevant in the study of pathological conditions affecting the central nervous system (CNS), considering that brain tissue is not readily accessible for diagnostic or research purposes. Specifically, their adoption has triggered major advancements in the field of Alzheimer’s disease (AD) over the past years. For instance, the analysis of the cerebrospinal fluid (CSF) and neuroimaging abnormalities indicative of neuronal loss and protein deposition has led to the understanding that AD is characterized by a long preclinical phase (Jack et al., 2013). This finding has been responsible for opening new perspectives in researching novel preventive/therapeutic strategies. It has also supported the transition towards a biology-grounded framework and definition of the disease (Jack et al., 2018). Furthermore, the use of these markers, when adopted as surrogate measures of AD in animal models, has contributed in accelerating the development of possible disease-modifying treatments (Cummings et al., 2018).

To date, although increasingly adopted in specialized clinical settings (Frisoni et al., 2017), the use of biomarkers to detect AD is still recommended only for research purposes and in selected atypical cases (McKhann et al., 2011; Dubois et al., 2014; Jack et al., 2018). Their adoption in the routine clinical practice remains controversial as confirmed by different systematic reviews and meta-analyses reaching heterogeneous results on the topic (Noel-Storr et al., 2013; Olsson et al., 2016; Ritchie et al., 2017). In particular, though sufficient (albeit inconclusive) evidence exists about the analytical validity (i.e., is the test accurate, reliable, and reproducible?) of the proposed AD biomarkers (Hansson et al., 2018; Lewczuk et al., 2018), their clinical validity (i.e., how well the test measures the clinical features, and the disease or treatment outcomes) and clinical utility (i.e., if and how the test improves the patient’s outcomes, confirms/defines the diagnosis, identifies at-risk individuals, influences therapeutic choices) have not yet been fully proven (Frisoni et al., 2017; Kraus, 2018).

In the present article, we discuss some of the methodological issues and challenges that should be addressed in order to better assess the potential benefits and limitations of AD biomarkers. Without the intent of underestimating what has been done over the years in the field, the ultimate goal of the present article is to stimulate a constructive discussion aimed at filling the existing gaps and more precisely defining the directions of future research. The work is structured around four main aspects to be considered when adopting a biomarker in clinical practice: (1) the definition of reference values; (2) the identification of reference standards specific for the disease of interest (i.e., AD); (3) the proper inclusion and contextualization within the diagnostic process; and (4) the statistical process supporting the whole framework. In particular, these points will be addressed with regard to the most relevant CSF biomarkers.



DEFINITION OF REFERENCE VALUES

The validation of a candidate biomarker should follow two preliminary steps: (1) the assessment of its distribution in healthy people; and (2) the definition of the index test reference values (e.g., those included between the 2.5th and 97.5th percentile of the distribution, or within the interval of the mean ±1.96 standard deviations in case of symmetric distribution). The impact of common sociodemographic characteristics (e.g., age, sex, race/ethnicity) on the identified normal and abnormal values should also be considered (Sackett and Haynes, 2002; Haynes and You, 2009; Colli et al., 2014). It should be underlined, within this framework, how challenging (or even arbitrary) the selection of the reference group (i.e., healthy controls) to be used to define the 95% range of reference values might be.

To assess the methodology of the studies providing reference intervals for possible CSF biomarkers [i.e., amyloid peptides Aβ1–42 (Aβ42), total tau (T-tau), and 181-phospo-tau (P-tau)] in AD, we retrieved all available literature published up to May 2019. To this purpose, we performed a structured search on PubMed using the following search terms: (Aβ* OR A-β* OR A-beta* OR abeta* OR AB-42 OR *tau) AND (CSF OR liquor OR cerebrospinal OR cerebro-spinal) AND [(population* OR reference* OR normative*) AND (value* OR limit*)] AND (healthy OR normal OR normality OR average OR “general population”). The search strategy led to the identification of 155 abstracts. The full-texts of six selected studies were retrieved and assessed for inclusion based on the following predefined inclusion/exclusion criteria: being published in English; having sample size >50 subjects; defining as explicit aim the identification of reference intervals or limits for the considered biomarkers. Only two studies were included based on their pertinence with and relevance to the topic of interest (Sjögren et al., 2001; Burkhard et al., 2004). As reported in Table 1, the two included studies showed a high heterogeneity in how both methods and results were reported, thus limiting their hypothetical summarization. Both studies investigated the CSF dosage of Aβ42 and T-tau in hospital-based samples of subjects with a wide spectrum of age (i.e., ranging from less than 30 years to even more than 90 years). The studies adopted the 10th fractile (or percentile) to calculate the reference limit for Aβ42 and the 90th fractile (or percentile) to define the reference limit for T-tau. Important differences were observed for what concerns the age distribution and sex composition of the enrolled study samples. Although the inconsistencies in the reporting of results (e.g., different stratification for age groups) preclude the possibility of a direct comparison of the findings, a relevant discrepancy in the identified reference limits was evident in the two studies (e.g., for Aβ42: 150 ng/L vs. 500 ng/L, respectively). Finally, none of them assessed the role of individual characteristics (e.g., race and genetics) that could potentially affect results and conclusions.

TABLE 1. Studies reporting reference limits for CSF Aβ42 and T-tau in healthy people.
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DEFINING DIAGNOSTIC REFERENCE STANDARDS FOR AD

The clinical validation of AD biomarkers is complicated by the lack of a unique diagnostic reference (Noel-Storr et al., 2013). Furthermore, the biological and clinical approaches to the diagnosis of AD have some relevant limitations. Neuropathology has traditionally been considered as the gold standard for the evaluation and judgment of clinical manifestations (McKhann et al., 1984). Nevertheless, its large-scale implementation is hampered by the difficulty of obtaining samples. However, the neuropathological characteristics of AD have a weak correlation with its phenotypic and clinical expression. In fact, it is well established that many individuals showing a high burden of AD pathology do not exhibit any clinical signs of the disease, whereas others with a limited amount of neuropathological changes had developed overt AD in life (Wallace et al., 2019). Beyond the absence of clear evidence supporting their causal role, some of the biological processes resulting in the AD neuropathological hallmarks (e.g., amyloid deposition) may have different pathogenic implications (Espay et al., 2019). They may, in fact, alternatively contribute to and accelerate neurodegeneration, represent epiphenomena, or even constitute compensatory mechanisms to molecular/cellular stress (Espay et al., 2019). Moreover, different latent factors, such as the individual’s frailty status, may moderate the relationship between AD pathology and dementia (Wallace et al., 2019). Finally, most of dementia cases (including AD dementia) are underlined by a mixed neuropathology (Boyle et al., 2018).

On the other hand, the adoption of clinical standards can be itself prevented by several obstacles. Logically, the cross-sectional validation of biomarkers against clinical criteria cannot result in an optimal diagnostic accuracy (Noel-Storr et al., 2013). Therefore, their use as prognostic markers, using longitudinal reference standards such as the conversion from MCI to AD dementia, are being increasingly considered for this purpose (Ritchie et al., 2014). However, the marked heterogeneity of these clinical outcomes may strongly confound their performance. For instance, the phenomenon of MCI conversion may occur in extremely variable times and ways, and be potentially affected by several additional, interacting factors (Grande et al., 2014). Moreover, it has been observed that a sizeable proportion of subjects with MCI shows a normalization of neuropsychological tests over time (Canevelli et al., 2016). Some subjects may follow even more complex clinical trajectories, by, for example, first reverting to normal cognition and subsequently progressing to dementia (Roberts et al., 2014). Theoretically, such a potential for multiple evolutions of MCI, shared by most of the risk conditions (Canevelli et al., 2017), implies the need to overcome the adoption of “classic” dichotomous outcomes (i.e., normal vs. pathological) preferring endpoints including at least 3 levels (i.e., improvement vs. stability vs. worsening). In other words, biomarkers could potentially support the identification not only of those subjects progressing to dementia, but also of those individuals showing an “inverse” trajectory towards normality. In this framework, the possibility of combining different biomarkers (or sets of biomarkers) should be considered with the objective of detecting the risk of decline as well as the possibility of restoration of a normal status.



THE ARCHITECTURE OF THE DIAGNOSTIC PROCESS

The actual validity and utility of a diagnostic test (e.g., a biomarker) can be summarized in a multistep process that should answer some crucial diagnostic questions, included in five iterative phases (Table 2; Sackett and Haynes, 2002; Haynes and You, 2009).

TABLE 2. The diagnostic research questions.
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In the AD literature, a relevant number of Phase I and Phase II studies has indicated that the CSF levels of biomarkers reflecting amyloid deposition (i.e., Aβ42) and neurodegeneration (i.e., T-tau and P-tau) are significantly different between subjects diagnosed with AD and to normal controls. In this context, a recent meta-analysis of 231 studies enrolling a total of 15,699 patients with AD and 13,018 controls reported an estimate of the following AD-to-control ratios: Aβ42 (average ratio 0.56, 95% CI 0.55–0.58, p < 0.0001), T-tau (2.54, 2.44–2.64, p < 0.0001), and P-tau (1.88, 1.79–1.97, p < 0.0001; Olsson et al., 2016). These biomarkers could also help in distinguishing those subjects with mild cognitive impairment (MCI) that will convert to dementia from non-converting subjects (Ritchie et al., 2017). Specifically, according to a recent Cochrane systematic review (Ritchie et al., 2017), the observed accuracy ranges of CSF biomarkers in predicting the conversion from MCI to AD dementia are:


-   T-tau: sensitivity: 51%–90%; specificity: 48%–88%;

-   P-tau: sensitivity: 40%–100%; specificity: 22%–86%;

-   P-tau/Aβ42 ratio: sensitivity: 80%–96%; specificity: 33%–95%.



Such wide variability can be attributed to relevant discrepancies in the adopted reference standards, in the source of recruitment and sampling of participants, and in the index test methodology across the retained studies. It is to be noted that most of these results were obtained in research settings, evaluating highly selected patients in whom the presence of the target disease had already been ascertained under ideal/almost utopic circumstances (e.g., by expert clinicians with the best available equipment, adopting the same reference standard for those with and without AD). These samples are unlikely to represent the overall population of patients with AD under multiple socio-demographic and clinical aspects. Therefore, it seems reasonable to expect these same biomarkers to yield different results when transferred from the research to the clinical setting (Dyer et al., 2016; Frisoni et al., 2017). To date, only few studies have provided realistic information on the validity of AD biomarkers in the “real world” (thus answering pragmatic Phase III questions). As expected, a lower accuracy in the discrimination of patients with and without AD was observed in these works (Mattsson et al., 2009; Tariciotti et al., 2018). Moreover, to our knowledge, no Phase IV and V evidence are available in this field of AD research. In other words, no study has yet robustly explored how the use of biomarkers can actually affect health outcomes (e.g., mortality, disability, response to treatment; Frisoni et al., 2017) nor their cost-effectiveness.



STATISTICAL APPROACHES ACROSS THE DIAGNOSTIC RESEARCH PROCESS

According to the previously discussed phases, different statistical approaches are required in each sequential step (Moons et al., 2012a,b; Collins et al., 2015). Phase I is exploratory by nature and is typically based on null hypothesis significance testing focused on isolating variables deemed individually relevant according to the P-value. The statistical methods for investigating Phase II and III questions belong to the field of prediction models (both diagnostic and prognostic) that typically focus on identifying sets of variables that can accurately predict the outcomes of interest. Considering the wide range of options and the differing perspectives of researchers, clinicians and public health decision makers, it is crucial to be aware about the trade-off between model transparency (allowing for easy interpretability and transparent scientific understanding) and model complexity (maximizing the predictive power through very sophisticated predictions that may often appear as an Opaque Black Box; Bzdok and Ioannidis, 2019). To this purpose, simple univariable classifications where Error Matrices (i.e., 2 × 2 contingency tables that report the number of false positives, false negatives, true positives, and true negatives) are derived by predefined cut-off values of single biomarkers as well as long-trusted multivariable statistical methods (e.g., Logistic and Cox Regression models) still remain the most suitable tools in the box. Regarding the Error Matrix and its derived measures (Akobeng, 2007), the Positive Predictive Value (PPV) and the Likelihood Ratio (LR) should always be preferred in prediction studies. In fact, Sensitivity and Specificity are indicative of the accuracy of a test (i.e., the biomarker), thus they are mostly useful for comparing the performance of different ones (with the possibility of combining two single tests in “OR”/“AND” modality to enhance the overall sensitivity/specificity; Sackett et al., 1985). The PPV and LR are, instead, informative about the single, specific individual. The PPV measures the individual probability to develop (or to have) the disease if the test is positive. The LR expresses the probability that the test is positive (or negative) in people with the disease compared to the probability that it is positive (or negative) in healthy people. It thus allows to simply update the pre-test probability of having the disease (based on the individual’s characteristics and clinical history) to the post-test probability (given the test results) according to its direction and magnitude (Table 3; Jaeschke et al., 1994; Kent and Hancock, 2016). Candidate CSF biomarkers for AD have so far shown small to minimum LR values (i.e., LR+ 2.72, LR− 0.32 at the median specificity of 72% for T-tau; LR+ 1.55, LR− 0.39 at the median specificity of 47.5% for P-tau; Ritchie et al., 2017).

TABLE 3. Definition and interpretation of the Likelihood Ratio (LR).
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The predictive performance of a model is usually measured using discrimination measures (such as c-index that is equal to the area under the Receiver Operating Curve) and calibration plots. These measures can be inflated in the data sample from which they are derived when compared to new but comparable data samples (overfitting). K-fold cross-validation and bootstrap are the preferred internal validation techniques to evaluate a potential overfitting. However, external validation is still necessary to guarantee the generalizability of the model in the real word setting (Phase III). Finally, the appropriate reporting, communication and use of the resulting model are crucial. Therefore, the output of the predictive model (in terms of coefficient estimates, standard error and confidence intervals) can be combined to graphic tools, such as nomograms, thus easily allowing to obtain the final outcome probability for a new patient based on his/her profile of predictive variables. This graphical approach, although not widely used in the field of AD (Jang et al., 2017), may have important practical implications in the clinical and regulatory setting (e.g., patient’s counseling, risk stratification, elaboration of guidelines, drug reimbursement). Phase IV studies, while sharing inferential testing tools that are similar to those used in Phase I, are usually framed within an evidence-based decision-making context where the statistical methods are derived from the domain of well-controlled experimental study design (typically a randomized clinical trial). Phase V studies, instead, focus on the evaluation of the most effective or cost-effective diagnostic strategies through specific cost-effectiveness analysis.



CONCLUSION

Overall, various methodological issues remain to be addressed in order to perform an adequate and complete clinical validation of candidate CSF biomarkers for AD. First, studies reporting the distribution of biomarkers in normal/healthy subjects and their variability according to major sociodemographic and clinical attributes are still lacking. In this regard, significant sex and race disparities for Aβ42 and tau levels have recently been reported both in healthy subjects and in patients with AD (Koran et al., 2017; Morris et al., 2019). Second, there is no conclusive agreement on the most appropriate reference standard for AD (e.g., clinical vs. biological) to be adopted to test the performance of new biomarkers. Third, no biomarker has yet consistently gone through all the phases that compose the architecture of diagnostic research. In particular, their actual impact on “hard” health outcomes and their cost-effectiveness has to be clarified. Similar conclusions have been reached by Mattsson et al. (2017) who have adopted an alternative model for developing the framework concerning AD biomarkers. Their approach, borrowed from oncology and structured around the natural history of the disease, should be regarded as complimentary to that adopted in the present work, essentially based on the methodological validation of biomarkers from the lens of clinical epidemiology. It is also crucial that, in each phase, the scientific contributions meet the highest quality standards. To this end, the widespread application of the checklist on reporting standards in dementia and cognitive impairment (STARDdem; Noel-Storr et al., 2014) can be a useful tool to improve consistency and transparency, and the application of the QUADAS 2 checklist (Whiting et al., 2011) can allow the identification of potential methodological biases, thus enabling a more effective assessment of candidate diagnostic tests. Moreover, multivariate statistical methodologies, possibly resulting in clinically-oriented tools such as nomograms, should be increasingly used to capture the complexity of the disease, both from a pathophysiological and phenotypic perspective, and to understand the actual clinical relevance of potential new biomarkers. It should be emphasized how these considerations, here paradigmatically referred to CSF, can be extended to all the candidate biomarkers for AD, regardless of their origin and nature (e.g., plasma, serum, urine, neuroimaging).

In conclusion, despite the enormous progress made in the field, there is still insufficient evidence to promote the use of candidate CSF biomarkers for AD in the routine clinical practice, As already pointed out by previous works on this topic, leaving the discussed methodological issues unaddressed raises the risk to provide clinicians with tools and tests whose answers are difficult to interpret and translate into concrete decisions. This might ultimately result in potential harm to patients, families, and healthcare systems.
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Objective: To explore the correlation between diabetic cognitive impairment (DCI) and diabetic retinopathy (DR) through examining the cognitive function and the metabolism of the cerebrum in Type 2 diabetes mellitus (T2DM) by 1H-MRS.

Methods: Fifty-three patients with T2DM were enrolled for this study. According to the fundus examination, the patients were divided into the DR group (n = 26) and the T2DM without DR group (T2DM group, n = 27). Thirty healthy adults were selected as a control group (HC group, n = 30). Cognitive function was measured by Montreal Cognitive Assessment (MoCA). The peak areas of N-acetylaspartate (NAA), Cho-line (Cho), Creatine (Cr), and Myo-inositol (mI) as well as their ratios were detected by proton magnetic resonance spectroscopy (1H-MRS). The difference analysis between the three groups was performed by one-way ANOVA. When p < 0.05, LSD-t was applied. A partial correlation analysis (with age as a covariate) was used to analyze the correlation between metabolites in the DR group and MoCA scores. Among all T2DM patients, Chi-square test age, gender, education level, BMI, SBP, DBP, FPG, HbA1c, TC, TG, HDL-C, LDL-C, DR, and DCI correlation were measured. Differences were statistically significant while P < 0.05.

Results: 1. The scores of MoCA in the DR group or in the T2DM group were significantly less than those in the HC group (F = 3.54, P < 0.05), and the scores of MoCA in the DR group were significantly less than those in the other groups (F = 3.61, P < 0.05). 2. There were significant differences for NAA in the bilateral hippocampus in DR patients, T2DM patients, and healthy controls (P < 0.05). 3. The NAA/Cr was significantly positively correlated with the score of MoCA in DR patients' left hippocampus (r = 0.781, P < 0.01). 4. Chi-square analysis found that there was a correlation between DR and DCI (x2 = 4.6, df = 1, p = 0.032, plt: 0.05). There was no correlation between other influencing factors and DCI (P > 0.05).

Conclusion: DCI is closely correlated with the DR in patients with T2DM. Hippocampal brain metabolism may have some changes in two sides of NAA in patients with DR, 1H-MRS may provide effective imaging strategies and methods for the early diagnosis of brain damage and quantitative assessment cognitive function in T2DM.

Keywords: T2DM, diabetic brain damage, diabetic retinopathy, hippocampus, 1H-MRS, MoCA

Type 2 diabetes mellitus (T2DM) is a comprehensive metabolic disease caused by insufficient insulin secretion or insulin resistance and is associated with a variety of systemic complications (1). The incidence of T2DM in China has reached 9.7% (2). T2DM has similar pathological changes with Alzheimer's disease (AD), namely axonal degeneration, neuronal loss, and extensive fibrosis of the meninges, while the hippocampus undergoes one of the early changes in T2DM brain structure (3), with varying degrees of cognitive impairment. The Montreal Cognitive Assessment Scale (MoCA) is able to assess cognitive impairment, including naming abilities, visual space, and executive ability. Studies have shown that diabetic patients with diabetic cognitive impairment (DCI) have a higher risk of cardiovascular accidents and death than diabetic patients without cognitive impairment (4). Studies (5) found that diabetic retinopathy (DR) may be closely related to DCI and provide indirect evidence of cognitive dysfunction in diabetes, but its clinical symptoms are diverse and unstable, and there is still a lack of prevention. The gold standard for prevention is often easily underestimated or ignored. 1H-MRS (proton magnetic resonance spectroscopy) is a powerful tool for early detection and quantitative assessment of brain microstructural and functional changes in T2DM patients and brings the unique advantages of virtual biopsy. The correlation between cognitive impairment and DR is explored through examining the cognitive function and the metabolism of the cerebrum in T2DM by 1H-MRS and MoCA.


OBJECTS AND METHODS


Objects

This study was approved by the patients and the ethics committee. Subjects were recruited from January 2016 to December 2018 in our hospital, according to the T2DM diagnostic criteria promulgated by the American Diabetes Association (ADA) in 2010. To avoid as much as possible the course of diabetes, the drugs taken, the way of treatment and the complications of diabetes and other neurological diseases. The course of diabetes was more than 15 years but <30 years. The patients were not using insulin and had standardized oral medication. There were differences in diabetic retinopathy, and none had any other diabetic complications or microangiopathies. Fundus examination was used to diagnose the presence or absence of DR lesions, microaneurysms, and/or small hemorrhage as it is the earliest and most accurate characteristics of DR lesions, and 53 patients with T2DM were enrolled for this study. According to the fundus examination, the patients were divided into the DR group (n = 26) and the T2DM without DR group (T2DM group, n = 27). HC (healthy control group) group inclusion criteria were as follows: no abnormal glucose metabolism, and other conditions were matched with DR and T2DM. Thirty healthy adults were selected as the control group (HC group, n = 30).

Exclusion criteria were organized into three groups: (1) patients who could not complete the MoCA test; (2) patients with a history of mental and neurological diseases; (3) those with organic diseases of the nervous system; (4) patients who were dependent on smoking, alcoholism and psychotropic substances; (5) impaired glucose tolerance or fasting glucose, and ketoacidosis; and (6) patients with contraindications with MRI. There were differences in diabetic retinopathy, they all had no other diabetic complications, and there were no significant differences in gender, age, education, height, and weight (P > 0.05); there were statistical differences among three groups of GLU and HbA1c (P < 0.05) (Table 1).


Table 1. Comparison of the general conditions of the three groups of subjects.
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Cognitive function was measured by MoCA. The peak areas of N-acetylaspartate (NAA), Cho-line (Cho), Creatine (Cr), and Myo-inositol (mI), and their ratios, were detected by 1H-MRS.



Methods
 
Cognitive Function Test and Fundus Examination

The MoCA assessment was performed by a neurology professional and an ophthalmologist performed the fundus examination. This study used an internationally recognized version developed in November 2004. The scale was developed by Nasreddine et al. (6) with reference to the Mini-mental State Examination and based on clinical experience. It is an assessment tool for rapid screening of cognitive dysfunction. It includes 11 inspection projects in 8 cognitive areas, including concentration, executive function, memory, language, visual structural skills, abstract thinking, calculation, and positioning. It possesses high sensitivity, covers important cognitive areas, has a short test time and is suitable for clinical settings.

[image: image]

Here, n indicates the number of samples, and the table shows that Zα, Zβis 1.96 and 1.28, respectively. p1 and p2 represent the prevalence of the intervention group and the control group, with [image: image] representing the average of p1 and p2, and [image: image] representing the average of (1–p1) and (1–p2).

The incidence of T2DM in China is as high as 9.7% (2). According to the above formula, we get n is equal to 6.38, and the total number of diabetic patients enrolled is 53, so the sample size is reasonable and the result is credible.



Equipment and Methods

This study used a GE (Discovery 750w) 3.0T superconducting magnetic resonance imaging scanner and matching head coil (8 channels), and quality testing was employed before each scan to ensure the stability of the machine signal. All objects underwent a T2WI scan in advance, and two professional imaging physicians evaluated the images to rule out brain lesions. A high-resolution 3D-T1 multi-planar image was obtained by 3D-T1 MPRAGE for subsequent scan positioning. The following conditions were present: hippocampus 1H-MRS, STEAM (Stimulated Echo Acquisition Method) mode, point probe Probe-SV35 sequence scan (7), TR 1700 ms, TE 30 ms, FA 90°, ST 15 mm, FOV 16 cm × 16 cm, MS 320 × 320, VS 10 mm × 10 mm × 15 mm. The scan time is usually 6 min 53 s. Coastal horse long axis, according to the axial ROI, supplemented by sagittal, oblique coronal plane, try to avoid air cavity, skull, cerebrospinal fluid, and fat. The bilateral ROI was the same and the whole hippocampus was included as much as possible. The scan was manually corrected and the value was read at the workstation.

GE (Discovery 750w) 3.0T workstation spectroscopy software was used for phase and baseline calibration of the measured line, signal averaging, metabolite identification and spectral line fitting, automatic reading of the bilateral hippocampus, the area under the peak curve of NAA, Cho, Cr, and mI and to calculate the ratio of NAA/Cr, Cho/Cr, and mI/Cr.



Statistical Method

All data were tested and conformed to a normal distribution by SPSS21.0 software package. The statistical analysis of the analytes obtained by 1H-MRS was performed. The data are represented as the mean ± standard deviation. The difference analysis between the three groups was performed by one-way ANOVA. When p < 0.05, LSD-t was applied. A partial correlation analysis (with age as a covariate) was used to analyze the correlation between metabolites in the DR group and MoCA scores. Among all T2DM patients, Chi-square test was used on age, gender, education level, BMI, SBP, DBP, FPG, HbA1c, TC, TG, HDL-C, LDL-C, DR, and DCI correlation. Differences were statistically significant while P < 0.05.





RESULTS


MoCA

One-way ANOVA statistical analysis showed that the MoCA scores in the DR group were significantly less than those in the other groups (P < 0.05), and the MoCA scores in the T2DM group were significantly less than those in the HC group (P < 0.05).



Comparison of Bilateral Hippocampal 1H-MRS Detection Values Between DR Group, T2DM Group, and HC Group

There were statistically significant differences in NAA on the bilateral hippocampus between the DR group, the T2DM group and the HC group (Fleft = 10.052, p < 0.05; Fright = 10.316, p < 0.05). Further examination with LSD-t showed that the DR group was significantly lower than the T2DM and HC groups (p < 0.05) (Figures 1, 2, Tables 2, 3); the differences of the other indicators were not statistically significant (P > 0.05).


[image: Figure 1]
FIGURE 1. There were statistically significant differences in NAA on bilateral hippocampus. (A) DR group, (B) T2DM group, (C) HC group.



[image: Figure 2]
FIGURE 2. There were statistically significant differences in NAA on the bilateral hippocampus among the DR group, the T2DM group and the HC group. (A) Left hippocampal, (B) right hippocampal.



Table 2. Multiple comparisons of left hippocampal NAA.
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Table 3. Multiple comparisons of right hippocampal NAA.
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Correlation Between 1H-MRS and MoCA Scores in DR Group

The NAA/Cr is significantly positively correlated with the MoCA score in DR patients on the left hippocampus (r = 0.774, P < 0.01). There were no correlations among the other detection values of the two hippocampus detection values and the MoCA scores (P > 0.05) (Table 4).


Table 4. Correlation between the detection values of bilateral hippocampus and MoCA score in DR group.
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Among all T2DM patients, Chi-square tested age, gender, education level, BMI, SBP, DBP, FPG, HbA1c, TC, TG, HDL-C, LDL-C, DR, and DCI for correlation. Chi-square analysis found that there was a correlation between DR and DCI (x2 = 4.6, df = 1, p = 0.032, plt: 0.05). There was no correlation between other influencing factors and DCI (P > 0.05).




DISCUSSION

With changes in modern lifestyles, the incidence of T2DM is increasing year by year (8). The incidence of cognitive dysfunction caused by T2DM is 10.8–17.5% (9), and its occurrence is related to hippocampus and amygdala atrophy (10). In addition, T2DM not only causes metabolic disorders but also involves multiple systems. DR is one of the more common lesions, and studies have shown that diabetic retinopathy is closely related to DCI (11). The occurrence of these two diseases is parallel (12, 13): (1) mass accumulation of glycosylation end products; (2) the protein kinase C (PKC) pathway is activated at high glucose; (3) oxidative stress: there is an excessive amount of reactive oxygen species, resulting in vascular cell damage, diabetic brain damage, or DR; and (4) DR is also a neurovascular disease, which, like diabetic brain injury, can be specifically reflected by the neuronal marker NAA in the 1H-MRS.

The literature reports that there is early brain tissue damage in patients with diabetic retinopathy, and 1H-MRS can detect this change early (12, 13). In recent years, 1H-MRS has been reported in the diagnosis of cognitive impairment-related diseases, but there are few reports on the relationship between DCI caused by T2DM and DR. Based on the above problems, the research team—based on the previous animal experiments—explored the correlation between DCI and DR through examining the cognitive function and the metabolism of the cerebrum in T2DM by 1H-MRS.

Studies have shown that individual factors such as education level and age group have different degrees of impact on MoCA scores (14). In this study, because the subjects were matched as much as possible in addition to the diabetes itself, the credibility of DCI judgment was higher, and these objects mainly showed memory loss, which is similar to previous reports (15). This indicates that T2DM is a risk factor for developing mild cognitive impairment. The MoCA scores were significantly different between the DR group and the HC group, the T2DM group and the HC group, and the DR group and the T2DM group, which may suggest differences in cognitive function among the three groups, which in turn may prompt diagnosis and early warning. Early clinical support in terms of dysfunction should be provided.

T2DM can play a significant role in the occurrence and/or development of AD either directly or as a cofactor (16). Clinical manifestations such as white matter lesions, cognitive dysfunction, etc., represent the various types of diabetic brain injury (17). Studies have shown that T2DM can cause cognitive decline through changes in hippocampal formation, neurophysiological activity and neurotransmitters (18), and hippocampal formation is one of the first brain structures to be altered (19). Its possible pathological mechanisms are similar to AD at the molecular level, including insulin resistance, metabolic mechanism damage, beta-amyloid (Aβ) formation, oxidative stress, and the presence of advanced glycation end products (AGEs), neuronal apoptosis. van Eldren et al. (19) and most scholars believe that the most important pathological feature of AD is the activation of astrocytes induced by Aβ deposition, which triggers the associated inflammatory response and oxidative stress (17). Although the damage of these nervous systems can be manifested by a variety of examination methods, MRS is uniquely and non-invasively embodied by its unique imaging method, that is, the specific and sensitive expression of the neuronal marker NAA (13). The results of this study showed that the NAA value of the bilateral hippocampal DR group was lower than that of the T2DM group and the HC group, and the NAA value of the bilateral hippocampal T2DM group was lower than that of the HC group (P < 0.05). Similar to the results of some studies (20, 21), the above changes suggest that DM can cause neurological damage. Studies have confirmed that NAA reduction is associated with neuronal or axonal loss (22) and is independently associated with the development of T2DM (23). Increased anaerobic glycolysis in the brain is accompanied by elevated blood sugar. When the accumulation of lactic acid increases, acidosis can occur, which in turn destroys the blood-brain barrier. The damage of nerve cells and glial cells is also aggravated by brain edema caused by the process (24). In addition, mitochondrial damage and cell death, DNA fragment breaks and increased cerebral ischemic damage are also caused by persistently elevated hyperglycemia, the mechanism of which is associated with excessive Ca2+ channel opening (21). Since Cr is a marker of creatine phosphate, it plays a buffer role in energy metabolism, and its changes in the body are relatively stable. Therefore, the main influences of NAA and NAA/Cr are NAA, and NAA is less sensitive and direct, but it may be weaker than NAA/Cr. There were no statistical differences in the rest of the indicators in this study, similar to previous studies (25).

The results of this study indicate that NAA/Cr, which represents neurons in DR patients, is significantly associated with MoCA scores that reflect cognitive function. Some studies found that there is consistency between the change of MoCA score and 1H-MRS, which is partially consistent with the results we obtained (26, 27). It was shown that in the DR patient group, there was synaptic functional remodeling in the hippocampus, which was confirmed in an animal model (28). T2DM spatial learning memory defects (29) are also related. In this study, it was found that anaerobic glycolysis caused by hyperglycemia and excessive opening of Ca2+ channels may damage the blood-brain barrier and cause damage to nerve cells and glial cells (30). This damaging change may be specific to NAA or NAA/Cr. In addition, there is insulin receptor resistance in the left hippocampus (31), and the hippocampus is the pancreatic exocrine structure of human insulin, which can produce a small amount of insulin. As an important neuro-influence factor, insulin maintains nerve function, and nerve cell structure. It has an important role in integrity and post-injury regeneration, which means that the damage and degeneration of the left hippocampal neurons in this study are particularly significant (20). There were no statistical differences in the rest of the indicators in this study, similar to previous studies (30). In summary, NAA/Cr can be considered as a biochemical indicator for evaluating cognitive function.

This study shows that DR was the main risk factor for DCI, similar to the results of the study (31). Some Chinese scholars believe that cognitive dysfunction in patients with type 2 diabetes is associated with diabetic microvascular complications (32). Studies have pointed out that in the early stage of diabetic retinopathy, the pathological changes of the nerve fiber layer precede the retinal microangiopathy (33). The mechanism is that the swelling of the nerve cells causes compression of the surrounding microvessels and stenosis (34). Diabetic microvascular disease caused by diabetes may also cause abnormalities in the metabolism of retinal neurons and glial cells, which may cause degeneration of retinal nerve tissue (35). The typical manifestation is a decrease in retinal ganglion cells and a thinning of the retinal nerve fiber layer (34), causing changes in vision. T2DM microangiopathy is very common in patients with diabetic cerebrovascular disease, mainly caused by changes in brain microvascular structure, which increases arteriovenous short circuiting, resulting in reduced transfer of essential nutrients to nerve tissue, insufficient nutrition, decreased perfusion pressure, and reduced cerebral blood (36, 37). It makes brain tissue more susceptible to hypoxic damage. DR with microvascular disease and brain with cognitive decline have many similarities in microvascular structures, such as capillary basement membrane thickening, lumen narrowing, and increased vascular permeability. Both DCI and DR belong to diabetic microangiopathy. Due to their common pathogenesis: AGEs, activation of polyol pathway, oxidative stress, PKC, inflammatory factors, hemodynamic changes, etc., the occurrence and development of both Parallelism, but due to the genetic susceptibility of the two, the difference in the involvement of cytokines, some differences in diagnosis, etc., the non-parallelism of the two, so the severity of DR and DCI have a certain correlation, but not completely related (36, 37).The 5-year incidence of DR is 8%, and the 10-year incidence is 43%; although, DCI is usually seen in diabetic patients for more than 10 years, the incidence of both increases with the duration of diabetes (36, 37). DR and DCI are not only diabetic microangiopathy but also neuropathy, which is sensitive to hypoxia, ischemia, and metabolic disorders. Therefore, diabetic patients may suffer from both diseases after a period of illness. The difference is that the optic nerve, as part of the peripheral nervous system, is relatively more sensitive to hyperglycemia, leading to abnormal hemodynamics, impaired optic nerve nutrient metabolism, and possibly DR earlier than DCI. In addition to the similar pathological mechanisms of DR, DCI also has a large amount of amyloid deposits, which occurs slightly later than DR, but overall, the longer the duration of diabetes, the greater the likelihood of DR and DCI.


Limitation

DR and DCI with the regularity and correlation of T2DM specific disease course changes, we will improve the group expansion study in the next step.




CONCLUSION

Diabetic cognitive impairment is closely correlated with the DR in patients with T2DM. Hippocampal brain metabolism may have some changes in two sides of NAA in patients with DR, and 1H-MRS may provide effective imaging strategies and methods for the early diagnosis of brain damage and quantitative assessment of cognitive function in T2DM.



DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the manuscript/supplementary files.



ETHICS STATEMENT

This study was carried out in accordance with the recommendations of the Declaration of Helsinki, Renmin Hospital of Wuhan University Clinical Research Ethics Committee. The protocol was approved by the Renmin Hospital of Wuhan University Clinical Research Ethics Committee. All subjects gave written informed consent in accordance with the Declaration of Helsinki.



AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.



FUNDING

This work was supported by the National Natural Science Foundation of China 81871332.



ABBREVIATIONS

T2DM, Type 2 diabetes mellitus; DCI, diabetic cognitive impairment; DR, diabetic retinopathy; 1H-MRS, proton magnetic resonance spectroscopy; HC group, healthy control group; MoCA, Montreal Cognitive Assessment; NAA, Nacetylaspartate; Cr, Creatine; Cho, Cho-line; mI, myo-inositol; ANOVA, Analysis of Variance.



REFERENCES

 1. WHO. About Diabetes [C]. Beijing: World Health Organization (2018).

 2. Liu ZQ, Liu AP, Wang PY. Epidemiological investigation of prevalence of diabetes in China. Chin J Mult Organ Dis Eld. (2015) 14:547–50. doi: 10.11915/j.issn.1671-5403.2015.07.125

 3. Gold SM, Dziobek I, Sweat V, Tirsi A, Rogers K, Bruehl H, et al. Hippocampal damage and memory impairments as possible early brain complications of type 2 diabetes. Diabetologia. (2007) 50:711–9. doi: 10.1007/s00125-007-0602-7

 4. Yang W, Lu J, Weng J, Jia W, Ji L, Xiao J, et al. Prevalence of diabetes among men and women in China. N Engl J Med. (2010) 362:1090–101. doi: 10.1056/NEJMoa0908292

 5. Demir N, Akkoyunlu G, Yargicoglu P, Agar A, Tanriöver G, Demir R. Fiber structure of optic nerve in cadmium-exposed diabetic rats: an ultrastructural study. Int J Neurosci. (2003) 113:323–37. doi: 10.1080/00207450390162128

 6. Nasreddine ZS, Phillips NA, Bédirian V, Charbonneau S, Whitehead V, Collin I, et al. The Montreal Cognitive Assessment, MoCA: a brief screening tool for mild cognitive impairment. J Am Geriatr Soc. (2005) 53:695–9. doi: 10.1111/j.1532-5415.2005.53221.x

 7. Barnhart CD, Yang D, Lein PJ. Using the Morris water maze to assess spatial learning and memory in weanling mice. PLoS ONE. (2015) 10:e0124521. doi: 10.1371/journal.pone.0124521

 8. Nathan DM, DCCT/Edic Research Group. The diabetes control and complications trial/epidemiology of diabetes interventions and complications study at 30 years: overview. Diabetes Care. (2014) 37:9–16. doi: 10.2337/dc13-2112

 9. Tong J, Geng H, Zhang Z, Zhu X, Meng Q, Sun X, et al. Brain metabolite alterations demonstrated by proton magnetic resonance spectroscopy in diabetic patients with retinopathy. Magn Reson Imaging. (2014) 32:1037–42. doi: 10.1016/j.mri.2014.04.020

 10. Zhang J, Liu Z, Li Z, Wang Y, Chen Y, Li X, et al. Disrupted white matter network and cognitive decline in type 2 diabetes patients. J Alzheimers Dis. (2016) 53:185–95. doi: 10.3233/JAD-160111

 11. Ryan CM, Geckle MO, Orchard TJ. Cognitive efficiency declines over time in adults with Type l diabetes: effects of micro—and macrovascular complications. Diabetologia. (2003) 46:940–8. doi: 10.1007/s00125-003-1128-2

 12. Zhang X, Saaddine JB, Chou CF, Cotch MF, Cheng YJ, Geiss LS, et al. Prevalence of diabetic retinopathy in the United States, 2005–2008. JAMA. (2010) 304:649–56. doi: 10.1001/jama.2010.1111

 13. TongJia BanBo. Evaluation of the Brain Damage in Patients with Diabetic Retinopathty Using Magnetic Resonance Spectroscopy and Diffusion Weighted Imaging. Shandong: Shandong University (2014).

 14. Datusalia AK, Sharma SS. NF-kappa B inhibition resolves cognitive deficits in experimental type 2 diabetes mellitus through CREB and Glutamate/GABA neurotransmitters pathway. Curr Neurovasc Res. (2016) 13:22–32. doi: 10.2174/1567202612666151030104810

 15. Tang Y, Yu C, Wu J, Chen H, Zeng Y, Wang X, et al. Lychee seed extract protects against neuronal injury and improves cognitive function in rats with type II diabetes mellitus with cognitive impairment. Int J Mol Med. (2018) 41:251–63. doi: 10.3892/ijmm.2017.3245

 16. Mushtaq G, Khan JA, Kamal MA. Biological mechanisms linking Alzheimer's disease and type-2 diabetes mellitus. CNS Neurol Disord Drug Targets. (2014) 13:1192–201. doi: 10.2174/1871527313666140917114537

 17. van Elderen SG, de Roos A, de Craen AJ, Westendorp RG, Blauw GJ, Jukema JW, et al. Progression of brain atrophy and cognitive decline in diabetes mellitus: a 3-year follow-up. Neurology. (2010) 75:997–1002. doi: 10.1212/WNL.0b013e3181f25f06

 18. Kimura N. Diabetes mellitus induces Alzheimer's disease pathology: histopathological evidence from animal models. Int J Mol Sci. (2016) 17:503–11. doi: 10.3390/ijms17040503

 19. van Elderen SG, Brandts A, Westenberg JJ, van der Grond J, Tamsma JT, van Buchem MA, et al. Aortic stiffness is associated with cardiac function and cerebral small vessel disease in patients with type 1 diabetes mellitus: assessment by magnetic resonance imaging. Eur Radiol. (2010) 20:1132–8. doi: 10.1007/s00330-009-1655-4

 20. Ma XC, Wang GZ, Wang YC, Fang Q, Wang KL. Clinical analysis of hydrogen proton spectroscopy in hippocampus of type 2 diabetic patients. Modern J Integr Tradit Chinese Western Med. (2010) 32:45–8.

 21. Brundel M, van den Berg E, Reijmer YD, de Bresser J, Kappelle LJ, Biessels GJ, et al. Cerebral ha-emodynamics, cognition and brain volumes in patients with type 2 diabetes. J Diabetes Complications. (2012) 26:205–9. doi: 10.1016/j.jdiacomp.2012.03.021

 22. Sinha S, Ekka M, Sharma U, P R, Pandey RM, Jagannathan NR. Assessment of changes in brain metabolites in Indian patients with type-2 diabetes mellitus using proton magnetic resonance spectroscopy. BMC Res Notes. (2014) 41:1–7. doi: 10.1186/1756-0500-7-41

 23. Choi MH, Kim HS, Gim SY, Kim WR, Mun KR, Tack GR, et al. Differences in cognitive ability and hippocampal volume between Alzheimer's disease, amnestic mild cognitive impairment, and healthy control groups, and their correlation. Neurosci Lett. (2016) 620:115–20. doi: 10.1016/j.neulet.2016.03.044

 24. Biessels GJ, Strachan MW, Visseren FL, Kappelle LJ, Whitmer RA. Dementia and cognitive decline in type 2 diabetes and prediabetic stages: towards targeted interventions. Lancet Diabetes Endocrinol. (2014) 2:246–55. doi: 10.1016/S2213-8587(13)70088-3

 25. Brundel M, Kappelle LJ, Biessels GJ. Brain imaging in type 2 diabetes. Eur Neuropsychopharmacol. (2014) 24:1967–81. doi: 10.1016/j.euroneuro.2014.01.023

 26. Li W, Huang E. An update on type 2 diabetes mellitus as a risk factor for dementia. J Alzheimers Dis. (2016) 53:393–402. doi: 10.3233/JAD-160114

 27. Li J, Deng J, Sheng W, Zuo Z. Metformin attenuates Alzheimer's disease like neuropathology in obese, leptin-resistant mice. Pharmacol Biochem Behav. (2012) 101:567–74. doi: 10.1016/j.pbb.2012.03.002

 28. Zheng H, Zheng Y, Zhao L, Chen M, Bai G, Hu Y, et al. Cognitive decline in type 2 diabetic db/db mice may be associated with brain region-specific metabolic disorders. Biochim Biophys Acta. (2017) 1863:266–73. doi: 10.1016/j.bbadis.2016.11.003

 29. Lin B, Koibuchi N, Hasegawa Y, Sueta D, Toyama K, Uekawa K, et al. Glycemic control with empagliflozin, a novel selective SGLT2 inhibitor, ameliorates cardiovascular injury and cognitive dysfunction in obese and type 2 diabetic mice. Cardiovasc Diabetol. (2014) 13:148. doi: 10.1186/s12933-014-0148-1

 30. Chu X, Zhao Y, Liu F, Mi Y, Shen J, Wang X, et al. Rapidly raise blood sugar will aggravate brain damage after severe hypoglycemia in rats. Cell Biochem Biophys. (2014) 69:131–9. doi: 10.1007/s12013-013-9779-1

 31. Wang WT, Lee P, Yeh HW, Smirnova IV, Choi IY. Effects of acute and chronic hyperglycemia on the neurochemical profiles in the rat brain with streptozotocin induced diabetes detected using in vivo 1H MR spectroscopy at 9.4 T. Neurochem. (2012) 121:407–17. doi: 10.1111/j.1471-4159.2012.07698.x

 32. Zuo LJ, Xu JM, Ji JL, Jiang KD, Zhao JC, Yu YP. Cognitive function of type 2 diabetics with micro-angiopathy. Chinese J Clin Psychol. (2001) 9:103–5.

 33. Yau JW, Rogers SL, Kawasaki R, Lamoureux EL, Kowalski JW, Bek T, et al. Global prevalence and major risk factors of diabetic retinopathy. Diabetes Care. (2012) 1:45–8. doi: 10.2337/dc11-1909

 34. Li J, Zhang S, Zhang L, Wang R, Wang M. Effents of L-3-n-Butylphthalide on cognitive dysfunction and NR2B expression in hippocampus of streptozotocin (STZ) -induced diabetic rats. Cell Biochem Biophys. (2014) 71:315–22. doi: 10.1007/s12013-014-0200-5

 35. Wang Y, Bai C, Guan H, Chen R, Wang X, Wang B, et al. Subchronic exposure to arsenic induces apoptosis in the hippocampus of the mouse brains through the Bc12/Bax pathway. J Occup Health. (2015) 57:212–21. doi: 10.1539/joh.14-0226-OA

 36. Domínguez RO, Pagano MA, Marschoff ER, González SE, Repetto MG, Serra JA. Alzheimer disease and cognitive impairment associated with diabetes mellitus type 2: associations and a hypothesis. Neurologia. (2014) 29:567–72. doi: 10.1016/j.nrl.2013.05.006

 37. Peng GP, Feng Z, He FP, Chen ZQ, Liu XY, Liu P, et al. Correlation of hippocampal volume and cognitive performances in patients with either mild cognitive impairment or Alzheimer's disease. CNS Neurosci Ther. (2015) 21:15–22. doi: 10.1111/cns.12317

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Lu, Gong, Wen, Hu, Peng and Zha. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	REVIEW
published: 06 December 2019
doi: 10.3389/fnagi.2019.00329





[image: image2]

Biological Sex: A Potential Moderator of Physical Activity Efficacy on Brain Health

Cindy K. Barha1,2,3*, Chun-Liang Hsu1,2,3, Lisanne ten Brinke1,2,3 and Teresa Liu-Ambrose1,2,3


1Department of Physical Therapy, University of British Columbia, Vancouver, BC, Canada

2Djavad Mowafaghian Centre for Brain Health, University of British Columbia, Vancouver, BC, Canada

3Centre for Hip Health and Mobility, Vancouver Coastal Health Research Institute, Vancouver, BC, Canada

Edited by:
Beatrice Arosio, University of Milan, Italy

Reviewed by:
Joana Gil-Mohapel, University of Victoria, Canada
Claudio D’Addario, University of Teramo, Italy

* Correspondence: Cindy K. Barha, cindy.barha@ubc.ca

Received: 17 September 2019
 Accepted: 12 November 2019
 Published: 06 December 2019

Citation: Barha CK, Hsu C-L, ten Brinke L and Liu-Ambrose T (2019) Biological Sex: A Potential Moderator of Physical Activity Efficacy on Brain Health. Front. Aging Neurosci. 11:329. doi: 10.3389/fnagi.2019.00329



The number of older people worldwide living with cognitive impairment and neurodegenerative diseases is growing at an unprecedented rate. Despite accumulating evidence that engaging in physical activity is a promising primary behavioral strategy to delay or avert the deleterious effects of aging on brain health, a large degree of variation exists in study findings. Thus, before physical activity and exercise can be prescribed as “medicine” for promoting brain health, it is imperative to understand how different biological factors can attenuate or amplify the effects of physical activity on cognition at the individual level. In this review article, we briefly discuss the current state of the literature, examining the relationship between physical activity and brain health in older adults and we present the argument that biological sex is a potent moderator of this relationship. Additionally, we highlight some of the potential neurobiological mechanisms underlying this sex difference for this relatively new and rapidly expanding line of research.
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INTRODUCTION

The worldwide population is aging at an unprecedented rate, with the proportion of people aged over 60 years projected to increase from 12% in 2015 to 22% in 2050, resulting in over 2 billion people aged 60 and over (WHO, 2018). Normative aging is characterized by multifaceted changes in cognitive function and brain structure. In particular, the domains of memory and executive functions show declines in performance, which is further reflected in atrophy in the brain regions that subserve these cognitive domains, namely the hippocampus and the prefrontal cortex (PFC; Salthouse, 2011). In non-normative cognitive aging, decline is much more dramatic and is associated with increased dementia risk.

Dementia is one of the major causes of disability in older adults (ASC, 2010). Worldwide, over 47 million people have dementia and current projections estimate that this number will reach 74.7 million by the 2030 and 131.5 million by 2050 (Prince et al., 2015). Within this context, these demographic changes in the population will lead to increasing challenges for healthcare systems. Therefore, identifying strategies that bolster healthy cognitive aging is of upmost importance globally.

As there is no effective pharmaceutical treatment currently available for cognitive impairment and dementia, there is great interest in the utility of lifestyle approaches. Physical activity (PA) is a promising primary behavioral non-pharmacological strategy to delay or avert the deleterious effects of aging on brain health (Phillips, 2017; Petersen et al., 2018). However, before PA can be prescribed as “medicine” for promoting brain health in the diseased and non-diseased brain, it is imperative to understand how different biological factors can attenuate or amplify the effects of PA on cognition at the individual level.

One such endogenous factor that appears to moderate PA efficacy is biological sex (Barha et al., 2017a,c; Loprinzi and Frith, 2018). The need to assess potential sex differences in this context is further highlighted by the greater prevalence of mild cognitive impairment (MCI) in males (Petersen et al., 2010), but faster rates of progression from MCI to Alzheimer’s disease (AD) in females (Li et al., 2016; Podcasy and Epperson, 2016). Here, we briefly review the current evidence that PA and exercise promote cognitive health in older adults with and without cognitive impairment. We present supporting evidence that biological sex is an important moderator of the relationship between PA and cognition and highlight some of the potential underlying mechanisms for this relatively new and rapidly expanding line of inquiry. We have limited our review mainly to studies in humans. We refer readers to several excellent review articles of exercise studies conducted in rodents (Cotman et al., 2007; Voss et al., 2013; Patten et al., 2015; Triviño-Paredes et al., 2016; Barha et al., 2017b; Cooper et al., 2018).



THE HIPPOCAMPUS AND PREFRONTAL CORTEX: BRAIN STRUCTURES IMPLICATED IN BRAIN AGING

The process of aging is accompanied by declines in memory and executive functions which is further reflected in atrophy in the brain regions that subserve these cognitive domains, namely the hippocampus and the PFC (Salthouse, 2011). Episodic memory, memory for events that occur in a specific place and time, shows age-associated decline (Rönnlund et al., 2005) and relies on the integrity of the hippocampus, a medial temporal lobe brain structure. Executive functions refer to the higher-level mental processes required to control, plan and coordinate other cognitive abilities and behaviors (Espy, 2004); typically executive functions are divided into three general abilities, inhibition, working memory, and cognitive flexibility (Diamond, 2013), and rely on the PFC. Gray matter volume declines with increasing age are most prominent in the PFC, with more moderate declines in the hippocampus (Terry and Katzman, 2001; Raz et al., 2004). Interestingly, 82.5% of the longitudinal age-associated reduction in the executive function of inhibition was explained by changes in structural and functional connectivity (Fjell et al., 2017). Sex differences in the rate of regional volume loss, including the frontal lobe and hippocampus, in older adults have been found, with females faring better (Armstrong et al., 2019), though not all studies find this (Raz et al., 2010; Persson et al., 2016).



PHYSICAL ACTIVITY AND BRAIN HEALTH

PA, any bodily movement produced by skeletal muscles, can be categorized into occupational, sports, conditioning, household, or other types of activities requiring energy expenditure (Caspersen et al., 1985). Exercise is a subtype of PA that must be planned, structured and be repetitive with the goal of improving or maintaining physical fitness (Caspersen et al., 1985). Generally, there are two main types of exercise: (1) aerobic training (AT; e.g., walking, running) which aims to improve cardiovascular fitness; and (2) resistance training (RT; e.g., weightlifting) which aims to improve muscle mass and strength. The vast majority of the literature has focused on the effects of AT on cognitive health in older adults, although in more recent years the efficacy of RT has been shown (for examples see Cassilhas et al., 2007; Liu-Ambrose et al., 2010, 2012; Nagamatsu et al., 2012; Best et al., 2015; Bolandzadeh et al., 2015). Evidence from epidemiological and randomized controlled trials (RCTs) supports the notion that engaging in PA and exercise are promising strategies for dementia prevention and disease modification. In a meta-analysis, Northey et al. (2018) found that to maximize the effectiveness to improve cognition in older adults, exercise bouts should be 45–60 min in duration and at least done at a moderate intensity.

Prospective, epidemiological studies historically observe the association between the amount of PA engaged in and changes in cognitive performance or dementia risk. Overall, the evidence from these studies supports the relationship between higher levels of PA and better cognitive outcomes, reduced dementia risk, and longevity. A meta-analysis of 21 cohort studies found that in older, community-dwelling individuals, higher levels of PA were associated with a 35% reduction in the risk for cognitive decline compared to lower levels of PA (Blondell et al., 2014). These findings built upon an earlier meta-analysis of 15 prospective studies among participants without dementia that found higher levels of PA were associated with a 38% lower risk of cognitive decline, and low to moderate levels of PA were associated with a 35% reduction (Sofi et al., 2011). Higher levels of PA are also associated with a reduction in risk for dementia (~14%) as seen in a meta-analysis of 26 cohort studies (Blondell et al., 2014). The protective effects of high levels of PA may be more pronounced for those with AD compared to all-cause dementia and vascular dementia (Guure et al., 2017). Importantly, using data from the Netherlands Cohort Study, a higher total daily non-occupational PA was associated with greater odds of surviving to 90 years of age in men, and in women engaging in 60 min/day of non-occupational PA was associated with the greatest odds of surviving (Brandts and van den Brandt, 2019). Additionally, greater functional fitness is associated with better general cognition; however, the specific aspects of functional fitness that correlate with cognition differ between males and females (Guo et al., 2018).

Some epidemiological studies have also employed neuroimaging techniques to better understand the neural correlates underlying the relationship between PA and cognitive function in older age. For example, in adults 65 years and older at baseline, greater amounts of PA quantified as the number of blocks walked in 1 week at baseline, predicted greater gray matter volumes of the prefrontal, occipital, entorhinal, and hippocampal regions 9 years later, and this greater volume was related to a two-fold reduction in the risk for cognitive impairment at year 13 (Erickson et al., 2010). Further, engaging in PA in midlife was associated with larger total brain volume and gray matter volume of the frontal cortex 21 years later (Rovio et al., 2010). Importantly, better maintenance of PA levels over 10 years in older age is associated with less reductions in hippocampal volume, smaller increases in global gray matter mean diffusivity and white matter axial diffusivity, and maintenance of global cognitive function, independent of baseline levels of PA, demographics, and APOE4 status (Best et al., 2017). In individuals at risk for AD who experience greater rates of brain atrophy, engaging in PA levels that meet or exceed the current PA recommendations is associated with greater volumes of the inferior and anterior temporal lobes compared to those not meeting the PA recommendations (Dougherty et al., 2016). Thus, the association between how much PA is engaged in, and maintenance of cognition in older age appears related to sparing of gray matter volume of brain regions susceptible to age-related atrophy, including the frontal and prefrontal lobes and the hippocampus (Gordon et al., 2008).

Although prospective cohort studies typically include large samples of individuals, causality cannot be established and the potential for unmeasured confounding variables is often present. Thus, stronger evidence for the importance of PA and exercise in brain health has come from RCTs. The vast majority of RCTs of exercise have focused on AT, which we will focus on in this review. However it is worth noting that RT has been shown to significantly improve cognition and brain function (for a recent review see Landrigan et al., 2019). Several meta-analyses of RCTs in older adults suggest that cognitive processes that are highly susceptible to age-related declines are amendable to AT benefits (Heyn et al., 2004; Etnier et al., 2006; Barha et al., 2017a; Northey et al., 2018), particularly the domain of executive functions (Colcombe and Kramer, 2003), an umbrella term for a suite of higher order cognitive processes required for goal-directed behavior. A seminal study in the field of exercise neuroscience conducted by Kramer et al. (1999) found that older adults randomized to a 6 month AT intervention (i.e., brisk walking) showed significant improvements in executive functions compared to participants randomized to a stretching and toning control group. In a follow-up study, the AT group showed increased gray and white matter volumes in the temporal and prefrontal regions of the brain compared to the control group (Colcombe et al., 2006). In addition to improvements in executive functions, a 12-month RCT found that AT increased hippocampal volume by 2%, coinciding with improvements in spatial memory performance compared to the stretching and toning control group that showed a 1.4% decline in volume (Erickson et al., 2011), which is comparable to the 1–2% annual hippocampal shrinkage typically seen in older adults (Raz et al., 2005). More recently, several meta-analyses of RCTs have provided further support for the protective effects of AT on cognition in older adults (Colcombe and Kramer, 2003; Heyn et al., 2004; Etnier et al., 2006; Barha et al., 2017a; Northey et al., 2018). Notably, AT benefits for cognition are seen in cognitively healthy older adults as well as across different clinical populations, including MCI, vascular dementia, and AD (Lautenschlager et al., 2008; Baker et al., 2010; Erickson et al., 2011; Nagamatsu et al., 2013; Liu-Ambrose et al., 2016; Morris et al., 2017). RCTs with neuroimaging outcomes indicate that AT interventions also lead to enhanced functional brain plasticity as indexed by changes in brain structure, activation, and connectivity variables (Voss et al., 2010; Erickson et al., 2011; Nishiguchi et al., 2015; ten Brinke et al., 2015; Gajewski and Falkenstein, 2016; Hsu et al., 2017, 2018). Specifically for gray matter changes, RCTs of AT consistently show increases in the volume of the hippocampus (Colcombe et al., 2006; Erickson et al., 2011; Niemann et al., 2014; Maass et al., 2015; Kleemeyer et al., 2016; Rosano et al., 2017), which subserves memory, and the PFC (Colcombe et al., 2006; Erickson et al., 2010; Ruscheweyh et al., 2011; Tamura et al., 2015; Jonasson et al., 2017), which subserves executive functions.

Despite the large body of evidence supporting the therapeutic potential of AT, variation exists in the ability of exercise to prevent and alleviate declines in cognition and brain health. Some meta-analyses of RCTs do not conclude that AT exerts a significant positive effect on cognition in older adults (Smith et al., 2010; Gates et al., 2013; Kelly et al., 2014; Öhman et al., 2014; Young et al., 2015). Notably, one of the largest RCTs of exercise conducted to date, did not find a significant effect of 24-months of exercise on cognitive performance in 1,635 older adults compared to a health education program (Sink et al., 2015). More recently, Lamb et al. (2018) found that a 4 month program consisting of supervised moderate to high intensity AT and RT in combination with unsupervised home-based exercises was associated with slight declines in global cognition several months after the supervised training ended in older adults with moderate dementia. Thus, to better understand the variation seen in study outcomes, it is imperative to identify biological moderators that either attenuate or amplify the effects of exercise on brain health. This knowledge will allow for more efficient and targeted deployment of current PA interventions and potentially spur development of alternative strategies. We argue here that biological sex is a key moderator of aerobic exercise efficacy, such that females show greater cognitive benefits than males.



SEX DIFFERENCES, PHYSICAL ACTIVITY AND BRAIN HEALTH

Sex differences exist in the magnitude of beneficial effects seen in cognitive function from engaging in aerobic exercise (see Table 1). Meta-analytical evidence from Colcombe and Kramer (2003) first suggested that older females showed greater cognitive gains from AT than older males. Our recent meta-analysis of RCTs conducted with cognitively healthy older adults confirmed this, as AT was associated with larger effect sizes in studies that included a higher percentage of female participants compared to studies with a lower percentage of female participants for the cognitive domain of executive functions (Barha et al., 2017a). Sex differences were not seen for other domains, including episodic memory and visuospatial function. Interestingly, AT enhanced word fluency to a greater extent in studies with a lower percentage of female participants. Thus, for tasks associated with verbal learning and memory, AT may be more advantageous for males than females. Moreover, our meta-analysis of studies in middle-aged and aged rodents found a female-advantage in gains for hippocampus-dependent spatial learning and memory in studies that utilized forced AT paradigms (Barha et al., 2017b). Unfortunately, we could not examine potential sex differences in AT efficacy for executive functions as there was a lack of such studies conducted with rodents. Regardless, altogether, the meta-analytic evidence available thus far indirectly supports the notion that biological sex is an important moderator of the relationship between AT and cognition in older age.

TABLE 1. Evidence for sex differences in the effect of physical activity on cognition and the brain in older humans.

[image: image]

To date, a small number of human studies have attempted to directly compare males and females to determine whether AT effects on cognition are sex-dependent. In a study sample of 29 older adults (15 women) with MCI, Baker et al. (2010) showed that 6-months of high intensity AT increased performance on four of five tests of cognition in females and only on one test in males compared to the controls. Further, in a 12-month study of moderate intensity AT, sex stratified analyses indicated that increased adherence to the AT program was associated with improved attention and memory in older females with MCI but only with memory in older males (van Uffelen et al., 2008). More recently, we provided further support for a female advantage in AT-induced gains in executive functions with a secondary analysis of a 6-month RCT in participants with mild subcortical ischemic vascular cognitive impairment (Barha et al., 2017d). The progressive, moderate intensity AT program improved the executive function of set-shifting by 36% in females compared to the controls, whereas in males AT reduced performance by 31% compared to the controls. Interestingly, the beneficial effect of AT was retained 6 months after trial completion. Epidemiological evidence for this sex difference in AT efficacy was recently provided in our study that examined whether longitudinal changes in PA over 10 years predicted changes in global cognition, executive functions and processing speed differently in males and females using data from the Health, Aging, and Body Composition Study (HABC; Barha et al., 2019). Participants were 2,873 community-dwelling older adults aged 70–79 years at year 1 and PA was assessed annually from years 1–10 through self-reported time spent walking. Independent of demographics and disease-related variables, initial time spent walking and maintenance of PA over the 10 years predicted less declines in executive functions and processing speed as assessed by the Digit Symbol Substitution Test (DSST) in females but not males. Maintenance of PA over time predicted better global cognitive function on the Modified Mini-Mental Status Examination (3MS) in both males and females. Thus, accumulating evidence from intervention and epidemiological studies suggest that engaging in targeted exercise training of sufficient duration and intensity, as well as how PA levels change over time, protect different domains of cognition in females compared to males.

Investigations into the neural underpinnings of AT-induced enhancements have also shown potential sex differences. Varma et al. (2015) showed that greater amount, duration, and frequency of objectively measured daily walking over the span of 3–7 days were associated with larger hippocampal volume among older females but not males. In a follow-up study that explored hippocampal sub-regions, increased daily walking in females only was associated specifically with a larger subiculum which is part of the posterior hippocampus (Varma et al., 2016). We have recently expanded upon these findings showing that subjective assessment of time spent walking in year 1 of a 10 year study was associated with a larger left hippocampus in older males and a smaller hippocampus in older females (Barha et al., 2019). This discrepancy in the direction of the relationship between PA and hippocampal volume in females between studies may be related to differences in how walking behaviors were measured (i.e., objective vs. subjective) and the duration of measurement (i.e., 7 days vs. 10 years). Additionally, it may be the case that connectivity of the hippocampus to other brain regions may be a better indicator of functional performance than mere hippocampal volume (Burdette et al., 2010). Indeed, there is some evidence in the literature to support this as an AT intervention-induced increase in hippocampal volume in older females was associated with lower performance on an episodic memory task (ten Brinke et al., 2015). Thus, in addition to volumetric imaging, future studies should use multimodal techniques to delve further into this intriguing sex difference to focus on changes in functional connectivity of the hippocampus and its relationship to cognition and exercise.

In addition to the hippocampus, we have recently shown that greater maintenance of PA over 10 years is associated with a greater volume of the left dorsolateral PFC (DL-PFC) among older females, but not males (Barha et al., 2019). The DL-PFC subserves executive functions (Wagner et al., 2001), one of the domains in which PA improves performance in females (Baker et al., 2010; Barha et al., 2017d), and shows extensive volume loss in older age (Jernigan et al., 2001). Previous work also shows that AT is associated with a larger volume of this brain region (Erickson et al., 2010; Best et al., 2017) and the volume mediates the relationship between cardiovascular fitness level and performance on executive functioning tasks (Weinstein et al., 2012), though, vitally, sex differences were not assessed in these studies.

Notwithstanding the lack of understanding in the effects of PA on sex differences associated with the functional architecture of the brain, evidence suggests the presence of sex differences in the patterns of neural network coupling. For instance, compared to men, women seemed to exhibit stronger connectivity between amygdala and middle temporal gyrus, inferior frontal gyrus, postcentral gyrus and hippocampus (Kogler et al., 2016). Moreover, one cross-sectional study investigated whether difference in sex and hormonal fluctuations across menstrual cycle would impact functional connectivity patterns of the frontoparietal network (Hjelmervik et al., 2014). From examining 16 healthy younger women and 15 younger men, the study showed women typically displayed higher frontoparietal connectivity compared to men, irrespective of the influences exerted by fluctuating sex hormones through various phases in the menstrual cycle. Aligning with this finding, the UK Biobank study reported that across 2,750 female and 2,466 male participants between the age of 44–77 years, a significantly stronger connectivity in the default mode network was observed in females compared to males (Ritchie et al., 2018), for which the same findings were reported in a separate, multi-site community-based study conducted previously with 1,093 participants between 18–60 years old (Biswal et al., 2010). In 559 cognitively healthy adults 70 years and older, Jamadar et al. (2019) confirmed the finding of greater connectivity within the default mode network in females and further showed greater connectivity within the salience network in males, two important resting-state networks that consistently show age-associated connectivity declines (Geerligs et al., 2015). Further, examining time-varying properties of connectivity patterns, de Lacy et al. (2019) demonstrated that dynamic connectivity of neural networks is significantly different between males and females, which complements observations made by classic methods of quantifying functional connectivity. These results, in conjunction, offer insights into sex differences in the functional organization of the brain such that women may be more proficient in social, self-referential and memory processes, in line with conclusions derived from brain structural connectomics (Ingalhalikar et al., 2014).



POTENTIAL MECHANISMS UNDERLYING THE SEX DIFFERENCE

The mechanisms underlying the sex difference in the relationship between PA and cognitive and brain health have only recently been speculated upon in the literature (Barha et al., 2017c; Barha and Liu-Ambrose, 2018; Loprinzi and Frith, 2018). A large body of evidence, stemming mainly from animal studies, highlights the importance of neurotrophic factors, in particular brain derived neurotrophic factor (BDNF), in the AT-induced enhancements in cognition, brain function and neuroplasticity (Cotman et al., 2007). BDNF supports neuroplasticity, synaptic plasticity and the cellular mechanisms involved in learning and memory (Leal et al., 2015) and has been the focus of several AT studies. Several rodent studies indicate that central BDNF levels, particularly within the hippocampus, mediate the beneficial effects of AT on the brain (Voss et al., 2011, 2013; Triviño-Paredes et al., 2016). Additionally, an acute bout of running increases BDNF within the PFC of male mice (Baranowski et al., 2017). In contrast, evidence linking AT and increases in circulating BDNF levels is less clear in humans, although the majority of studies do support the role of BDNF in mediating AT efficacy (Knaepen et al., 2010; Szuhany et al., 2015). Several potential reasons for this lack of consistency in the literature have been proposed, including: (i) length of time between AT and BDNF assessment; (ii) intensity of AT; (iii) duration of AT; (iv) BDNF Val66Met genotype; and (v) sex of participants (Coelho et al., 2013; Szuhany et al., 2015; Maass et al., 2016; Barha et al., 2017c). Sex differences do exist in some of the functions attributed to BDNF (Phillips et al., 2014; Leal et al., 2015; Atwi et al., 2016; Chan and Ye, 2017; Scharfman and MacLusky, 2017). Indeed, a meta-analysis of 29 AT studies of different exercise paradigms (AT and RT, different durations and lengths) in humans of any age showed that sex was a significant moderator such that studies with more males showed greater BDNF changes from exercise (Szuhany et al., 2015). In contrast to these findings, a meta-analysis of studies of AT in older rodents showed that BDNF gains were greater in studies utilizing female rodents compared to male rodents (Barha et al., 2017b). Further, we recently showed in older humans with SIVCI, that 6-months of moderate intensity AT increased circulating BDNF levels in females but not males (Barha et al., 2017d). Altogether, these findings highlight the need for further studies of biological sex differences in the contributions of neurotrophic factors to AT benefits for brain health.

In addition to neurotrophic factors, the sex difference in the PA-induced cognitive and brain region volume response, may be related to several other factors, including alterations in neuroplastic processes, hormones, neurotransmitter systems, and physiological adaptations to exercise. For example, AT induces changes in neurogenesis, synaptogenesis, and angiogenesis in key brain regions involved in learning and memory (Voss et al., 2013; Prakash et al., 2015; Duzel et al., 2016; Triviño-Paredes et al., 2016). Many of these neuroplastic processes show sex differences (Barha and Liu-Ambrose, 2018); thus, it is possible that AT effects on these outcomes may be sex-dependent.

There have been relatively few studies that examine sex steroid hormone responses to long term PA within the context of aging. In older sedentary men, a 6-week intervention of moderate intensity aerobic exercise alone (Hayes et al., 2015) and when followed by 6-weeks of high intensity interval training (Hayes et al., 2017) was associated with increased circulating levels of total testosterone, although not all studies have found this association (for a review of the literature, see Hayes and Elliott, 2019). In older healthy women, a meta-analysis of 18 RCTs found that PA, particularly of high intensity, was associated with a small but statistically significant decrease in circulating total estradiol, as well as reductions in free testosterone (Ennour-Idrissi et al., 2015). In contrast to circulating levels of sex hormones, local, tissue-specific synthesis of testosterone and estradiol may be of more importance for brain health. For example, an acute bout of running in young rodents led to increased levels of testosterone in skeletal muscles in both males and females, whereas levels of estradiol only increased in males (Aizawa et al., 2008). On the other hand, using a rodent model of surgical menopause, Shi et al. (2019) recently found that longer-term running led to increased levels of estradiol in skeletal muscle in females. Studies looking at the effects of PA on local synthesis of sex steroids within the brain are scarce. In young male rodents, low intensity running led to increased de novo synthesis of dihydrotestosterone, a non-aromatizable androgen, in the hippocampus (Okamoto et al., 2012). Significantly, in the same study, depletion of circulating levels of androgens via castration did not abolish the beneficial effect of running on the hippocampus, supporting the importance of locally synthesized sex steroids in PA-effects in brain function. In addition to sex steroid hormones, other hormones may be involved in the sex difference in PA effects on the brain. For example, recently Yüksel et al. (2019) showed that 6 weeks of voluntary running increased oxytocin levels in the brain and periphery in female mice, which correlated with increased empathy-like behavior. In male mice, oxytocin was only increased in the brain, and levels did not correlate with empathy-like behavior. Further, PA may be exerting its influence on the brain through alterations in the hypothalamic-pituitary-adrenal axis (for a review, see Chen et al., 2017), and there are well established sex differences within this axis (for a recent review, see Rincón-Cortés et al., 2019).

PA also influences different neurotransmitter systems (Vecchio et al., 2018), including the dopaminergic system. PA in the form of aerobic exercise has been shown to increase dopamine levels and dopamine transmission within the brain of rodents and humans, including the hippocampus and PFC (Fisher et al., 2013; Robertson et al., 2016; Ko et al., 2019). Further support for the link between PA and dopamine comes from studying common polymorphisms within dopamine-related genes that alter dopamine signaling in humans. For example, carriers of the catechol-O-methyltransferase (COMT) Val158Met polymorphism, which is associated with dysregulated levels of dopamine in the brain, showed less cognitive improvements in response to 17 weeks of exercise (Stroth et al., 2010). Importantly, there are known sex differences in the effect of the COMT Val158Met polymorphism on the brain (Gurvich and Rossell, 2015) as well as in dopaminergic neurotransmission (Riccardi et al., 2011).

Sex differences exist within the respiratory, musculoskeletal and cardiovascular systems, leading to sex differences in the physiological responses of these systems to PA (Deschenes and Kraemer, 2002; Sheel et al., 2004; Green et al., 2016), with females typically at a disadvantage (Sheel et al., 2004; Harms and Rosenkranz, 2008). Potentially compounding this is the fact that older females engage in less PA and are more sedentary than older males (Kaplan et al., 2001; Lee, 2005), which has greater consequences for processing speed in females (Fagot et al., 2019). Therefore, increasing engagement in PA may lead to more appreciable effects on cognition and brain health in older females than older males. For a more comprehensive review of potential sex differences in mechanisms underlying AT effects on the brain, please see Barha and Liu-Ambrose (2018).



CONCLUDING REMARKS

Engaging in PA is a relatively simple, highly implementable, and cost-effective lifestyle intervention with great promise in affording neuroprotection against cognitive decline in both normative and non-normative aging. Despite many studies supporting the utility of PA in preserving brain health in older age, a large degree of variation in PA efficacy exists (Smith et al., 2010; Gates et al., 2013; Kelly et al., 2014; Öhman et al., 2014; Young et al., 2015). Garnering a greater understanding of the sources of this variation will be a fundamental step towards the ultimate goal of prescribing PA as “medicine” for brain health. In this review article, we argued that biological sex is a potent moderator of the effectiveness of PA for both cognitive and neural outcomes. Future studies that aim to understand the mechanisms underlying PAs effects on the brain should take these profound sex differences into consideration.
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BPV Measures All Subjects n = 140 0-1grade n =94 2-3grade n =46 P-value

Systolic BP

24-h ARV 1034 +8.27 997 +2.75 11.22+2.81 0064
Awiake ARV 1081 +£8.41 1061 +8.15 1144378 0102
Asleep ARV 9.98+8.46 987 +3.28 11.10+8.27 0057
24-h SD 13.41+8.31 12.87 +2.88 14.54+3.85 0.005*
24-h wSD 12,21 +£8.22 1150 +2.94 13.23+ 343 0.008*
Awake SD 1241 £8.72 11.61+8.20 14.04 % 4.18 0.001*
Asleep SD 1179+ 8,69 1167 +£3.42 12,08+ 4.07 0589
24-h GV 1056 + 2.66 1028 +2.32 1113 +8.21 0077
Awake CV 949 +2.87 901 +254 1047 £8.27 0104
Asleep OV 958815 9,68+ 2.60 9.7 +4.06 0582
Diastolic BP

24-h ARV 743246 7.25+1.87 7.02+208 0557
Awake ARV 7.78+2.63 7.89 +2.21 7.64+£201 0476
Asleep ARV 653+ 2.59 671+2.24 649+ 251 0318
24-h SD 936 +2.06 9.33+1.99 9.44+2.23 0757
24-h wSD 879+2.41 870247 8.83+245 0746
Awake SD 888+2.24 871+202 9.24+2.01 0.186
Asleep SD 853+ 2,68 871+231 819+ 3.81 0288
24-h GV 12.88 +2.99 12.76 + 2,90 13.41+£8.18 0516
Awake CV 1186 +8.45 11,55 +2.97 12,48+ 3.42 0099
Asleep OV 1248 +4.42 12.38 + 8,59 11.75 £ 507 0.401

ABPY, ambulatory blood pressure variabilty; WMH, white matter hypenintensites; BPV, blood pressure variabilty; BR blood pressure; ARV, average real variabilty; CV, coeficient of
variation; SD, standard deviation; wSD, weighted standard deviation, *P < 0.05.
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Characteristics OR (95% CI) P-value

24-h SBP (mimHg) 1.063 (1.033-1.135) 0.036*
24-h SBP-SD (mmHg) 1.280 (1.117-1.552) 0.014*
IMT (mm) 1.207 (1.135-1.492) 0.002*

Models are adjusted by age, sex, diabetes melitus, total cholesterol, low-censity
lipoprotein cholesterol, use of antihypertensive treatment, and the parameters of ABR.
ABPV and IMT with P < 0.05 in univariate analysis. SBR systolic blood pressure; SD,
standrd deviation; IMT, intima-media thickness; WIMH, white matter hyperintensities;
OR, odd ratio: Cl, confidence interval, *P < 0.05.
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Variable AUC Cut-off value Youden index Sensitivity Specificity PPV NPV LR+ LR—

AD vs. MCl CSIT-0l 0.98** 18.5 0.54 0.70 0.84 0.76 0.80 4.34 0.35
CSIT-Self 0.58 25 0.06 0.81 0.24 0.44 0.64 1.08 0.76
CSIT&Self 0.98* 225 0.47 0.63 0.84 0.74 0.76 3.88 0.44
AD vs. NC CSIT-Ol 0.98** 225 0.88 0.93 0.95 0.93 0.95 17.27 0.07
CSIT-Self 0.58 25 0.18 0.93 0.24 0.92 0.88 1.28 0.27
CSIT&Self 0.98** 255 0.88 0.93 0.95 0.82 0.94 17.27 0.07
MCl vs. NC CSIT-Ol 0.92** 26.0 0.69 0.80 0.89 0.89 0.80 7.20 0.23
CSIT-Self 0.64 3.5 0.21 0.40 0.81 0.71 0.55 2.16 0.74
CSIT&Self 0.92** 28.5 0.76 0.87 0.89 0.90 0.86 7.80 0.15

*significant at the 0.05 level (2-tailed). **significant at the 0.01 level (2-tailed).

Abbreviations: AUC: area under the receiver operating characteristic (ROC) curve, PPV: positive prediction value, NPV: negative prediction value, LR+: positive likelihood
ratio, LR—: negative likelihood ratio, CSIT-Ol: Chinese smell identification test — olfactory identification, CSIT-self: Chinese smell identification test — self assessment, CSIT
& self- CSIT-Ol + CSIT-self.
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Total participants AD MCI NC

R FDR-p R FDR-p R FDR-p R FDR-p
OFC-L 0.452** 0.000 0.248 0.139 0.156 0.438 0.012 0.95
OFC-R 0.487** 0.000 0.213 0.247 0.382 0.294 0.144 0.674
Amygdala-L 0.466™* 0.000 0.331* 0.046 0.035 0.863 0.191 0.312
Amygdala-R 0.457** 0.000 0.192 0.255 0.144 0.71 0.02 0.918
Hippocampus-L 0.520%* 0.000 0.323 0.051 0.088 0.797 0.326 0.47
Hippocampus-R 0.512* 0.000 0.242 0.224 0.231 0.737 0.167 0.767
Precentral cortex-L 0.469** 0.000 Q:577%* 0.000 0.283 Q1862 0.172 0.363
IFG-L 0.416%* 0.000 0.430%* 0.008 0.174 0.769 -0.2 0.29

R, correlation coefficient (Spearman’s rho correlations); FDR-p, the p value after false discovery rate (FDR) correction. *Correlation is significant at the 0.05 level (2-tailed).
**Correlation is significant at the 0.01 level (2-tailed). ROI, region of interesting; GMV, gray matter volume; L, left; R, right; OFC, olfactory cortex; IFG, inferior frontal gyrus.
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Number
Age (years)

Gender (male/female)
Family history (yes/no)

Education (years)
WMH score

AD (mean =+ SD)

37
66.86 + 10.27
17/20
3/34
6.78 + 5.26
1.51 =110

MCI (mean =+ SD)

27
68.04 + 7.58
13/14
2/25
8.48 4+ 5.53
1.87 £1.15

NC (mean =+ SD)

30
67.23+6.71
1119
1/29
12.20 £ 4.44
1.30 £ 0.84

X2/F

0.150
0.896
0.699
9.559
0.371

0.861
0.639
0.795
0.00%
0.691

ap < 0.05, post-hoc when AD compared to NC, Pp < 0.05, post-hoc when MCI compared to NC, ¢p < 0.05, post-hoc when AD compared to MCI.
Abbreviations: AD, Alzheimer’s disease; MCI, mild cognitive impairment; NC, normal control; WMH, White Matter Hyper-intensities.
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AD MCI NC ANOVA/Kruskal-Wallis

n=37 n=27 n=30 Y2/F P
MMSE* 16.03 + 4.04 26 (25, 28) 29 (28, 30) 73.2532° <0.001
CDR* 1.0(1, 1.5) 0.5 (0.5, 0.5) 0(0,0) 61.189%c <0.001
AVLT (immediate)* 22(1.1,3.4) 464 +1.65 9.22+1.86 72.6428b¢ <0.001
AVLT (delay)* 0.0 (0.0, 0.5) 3.33 + 2.51 10.57 + 2.45 29.3082° <0.001
AVLT (recognize)* 10.0 (4.0, 13.5) 12.62 +2.03 14 (14, 15) 29.308%° <0.001
HAMD* 4.0(3.0,6.0) 5.0 (4.0, 14.0) 1.0 (0, 2.0) 31.904% <0.001
ADL* 30.0 (26.0, 35.5) 21.0 (20.0, 22.0) 20 (20, 20) 61.4432° <0.001
CSIT scoret 13.46 + 6.09 19.11 + 6.41 28.80 + 3.93 62.5973b° <0.001
CSIT-self* 3.0(2.5,4.0) 3.0(3.0,3.0) 3.0(3.0, 4.0) 4.039 0.133

*Kruskal-Wallis test followed by pairwise multiple comparisons. TANOVA with post hoc Bonferroni test. 8p < 0.05 (post hoc), AD vs. HC; Pp < 0.05 (post hoc), MClI vs.
HC; °p < 0.05 (post hoc), AD vs. MCI. AD, Alzheimer’s disease, ADL, activities of daily living scale; AVLT, auditory verbal learning test; CDR, clinical dementia rating;
CSIT-OI, Chinese smell identification test — olfactory identification;, CSIT-self, Chinese smell identification test — self assessment; HAMD, hamilton depression scale; MCI,
mild cognitive impairment; MMSE, mini mental state examination; NC, normal control.
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All participants AD MCI NC

R p R p R p R p
MMSE 0.740** 0.000 0.225 0.180 0.268 0.176 0.392* 0.032
CDR —0.775** 0.000 —0.452** 0.005 0.000 0.000 0.087 0.648
AVLT (immediate) 0.703** 0.000 0.241 0.151 0.027 0.892 0.329 0.076
AVLT (delay) 0.799* 0.000 0.417* 0.010 0.213 0.286 0.350 0.058
AVLT (recognize) 0.624** 0.000 0.459** 0.004 0.180 0.370 0.419* 0.021
HAMD —0.46** 0.000 —0.186 0.269 0.107 0.595 —0.394* 0.031
ADL —0.697** 0.000 —0.193 0.253 —0.246 0.216 —-0.257 0.171

R, correlation coefficient (Spearman’s rho correlations). **Correlation is significant at the 0.01 level (2-tailed). *Correlation is significant at the 0.05 level (2-tailed). AD,
Alzheimer’s disease; MCI, mild cognitive impairment; NC, normal control; MMSE, mini mental state examination; CDR, clinical dementia rating; AVLT, auditory verbal
learning test; HAMD, Hamilton depression scale, ADL, activities of daily living scale.
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Characteristic Controls n = 32 PDn=73

Male (%) 16 (50%) 40 (55%)
Smokers (%) 11 (34%) 23 (31%)
Age (yrs, mean + SD) 715+ 6.8 68.8+7.2
Age at Onset (yrs, mean + SD) NA 623+7.7
Disease duration (yrs, mean 4+ SD) NA 76+11.6
LEDD at last visit (mg/die, mean + SD) NA 509.5+356
UPDRS Ill score NA 141+£58
H&Y scale (mean + SD) NA 178 +£05
1 21

1.5 3

2 36

2.5 12

3 1
Tremor dominant (%) NA 30 (41%)

H&Y, Hohen &Yahr scale; UPDRS Ill, unified Parkinson’s disease rating scale-subset
Ill; LEDD, levodopa equivalent daily dose.
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NC mcl p-value

N 16 17 -
Sex (male/fermale) 8/8 98 0866
Age (years) 6856+ 5.76 7053+ 4.54 0283
Education (years) 1.75£8.17 0.82 +4.63 0176
Self-rating 2525+ 451 2008 +6.18 0088
anety scale

ADL 1419+ 0.54 15.15£2.30 0115
MMSE 2825+ 139 2447 +3.88 <0010
MoCA 2619+ 152 19.18 £ 4.45 <0.001
CDR 0 05 -
Accuracy 9112+ 4.64% 7750+£17.98%  0.007
Response fime 600.76 % 56.00 602.86 + 86.36 0.008

Working mernory  1.51 £0.15 (x10%) 1.6 £0.36(x10-%) 0001
performance

Note: NG, normal control; MCI, mid cognitive impairment; ADL, the Activities of Daily Life;
MISE, the Mini-Mental Status Examination; MoCA, the Montreal Cognitive Assessment;
CDR, the Cinical Dementia Reting. To account for the tradeoff between accuracy and
response time, working memory performance was measured using response accuracy
divided by response time.
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Characteristics All Subjects n =140 0-1graden =94 2-3grade n =46 P-value

Age (years) 69.24 + 1054 66.47 +£10.42 74.89 £9.00 0.001*
Male (9) 76 (54.29%) 47 (50.00%) 29 (63.00%) 0.146

Diabetes melitus (%) 51 (36.43%) 27 (28.72%) 24 (52.17%) 0.007*
Smoking habit (%) 37 (26.43%) 25 (26.60%) 12 (26.09%) 0.949

Central cbestty (%) 98 (70.00%) 65 (60.15%) 33 (71.74%) 0.753

Body mass index 2875+ 4.22 2871+ 4.34 2881+ 4.26 0.831

CRP 4.96 +1.51 4.05 +1.57 6.73+ 1.46 0.153

Glucose 5.74+1.63 561151 6.02+1.84 0.163

G 1.69+1.13 178+ 1.24 1.49 + 085 0143

TC 468+1.22 4.83+1.20 438+1.23 0.041+
HDL 1.45+£028 147028 143027 0.494
LDL 2.48+0.91 2.60+0.88 2234093 0.025¢
IMT (mm) 0.711 £ 047 0689 +0.17 0.77 £0.19 0.026*
Duration of hypertension (year) 833+ 4.15 812+4.96 8.45+4.38 0325

Nocturnal dipping of SBP 0.043 + 0,081 0.052 £ 0.074 0.025 + 0,004 0.067

Dipper status (%) 33 (23.57%) 23 (24.47%) 10 (21.74) 0.721

24-h SBP (mimHg) 12876 + 17.47 12656 + 17.51 133.24 + 16.68 0.033*
24-h DBP (mmHg) 7346 +9.54 73.89 £9.77 72.59 +9.09 0.448
Daytime SBP (mmHg) 13165 + 16.28 129.90 + 16.67 135.22 + 15.02 0.070¢
Daytime DBP (mmHg) 75.75+9.94 76.39 £ 10.45 74.43+£9.46 0275
Nocturnal SBP (mmHg) 126.10 + 19.80 128.27 + 19.42 13189 + 19.50 0.015*
Nocturnal DBP (mmHg) 71.30 £9.93 7150 £10.41 70,87 +9.64 0.721

BP-lowing treatment (%) 105 (75.00%) 69 (73.40%) 36 (78.26%) 0533
No. of BP-lowing agents

No treatment (%) 35 (25.00%) 25 (26.60%) 10 (21.74%) 0533
1BP-lowing agent (%) 78 (55.71%) 53 (56.38%) 25 (54.35%) 0.820
=2 BP-lowing agents (%) 26 (18.57%) 16 (17.02%) 10 (21.74%) 0.500
Class of BP-lowing drugs

ACEIs (%) 5(3.57%) 2(2.18%) 3(6.52%) 0.183
ARB (%) 44 (31.43%) 30(31.91%) 15 (32.61%) 09234
-Blockers (%) 3(2.14%) 2(2.18%) 1 2.47%) 0.986
Dihydropyridinic CCB (%) 71 (50.71%) 47 (48.96%) 23 (50.00%) 0.989
Npnloop diuretics (%) 10 (7.14%) 7 (7.45%) 3(6.52%) 0.842

WIH, white matter hyperintensities; CAP, C-reactive protein, glucose; TG, triglyceride; TC, total cholesterol; HDL, high-density lipoprotein cholesterol; LDL, low-density lipoprotein
cholesterol; IMT, intima-mediia thickness; SBR. systolic blood pressure; DBR diastolic blood pressure; AGE], indicate angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor
blockers: CCB, calcium-channel block, *P < 0.05.
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Biomarker Body Findings Research gaps Reference

fluid

MCP-1 CsF Shown to correlate with change in NCI performance in mostly treated Lack of randomized trials; Lack of strong longitudinal data; Mearcotte et al. (2018), Yuan
PWH; found to be higher in PWH with NCI compared to non-NCI; Lack of studies conducted on large numbers of HIV etal. (2018), Traboschi
shown to be higher than plasma MCP-1 in PWH with NC; elevated at suppressed individuals. etal. (2015)and Yuan et al.
baseline in HIV suppressed indivicuals with NCI switching therapy. 2015)

PLASMA  MRI studies show correlation with subcortical injury; shown to be lower Inconclusive data; Lack of randorrized trials; Lack of studies  Ragin et al. (2008)
than GSF MCP-1 in PWH with NGl and shown not to correlate with NCI. - conducted on large numbers of HIV suppressed individuals.

TNF alpha CsF Shown to decrease in 24 weeks in suppressed PWH with NCI after Lack of randomized trials; Limited population nurrbers. Tiraboschi et al. (2015) and
switch to an ART regimen with high neuropenetration; Levels found to Oliveira et al. (2017)
be slightly lower in PWH having started ART early compared tolate ART.

IL6 CsF Levels found to be slightly lower in PWH having started ART early Inconclusive data; Lack of randomized trials; Lack of Oliveira et al. (2017) and
compared to late ART: showed by one study to correlate to a reduced longitudinal studies; Lack of studies conducted on large Kallianpur et al. (2018)
likelihood of NCI in PWH, both nive and on ART. numbers of HIV suppressed individuals

IP-10/CXCL10 CsF Found to be higher in PWH with NCI compared to non-NCI; higher Lack of randomized trals; Lack of longitudinal studies. Yuan et al. 2013) and Yuan
levels in ART-treated PWH with NCI than in untreated PWH with NCI. etal. (2015)

PLASMA  Found to be higher in PWH with NCI campared to non-NCI; plasrma Lack of longitudinal studies; viability as a biomarker in Yuan etal. (2015) and
levels shown to decrease in a study investigating the use of paroxetine clinical practice has yet to be tested. Sacktor et al. (2018)
and fluconazole for the treatrment of HAND.

IL-8 or CXCL-8 CsF Found to be higher in PWH with NCI compared to non-NCI; shown to Inconclusive data; Lack of longitudinal studies; Lack of Yuan et al. (2018) and
be higher than plasma IL-8 in PWH with NCI; CSF levels shown to studies conducted on large numbers of HIV suppressed Sacktor et al. (2018)
increase in a study investigating the use of paroxetine and fluconazole individuals
for the treatment of HAND.

IFN- CsF Found to negatively correlate with several individual and composite Lack of randomized trials; Lack of strong longitudinal data; Anderson et al. (2017)
neuropsychological tests, despite lack of correlation with treatment Lack of studies conducted on large numbers of HIV
status. suppressed individuals.

IL-16 Serum Found to be associated with slower processing speed. Lack of randomized trials; Lack of strong longitudinal data; Okafor et al. (2017)

Lack of studies conducted on large numbers of HIV
suppressed individuals.

ICAMS5 CsF Found to be higher in PWH with NCI compared to non-NCI, and to Lack of randomized trials; Lack of strong longitudinal data; Yuan et al. (2017)
correlate with disease progression in a small number of PWH. Lack of studies conducted on large numbers of HIV

suppressed individuals.
Plasma Found to be higher in PWH with NCI compared to non-NCI, and to

Microbial translocation markers PLASMA

Growth factors

CSF

PLASMA

correlate with disease progression in a small number of subjects.

LPS levels found to correlate with HAND in a subset of
HOV-positive participants; LPS found to be a significant
predictor of lower processing speed in ART suppressed
heavy drinkers; BDG levels found to correlate to worse
neurocogritive performance.

G-CSF found to be higher in PWH with NCI compared to
non-NCI.

CSF VEGF showed to have borderline association with
GDS-defined NCI; ceruloplasrmin and CSF haptoglobin
levels associated to likelihood to develop NCI; G-CSF found
to be higher in PWH with NCI cormpared to non-NCI.

Lack of randormized trials; Lack of
strong longitudinal data; Lack of studies
conducted on large numbers of HIV
suppressed individuals.

Lack of randomized trals; Lack of
strong longitudinl data; Lack of studies
conducted on large numbers of HIV
suppressed individuals.

Vassallo et al. (2013), Hoenigl et al.
(2016) and Monnig et al. (2017)

Yuan et al. (2015)

Yuan et al. (2015) and Kallianpur et al.

(2018)

Abbreviations: NCI, neurocognitive impairment: ART, antirstroviral therapy; CSF, cerebrospinal fluid: GDS, global deficit score; PWH, people with HIV.
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Region 1 CpG site 1
CT 97.50 £ 0.07
PD 97.45 + 0.05
Region 2 CpG site 1
CT 92.02 + 1.03
PD 92.39 £0.76

CpG site 2

95.89 £ 0.10
95.83 £ 0.10
CpG site 2
94.77 £ 0.63
95.51 +£0.48

CpG site 3

97.97 £0.16
97.31 £0.27
CpG site 3
85.81 + 0.47
85.97 £0.75

CpG site 4

100

100
CpG site 4
75.81 £ 0.47
74.93 +£ 0.57

CpG site 5

81.81+£0.34
81.32 £ 0.20
CpG site 5
36.49 + 4.63
33.27 +£0.98

CpG site 6

92.62 + 0.21
93.03 £0.23

CpG site 7

93.07 + 0.37
92.40 + 0.31

ANOVAs and subsequent post hoc tests did not indicate any significant difference in the level of methylation at CpG sites at the two regions analyzed between PD and

control patients.
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Biomarker Body fluid Findings Research gaps Reference
B-Amyloid 42
CsF No correlation with white mater hyperintensity in Lack of randomized trials; Lack of Trentalange et al. (2018)
ART-treated PWH. longtudinal data; little data n course of ART
CsF No carrelation with abnorrmalities in the periventricular Steinbrink et al. (2013)
white matter.
CsF Significant correlation with neuropsychological tests score: Steinbrink et al. (2013)
-HIV Memorial Sloan-Kettering scale score
-Not with HIV dementia scale (HDS) and the Mosaic test
(MT) scores
CsF NO correlation with GDS. Cysique et al. 2015)
4 APOE carriage Assodiation with lower CSF A1-42 concentrations. NO Association with NCInot proven in HIV Bertram et al. (2008)
correlation with NCI.
4 APOE carriage No association with HAND in HIV. Boraetal. (2014)
and Oysique et al. (2015)
Neurofilament proteins
Plasma Higher concentration in worse cogritive performance. No data n cortelation with experimental Anderson et al. (2018)
neuroprotective theraples. Lack of
randornized tials.
[e=3 Independent biomarker of baseline NCI status. Guha et al. (2019)
CsF Negative association with cogritive performance. Jessen Kiutt et al. (2014)
and Anderson et al. (2018)
CsF Trend towards higher levels in avirernic PWH with NCI Edén et al. (2016)
compared to others.
CsF Higher levels in NCI vs. unimpaired PWH. Guha et al. (2019)
CsF High levels in untreated neuroasymptomatic PWH. Jessen Krut et al. (2014)
CsF Predictive of HAD development in Gissién et al. (2007)
neuroasymptomatic PWH.
CsF Low levels in ART-treated PWH and in PWH. Jessen Krut et al. (2014)
CsF Levels dedline after starting ART. Jessen Krut et al. (2014)
CsF Levels remain stable in course of stable ART. Sacktor et al. (2018)
CsF Similar levels in course of ART n early treated PWH Oliveira et al. (2017)
compared to others.
CsF Corretation with neopterin levels. Edén et al. (2016)
CsF Direct correlation with C1q in CSF. McGure et al. (2016)
Calcium binding protein B (S100B)
CsF Higher levels in NCI compared to unimpaired subjects. Little data, lack of longitucinal studies. Yuan et al. (2017)and
Lack of randormized trals. Guha et al. (2019)
Tau protein
CsF Higher mean values in PWH with moderate or severe Litle longitudinal data, absence of a defined Steinbrink et al. (2013)
abnormalities of periventricular white matter. cut-off for defining NCI, ltle se in the fallow-up
of PWH on ART. Lack of randornized trials.
CsF No carrefation with white matter hyperintensities in ART, Trentalange et al. (2018)
weak correlation of ART.
CsF Sigrificant correlation with neuropsychological test score: Steinbrink et al. (2013)
-Mermorial Sloan-Kettering scale score
-HIV dementia scale score
-Mosaic test score
CsF Normalization after improvement of neurocognitive function Andersson et al. (2006)
in asingle case report.
CsF No changes in virologicaly suppressed PWH after switch to Tiraboschi et al. (2015)
ART regimens with enhanced central nervous system
penetrabilty.
Phospho-tau CsF Sigrificant correlation with GDS. Cysique et al. (2015)
LIPIDS
Sphingomyelin:ceramide ratio CsF Greater sphingormyelin:cerarride ratios for acyl chain Lack of randormized trials; Lack of Mielke et al. (2010)
lengths of C16:0, C18:0, G22:0, and C24:0 were longitudinal data
associated with worse performance on several indices
of mermory.
Sphingomyelin:cholesterol ratios CsF Higher sphingornyelin:cholesterol ratics were sigrificantly Mieke et al. (2010)
associated with worse performance on the Rey Auditory
\erbal Learning Test trail 5 score (p = 0.018) and
delayed recall.
Extracellular vesicles
CsF Higher in HIV + that in ninfected subjects. Little studied, stil no longtudinal data, Guha et al. (2019)
absence of solid correlations in
ART-treated PWH. Lack of
randornized trials
CsF Higher levels in NI compared to unimpaired subjects. Guha et . (2019)
CsF Direct correlation with S1008. Guha et al. (2019)
Wit pathway
DKKA Plasma Higher levels in NCI compared to unimpaired subjects, Little studied, stil no longtudinal data, Yuetal. 2017)
particularly in PWH taking ART with HIV RNA levels absence of solid correlations in
<50 copies/mL. ART-reated PWH, Lack of randornized
trials.
Mitochondrial DNA
CsF Higher levels in NCI compared to urimpaired subjects. Contradictory data, lack of rellable data Pérez-Santiago et al. (2016)
in ART-treated PWH; lack of longitudinal
data. Lack of randamized trils.
CsF Higher levels in better neurocognitive performance. Pérez-Santiago et al. (2017)
CsF Inverse correlation with NFL levels. Pérez-Santiago et al. (2017)
CsF Association with biormarkers of inflammation (IP-101in CSF Pérez-Santiago et al. (2016)
and MCP-1 in plasma).
CsF Higher levels in indiividuials with detectable CSF HIV RNA Mehta et al. 2017)
andin the absence of ART.
CsF Higher levels in PWH with mild NCI than in asymptomatic Mehta et al. (2017)
subjects.
CsF Direct association with IL-6; inverse association with Mehta et al. 2017)
ceruloplasmin, transferrin, and VEGF.
CsF Direct association with MCP-1 in OSF, TNF-o and IL-8 Pérez-Santiago et al. (2017)

Diferent mitochonctial haplogroup
carfiage

in plasma.
No carrelation with IL-6, IL-8, IP-10, and TNF-a in CSF in
Afiican and Hispanic ancestry. Haplogroup H had
significantly lower CSF TNF-« levels in European ancestry
with suppressed plasmatic HV-RNA viremia.

Samuels et al. (2016)

Abbreviations: ART, antiretroviral treatment: GDS, global deficit score, CSF, cerebrospinal fuid; PWH, people with HIV.
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Gene expression

Species Gene Forward Reverse

Human B-actin GCACCAGATCATGTTTGAGACCT CCATACACGATGCCAGTGGT
GAPDH CAGCCTCAAGATCATCAGCA TGTGGTCATGAGTCGTTCCA
A2AR CATCCCGCTCCGGTACAATG TGGTTCTTGCCCTCCTTTGG

Mouse B-actin AACGGGAAGCTCACTGGCAT GTCTCAAACATGATCTGGGTC
GAPDH AACGGGAAGCTCACTGGCAT AACGGGAAGCTCACTGGCAT
A2AR AGAGCAAGAGGCAGGTATCTC CCCAAAGGCTTTCTCACGGA
A2AR ChiP CAAGCACACAAGTCCCTTTA CAAGCACACAAGTCCCTTTA

DNA methylation
Region 1 Region 2

Human A2AR Forward TTTGGGTAGGGTTGGGAGTT AGGTGGAGGTTGTAGTGA
Reverse CCCAACACACCAACACATT CCACACTCCCTC CTTT
Sequencing GGTAGGGTTGGGAGTTA GGAGGTTGTAGTGAG

Mouse A2AR Forward PM00220542 Qiagen, Hilden, Germany GGAGGGGATTGAATTTGTAAGTATA
Reverse CCAAACACCCACCCTATTATC
Sequencing GAGGTAGGAGGGTTAGAT
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Name of sites Subject no. Median (years) Minimum (years) Maximum (years) Age, years Mean  S.D.

NTUH-1 90 57 23 81 53.60 + 17.91
NTUH-2 e 69 56 89 70.35 £ 8.12
NTUH-3 24 46 26 89 49.64 + 18.41
NCKUH 48 54 33 70 54.15 4 7.49
SHH 38 65 56 7% 64.97 +5.63
KCGMH 27 60 50 72 61.15 4+ 4.93
suU 18 il 53 89 70.50 £ 9.60
BSHRI 16 82 il o1 81.94 +5.99
RAH " 64 58 74 64.91 +5.05
10 TVGH 17 60 54 88 64.06 + 10.23
1 SYSH 9 66 45 e 62.67 + 10.25
12 HNC/ OCUH 14 65 53 83 64.93 +7.21

*Normal cognition: CDR= 0, MMSE: 28-30, and meet NIA-AA guidelines publishedin 2011.
Name of sites: NTUH, National Taiwan University Hospitel; NCKUH, National Cheng Kung University Hospital; SHH, Shuang Ho Hospital; KCGMH, Keohsiung Chang Gung Memoriel
Hospital; SUH, Sahigrenska University Hospital; BSHRI, Banner Sun Health Research Institute; RAH, Renai Branch Teipei Gity Hospital: TVGHL, Taipei Veterans General Hospital;
SYSMH, Sun Yet-Sen Memory Hospital; FH, Foshan Hospital: HNC, Hatsuta Neurology Clinic; OCUH, Osaka City University; SD, standard deviation.





OPS/images/fnagi-11-00292/crossmark.jpg
©

2

i

|





OPS/images/fnagi-11-00222/fnagi-11-00222-t007.jpg
Age (years) AB40 Aa2 t-Tau
0025 0975 0025 0975 0025 0975

30 47.87 72.98 14.35 17.18 5.18 28.33
40 41.37 74.42 13.19 18.26 3238 30.56
50 37.73 77.74 12.27 18.90 1.83 32.06
60 35.80 81.82 11.65 19.18 1.24 3311
70 34.48 85.562 11.42 19.20 177 34.01
80 32.62 87.71 11.65 19.02 3.69 35.02

90 29.0 87.28 12.43 18.72 7.29 36.45






OPS/images/fnagi-11-00222/fnagi-11-00222-t006.jpg
Variables in Fratios p Co-efficient of Variables
regression determination excluded
equation from equation

AB40 Age group, t-Tau 743 = 00001 0.1588 ApoEsd, AB42

Ap42 Age group, t-Tau 21.35 <0.0001 03612 ApoEsd, AB40

t-Tau Age group, AB40, Ag42 23.05 <0.0001 03702 ApoEed
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Age A0 vs. t-Tau Aa2 vs. t-Tau A40 vs. Ap42
group
20-29 p=—-0.087 p=-0126
p=0.7074 p=05875
n=21 n=21
30-39 »=0.076 p=-0562
p=0.7783 p=0.0235
n=16 n=18
40-49 p=—-0582 p=0444 p=-0321
p=00228 p=02427
n=1s n=1s
50-59 p=—-0.445 p=—-0261
p < 00001 p=00142
n=g8 n=88
80-69 p=—0.458 p=-0303
p < 00001 p=0.0004
n=132 n=132
70-79 p=-0293 p=0249 p=-0116
p=00113 p=03235
n=74 n=74
80-91 p=—-0252 p=-0120
p=0.1634 p=05147
n=32 n=32
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Age AB40 Aa2 t-Tau
groups mean & SD (1) mean % SD (1) mean & SD (n)
20-29 62.21 +5.19 (21) 15.71£0.41(@1) 1651 +591(21)
30-39 61.23+9.14 (16) 1557 £2.28(16)  17.18+6.42(16)
40-49 56.48 + 8.60 (15) 1647 £8.73(17)  18.83:+10.54 (16)
50-59 57.95+11.30(88)  15.42+1.78(93)  16.07+7.92(29)
60-60  5058+13.99(182) 1540252 (135  17.85+8.92(135)
70-79 60.72+£15.02(74)  15.13+2.85(77)  17.98+9.21(77)
80-91 5861+17.84(32)  15.60+£2.23(32)  22.87 +5.48 (32

SD, standard deviation; n, number of subjects.
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APOE ¢4 AB40 Ap42 t-Tau
mean £ SD (1) meanSD (1)  mean SD (n)

Non-carriers 5859 + 15.61% (125) 1520+ 2.47 (120) 18.90  8.24 (129)
Carriers 5236 £1025* (31)  15.13+£2.02(31)  20.83+ 864 (31)

* Denotes statistical significance p < 0.05.
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ApoE genotypes Number (%)

2/3 19(11.9)
2/4 3(1.9)
3/3 110 (68.8)

0
3/4 27 (16.9)
4/4 1
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site No. Name of Sites Subject No. Median (years) Minimum (years) Maximum (years) Age, years Mean & SD

1 NTUH-1 90 57 23 81 53.60 + 17.91
2 NTUH-2 79 69 56 89 70.35 £ 812
3 NTUH-3 24 46 26 89 49.54 + 18.41
- NCKUH 48 54 33 70 54.15+7.49
5 SHH 38 65 56 76 64.97 +5.63
6 KCGMH 27 60 50 72 61.15+4.93
7 su 18 ! 53 89 70.50 + 9.60
8 BSHRI 16 82 kel 91 81.94 +5.99
9 RAH " 64 58 74 64.91 £5.05
10 TVGH 17 60 54 88 64.06 + 10.23
il SYSH 9 66 45 79 62.67 + 10.25
12 HNC/OCUH 14 65 53 83 64.93+7.21

“Normal cognition: CDR = 0, MMSE: 28-30, and mest NIA-AA guidelines published in 2011. Name of sites: NTUH, National Taiwan University Hospital; NCKUH, National Cheng
Kung University Hospital; SHH, Shuang Ho Hospital; KCGMH, Kaohsiung Chang Gung Memorial Hospital; SUH, Sahlgrenska University Hospital; BSHRI, Banner Sun Health Research
nstitute; RAH, Renai Branch Taipei City Hospitel; TVGHL, Taipei Veterans General Hospital; SYSMH, Sun Yet-Sen Memory Hospital; FH, Foshan Hospital; HNG, Hatsuta Neurology
Clinic; OCUH, Osaka City University; SD, standard deviation.
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Abbreviation

Processing speed/working memory

PASAT-3
SDMT

Learning and memory
CVLTHI total learning trials
CVLT-I short delay
CVLT-Illong delay

VLTI recognition index
BVMT-R total learning trals
BVMT-R delay

BVMT-R recognition index
WMS-R Logical Memory IR
WMS-R Logical Memory DR
WMS-R Logical Memory MR
Spatial processing

Beery VMI

Clock drawing test
Executive function
D-KEFS sorting CS

D-KEFS sorting DS
Language

COWAT

BNT

Animal fluency
Supermarket items fluency
Total verbal fluency

Name

Paced Auditory Serial Addition Test (3 second version)
Symbol Digit Modalities Test

California Verbal Learning Test (total score)
California Verbal Learning Test (short delay score)

California Verbal Learning Test (long delay score)

California Verbal Learning Test (recognition index)

Brief Visuospatial Memory Test — Revised (total immediate score)
Brief Visuospatial Memory Test ~ Revised (long delay score)
Brief Visuospatial Memory Test — Revised (recognition index)
Wechsler Memory Scale ~ Revised (immediate recall score)
Wechsler Memory Scale ~ Revised (delayed recall score)
Wechsler Memory Scale ~ Revised (memory retention)

Beery-Buktenica Visual-Motor Integration Test
NA

Delis-Kaplan Executive Function System (correct sorts score)
Delis-Kaplan Executive Function System (description score)

Controlled Oral Word Association Test
Boston Naming Test

N/A

N/A

N/A

References

Gronwall, 1977
Smith, 1982

Delis et al., 2000
Delis et al., 2000
Delis et al., 2000
Delis et al., 2000
Benedict, 1997
Benedict, 1997
Benedict, 1997
Wechsler, 1945
Wechsler, 1945
Wechsler, 1945

Beery, 2010
Agrell and Dehlin, 1998

Delis et al., 2001
Delis et al., 2001

Ruff et al., 1996
Goodglass et al., 1983
Ruff et al., 1996
Ruff et al., 1996
Ruff et al., 1996
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Demographic and clinical characteristics EwMS HCs Cohen’sd p-value

(n=104) (n=56)

Female, n (%) 78 (75.0) 35 (62.5) - 0.09
Age, mean (SD) 62.1 (6.3) 62.3 (8.1) 0.028 0919
Years of education, mean (SD) 152 (2.3) 15.6 (2.3) 0174 0213
EDSS, median (IQR) 35(30-6.0) - - -
Disease duration, mean (SD) 205 (11.9) = - -
RRMS/PMS 73/31 - = =
T25FW, median (IQR) 67(51-9.1) 47 (41-5.1) 0514 <0.001
9-PHT, median (QR) 24.1 (22.1-29.5) 21.5 (204 — 23.5) 0532 <0.001
BDI-1l, median (IQR) 1.0 (0.0-2.75) 0.0 0.0-2.0) 0374 0.027
Disease modifying therapy, n (%)

Interferon-B 32 (30.8) = - -

Glatiramer acetate 18(17.3) = = =

Natalizumab 6(5.8) - = =

No DMT 32 (30.8) = - -

Oral DMT* 15 (14.4) - = =

Off-label medications 109 - = =

EwMS, elderly persons with multiple sclerosis; HCs, healthy controls; SD, standard deviation; IQR, interquartiee ratio; RRMS, relapsing-remitting multiple sclerosis; PMS,
progressive multiple sclerosis; BDI-Il, Beck Depression Inventory; T25FW, Timed 25-Foot Walk; 9PHT, 9 Peg Hole Test; DMT, disease modifying therapy. Mann Whitney
U-test, 72, and Student's t-test were used accordingly. P-value lower than 0.05 was considered staistically significant. *Oral DMTs include teriflunamide (9), dimethyl
fumarate (5), and fingolimod (1). Use of off-label medications included only one case with rituximab. P-values lower than 0.05 were considered statistically significant and
shown in bold.
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Cognitive test EwMS HCs Cohen’s d p-value BH-adjusted

(n=104) (n=56) p-value*

CVLT- total learning trials 49.7 (12.5) 54.9 (10.4) 0.452 0.005 0.018
CVLT-l short delay 9.8 (4.1) 112 33) 0.376 0.02 0.045
CVLT-l long delay 107 3.9) 1.9 33) 0581 0.029 0.053
VLTl recognition index 29(1.0) 33(0.7) 0.463 0.111 0.167
BVMT-R total learning trals 199 (7.1) 225 (5.6) 0.407 0018 0.05

BVMTR delay 8.1@7) 85 (27) 0.148 0.309 0.412
BVMT-R recognition index 55(0.8) 55 (0.9) 0.0 0.634 0.667
SDMT 46.3 (108) 55.4(92) 0.907 <0.001 <0.001
PASAT-3 41.5(18.2) 45.8 (12.3) 0.337 0.05 0.077
D-KEFS sorting CS* 90 (2.8) 93 (2.2) 0.119 0579 0.644
D-KEFS sorting DS® 336 (10.8) 34.9 (89) 0.131 0.448 0559
BNT 56.1 (38) 56.9 (3.3) 0.225 0.179 0.256
Letter-based verbal fluency 358 (11.2) 430 (10.2) 0672 <0.001 <0.001
Animal-based fluency 17.3 (4.7) 20.3 (4.3) 0.666 <0.001 0.001
Supermarket items-based fluency 20,9 (55) 257 (59) 0.842 <0.001 <0.001
Total categorical fluency 38.2(88) 45.9 (89) 0.870 <0.001 <0.001
Beery VMI 232 (33) 24.2 (2.6) 0.337 0.03 0.05

Clock drawing test 89(1.2) 9.1(1.2) 0.167 0505 0594
WMS-R logical memory IR 237 (7.1) 26.4 (6.4) 0.399 0018 0.045
WMS-R logical memory DR 188 (7.3) 21.7 8.1 0.376 0.024 0.048
WMS-R logical memory MR 78.4% (14.8%) 79.3% (18.3%) 0.072 0.641 0.641

EWMS, elderly persons with multiple sclerosis; HC, healthy controls; MACFIMS, Minimal Assessment of Cognitive Function in Multiple Sclerosis; CVLT-I, California Veerbal
Learning Test; BVMT-R, Brief Visuospatial Memory Test ~ Revised; SDMT, Symbol Digit Modelities Test; PASAT-3, 3 second Paced Auditory Serial Addtion Test; D-KEFS,
Delis-Kaplan Executive Function System; CS, number of correct sorts; DS, description score; BNT, Boston Naming Test; VM, Visual-Motor Integration; WMS-R, Wechsler
Memory Scale ~ Revised; IR, immediate recall; DR, delayed recall; MR, memory retention. All variables are shown as the mean (SD) raw scores. For all tests, higher
scores relate to better cognitive performance. Letter-based and categorical verbal fluency were examined by Controlled Oral Word Association Test (COWAT). Student's
t-test was used *Benjamini-Hochberg adjusted p-value <0.05 was considered statistically significant and shown in bold. 277 out of 104 EwMS patients had available
D-KEFS scores.
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Analysis Region Coordinates (mm) T-value Cluster size

x y z
FA maps: PD > HC Left pontine tegmentum -8 —21 47 163
Right pontine tegmentum 9 —22 45 167
MD maps: PD > HC Right operculum 58 9 5 1571
Covariance DATMD: PD > HC Pons nuclei 4 26 4 884
Covariance DAT-GM volume: PD > HC Left prefrontal cortex —44 20 46 681
Left premotor cortex -8 6 45 607
Left insula 54 —14 16 4 625

Right insula 58 -12 14 4 686
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Models for the AMDS-UPDRS were estimated separately for the patients without medication 1 year after baseline (no med), for the patients on L-Dopa 1 year after
baseline (on med) and for the patients of both groups together (on med -+ no med). The model predictors were the mean imaging values extracted from the following
regions: IN, insula; OR operculum; PFC, prefrontal cortex; PMC, premotor cortex; PN, pons nuclei; Put, putamen; PT, pontine tegmentum. We report the p-value for
adjusted Y, f-value, and p-value for every model. Bold characters and **” indicate a significant (p < 0.05) model—

every regressor; and the determination coefficient (

(p < 0.01) regressors.
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Models for the AMDS-UPDRS were estimated separately for the patients without medication 1 year after baseline (no med) for the patients on L-Dopa 1 year after
baseline (on med) and for the patients of both groups together (on med + no med). The model predictors were the mean imaging values extracted from the following
regions: IN, insula; OF, operculum; PFC, prefrontal cortex; PMC, premotor cortex; PN, pons nuclei: Put, putamen; PT, pontine tegmentum. Bold characters indicate a
significant (o < 0.05) model - (p < 0.01) regressors.
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Demographic HC PD PDnomed PDonmed PD versus HC p-value PD on med versus PD no

med p-value
Mean + SD
Nurnber of subjects (m/f) 105(74/31) 205 (143/62)  56(34/22) 44 (28/16) 0.999 0.837
Age 58+ 12 61+ 10 50+£102 626+ 10.1 0207 0.084
MDS-UPDRS1 Baseline 241 644 543 644 <1079+ 0.022*
Follow-up - - 644 74 - 0.030*
Change - = 142 243 - 0.041*
MDS-UPDRS2 Baseline 0.1+003 644 643 744 <1079+ 0.012"
Follow-up - - 744 814 - 0.021*
Change - = 242 342 - 0.031*
MDS-UPDRS3 Baseline 0603 2149 19410 2249 <1079+ 0.121
Follow-up - - 21411 24410 - 0.067
Change - - 449 5410 - 0.067
MDS-UPDRS total ~ Baseline 3+18 33+13 29+ 10 34415 <1079+ 0.031°
Follow-up - - 2415 37416 - 0.069
Change - - 7410 849 = 0.100
Dominant side (ieft/right/equilateral) - 78/117/10 20/35/1 20/22/2 = 0.309

HC, healthy controls; PD, Parkinson’s disease patients, PD no med, patients without medications 1 year after baseline; PD on med, patients on L-Dopa treatment 1 year
after the baseline. Bold characters and *” indicate a significant group difference (p < 0.05).
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Overall cohort (N = 88) MCI (N = 14) AD (N = 74)

CMMSE change CDR-SB change CMMSE change CDR-SB change CMMSE change CDR-SB change
(r, p value) (r, p value) (r, p value) (r, p value) (r, p value) (r, p value)
IL6change —0.130 (0.233) 0.002 (0.983) 0.093 (0.751) 0.110 (0.709) —0.232 (0.050) 0.023 (0.899)
TNFR1 change —0.093 (0.395) —0.012 (0.915) —0.199 (0.494) 0.284 (0.325) —0.077 (0.521) —0.054 (0.647)
IGF-1change —0.017 (0.879) —0.055 (0.609) —0.056 (0.849) 0.141 (0.630) —0.018 (0.884) —0.068 (0.567)
DHEAS hange 0.102 (0.352) —0.072 (0.506) —0.059 (0.841) —0.300 (0.298) 0.089 (0.457) —0.032 (0.785)
Dkk-1 change —0.137 (0.208) 0.275 (0.010)* —0.357 (0.210) —0.125 (0.295) —0.125 (0.295) 0.346 (0.003)**

DHEAS, dehydroepiandrosterone sulfate; Dkk-1, Dickkopf-1, IGF1, insulin-like growth factor-1; IL6, interleukin-6; TNFR1, tumor necrosis factor-a receptor-1. *P < 0.05;
**p < 0.01.
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IL61_yr (Pg/ml)
“—Gchange (pg/ml)
TNFR1paseline (Pg/ml)
TNFR14_y; (pg/ml)
TNFR1 change (pg/ml)
IGF 1 baseline (ng/ml)
IGF14 year (Ng/ml)
IGF1change (Ng/mi)
DHEAShaseline leOVL
DHEAS;_; pmol/L
DHEAShange imol/L
Dkk-1paseiine (pg/ml)
Dkk-11_yr (pg/mi)
Dkk-1 change (pg/ml)

Progressors N = 15

0.170 (0.060 — 0.262)

0.420 (0.290 — 0.668)

0.308 (0.140 — 0.450)
6858.91 (4791.03 — 9214.85)
2497.58 (1713.54 — 3483.35)

—4689.65 (—7501.31 —490.83)
129.25 (72.43 — 136.84)
87.118 (75.787 — 134.751)
—12.338 (—53.745 — 5.504)

1.387 (0.700 — 2.193)

1.662 (0.773 —2.122)

0.025 (—0.830 —0.502)
611.270 (493.09 — 855.650)

1021.120 (863.560 — 1317.650)

487.610 (24.046 — 899.060)

Non-progressors N = 73

0.227 (0.105 — 0.506)

0.500 (0.300 — 1.582)

0.251 (0.058 — 0.564)
6929.04 (5248.25 — 8648.16)
3465.24 (1978.96 — 4638.76)

—4429.02 (—6298.33 — 329.34)
110.74 (72.38 — 167.58)
102.235 (75.091 — 152.205)
—3.281 (—27.381 — 18.614)

1.865 (1.056 —2.979)

1.943 (1.176 — 3.100)

0.187 (—0.621 —0.721)
824.790 (687.335 — 1057.795)
731.180 (419.931 — 1047.955)

—142.910 (—605.305 — 179.605)

p-value

0.190
0.424
0.786
0.837
0.146
0.606
0.960
0.706
0.434
0.310
0.136
0.534
0.064
0.024*
0.003**

DHEAS, dehydroepiandrosterone sulfate; Dkk-1, Dickkopf-1, IGF1, insulin-like growth factor-1; IL6, interleukin-6; TNFR1, tumor necrosis factor-a receptor-1. *P < 0.05;

**pP < 0.01.
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Progressors Non-progressors  p-value

N=15 N=73
Demographics
Age 76.2 (6.2) 76.9 (6.7) 0.726
Gender (Female) 11 (73.3%) 47 (64.4%) 0.505
Ethnicity (Chinese) 14 (93.3%) 68 (93.2%) 0.745
Education (years) 5.8.(5.1) 5.9 (4.5 0.949
Comorbidities
Hypertension 11 (73.3%) 47 (64.4%) 0.505
Diabetes mellitus 3 (20%) 24 (32.9%) 0.325
Hyperlipidemia 7 (46.7%) 47 (64.4%) 0.199
Ischemic heart disease 1(6.7%) 14 (19.2%) 0.451
Atrial fibrillation 0 2(2.7%) 1.00
Stroke/TIA 0 3(4.1%) 1.00
Baseline diagnosis 0.540
MCI 1(6.7%) 13 (17.8%)
Mild AD 12 (80%) 53 (72.6%)
Moderate AD 2 (13.3%) 7 (9.6%)
Cogpnitive performance
CMMSEpseiine 16.5 (4.7) 18.7 (4.9) 0.116
CMMSE+ _yr 13.0(6.4) 18.2 (6.7) 0.003**
CMMSEchange —-3.6(3.2) —0.6 (3.1) 0.002**
Mood
Depressionpaseline 0 2 (2.7%) 1.00
Depressions _yr 0 0
Behavioral
NPI-seVpaseline 5.3(6.1) 3.4 (3.3 0.198
NPI-sevq_y, 7.0 (6.8 3.0 (4.0 0.042*
NPI-sevchange 1.7 4.7) —-0.4 (3.2 0.033*
Functional
MBlpaseline 100 (90-100) 100 (95-100) 0.092
MBly_y, 95 (90-100) 100 (95-100) 0.019*
MBlchange 0 (—5-0) 0 (-2.5-0) 0.234
iADLpaseiine 12.5(3.4) 15.6 (5.4) 0.008**
iADL1_yy 9.1 (4.3 14.5 (5.5) 0.001**
iADL change —3.4(4.3) -8.2(1.1) 0.059
Neuroimaging
ARWMC total (n = 86) 5.31 (56.98) 5.71 (4.03) 0.405
MTA (n = 83) 1.46 (1.13) 1.51 (1.03) 0.868
ApoE4 positive 6 (40%) 25 (34.7%) 0.654
Use of cognitive enhancer 13 (86.7%) 55 (76.4%) 0.506

AD, Alzheimer’s disease; ARWMC, age-related white matter changes; CMMSE,
Chinese Mini Mental State Examination; iADL, Lawton and Brody’s instrumental
activities of daily living; MBI, Modified Barthel Index; MCI, mild cognitive impairment;
MTA, medial temporal atrophy; NPI, neuropsychiatric inventory questionnaire.
Mean (SD) or median (IQR), unless otherwise indicated. *P < 0.05; **P < 0.01.
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[18F]-FMM SUVR

[11C]-PIB SUVR

n Baseline Achange/year Baseline Achange/year
AD 11 1.87 +0.28* 0.020 £0.018 1.88 + 0.36+ 0.027 +0.024
MCl typ 7 1.86 % 0.14* 0.033 + 0.024* 1.91 £ 0.10¢ 0.033 + 0.085*
MCl foc 4 1.32 0,02 0.076 + 0.084* 1.45 + 0.06* 0.053 + 0086
MCl— 6 1.25+ 0,08 0.014 £0.030 1.8+ 0.06 0.008 £ 0.013
CN+ 4 1.64 % 0.08" 0.039 + 0.023* 1.55 + 0.15¢ 0.047 +0.018*
CN— 9 1.19+ 0,09 0.007 +0.016 1.44£0.05 0.005 + 0010

Achange/year, annual rate of change; typ, typical amyloid-posiive; foc, focal amyloic-positive; +, amyloid-positive; —, amyloid-negative; n, number of subjects; Data are presented as
means + SD. *Statistically significant difference from CN- by Student’s t-test (o < 0.05).
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e FC Pre PC

AD 0.022 + 0.031 0.034 + 0.046 0.015 + 0.038 0.031 +0.069
MCl typ 0.036 + 0.025 0.048 + 0.034 0.037 + 0.046 0.049 +0.020
MCI foc 0.077 + 0.031 0.093 + 0.053 0.097 + 0.029* 0.053 + 0.025
MCI— 0.009 + 0.030 0.033 + 0.030 0.013 £ 0.051 0.037 +0.029
CN+ 0.054 + 0.036 0.041 + 0.032 0.048 + 0.038 0.046 +0.054
CN— —0.013 £ 0.028 0.022 + 0.030 —0.001 + 0.041 —0.019 +0.081

typ, typical amyloic-positive; foc, focal amyloid-positive; +, amyloid-positive; —, amyloid-negative; LTC, lateral temporal cortex; FC, frontal cortex; Pre, precuneus; PC, parietal cortex;
Data are presented as means + SD. *Statistically significant difierence from CN- by Bonferroni test (p < 0.05).
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tp. typical amyloic-positive; foc, focal amyloid-positive; +, amyloic-positive; —, amyloic-negative; n, number of patients; APOEe4.car, apolipoprotein Es4 cariers; MMSE, Mini-Mentel
State Examination; CDR, Glinical Dementia Rating; Imm rec, WMS-R Immediate recall score; Del rec, WMS-R Delayed recall score; Foll-up, follow-up; data are presented as
means + SD. *Statistically significant difference from baseline by paired t-test (p < 0.05).
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Total group (N = 106)

Demographics

Male/female (n, %) 46/60 (43%M)
Age (years) 63.83 (7.65)
Education (range: 1-7) 5.79 (1.07)
SCD onset (% within last 5 years) 83%
Depressive symptoms (CES-D) 8.5(7.0)
Anxiety (HADS-A anxiety subscale) 3.8(3.2)
Amyloid imaging

Net injected dose (MBq) 312 (38)

Specific activity (MBg/ng) 2.72 (1.76)

Visual assessment of SUVsg_70 images 24 (23%)

(n abnormal [%)])

Mean cortical amyloid load (['®Flflorbetapir BPnp) 0.18 (0.15)
Frontal cortex 0.18 (0.17)
Temporal cortex 0.13(0.13)
Parietal cortex 0.22 (0.17)
Cingulate cortex 0.25(0.19)

Episodic memory

RBMT stories (version A+B) immediate recall 20.37 (6.94)

RBMT stories (version A+B) delayed recall 16.73 (6.20)

Rey auditory verbal learning test (RAVLT) immediate 45.36 (8.97)

recall (5 trials)

Rey auditory verbal learning test delayed recall 9.28 (3.18)

SCD questionnaires

SCF -1.54 (2.92)

CCl self-reported 41.23 (15.05)

CCl informant-based 37.17 (16.44)

Memory question n “yes” (%) 73 (68%)

Attention question n “yes” (%) 27 (25%)

Organization question n “yes” (%) 14 (13%)

Language question n “yes” (%) 36 (34%)

Worry question n “yes” (%) 50 (47%)

Data are presented as means (standard deviations) or percentages. Education
level was assessed using the Verhage classification in accordance with the
Dutch educational system. SCD onset was based upon individuals’ self-reports.
Depressive symptoms were assessed with the CES-D.
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Df Alc BIC logLik Deviance Chisq Chi Df. Pr > Chisq

(A) Determine if random effects for subject intercept should be introduced

Model 1 Detta.variabllity ~ Region

Model 2 Detta.variability ~ Region + (1] ID)

Model 1 149 27719 -1828.8 1534.9 —3069.9

Model 2 150 —3744.8 —3744.8 2022.4 —4044.8 974.97 1 <22 -16

(B) Determine if introducing thickness as a covariate improves the goodness-of-fit

Model 2 Detta.variability ~ Region + (1] ID)

Model 3 Delta.variability ~ Delta.thickness + Region + (1| ID)

Model 2 150 —3744.8 —2795.4 2022.4 —4044.8

Model 3 151 —37655 —2809.8 2033.8 —4067.5 22,691 1 1.903 — 06

(C) Determine if introducing area as a covariate improves the goodness-of-fit

Model 2 Delta.variability ~ Region + (1] ID)

Model 4 Detta.variability ~ Delta.area + Region + (1] ID)

Model 2 150 —3744.8 —2795.4 2022.4 —4044.8

Model 4 151 —37490 —2793.3 20255 —4051.0 6.2025 1 001276

(D) Determine if introducing both area and thickness as covariates as compared to just one improves the goodness-of-fit

Model 3 Delta.variability ~ Delta.thickness + Region + (1] ID)

Model 5 Delta.variability ~ Delta.thickness + Delta.area + Region + (1] ID)

Model 3 151 —3765.5 —2809.8 2033.8 —4067.5

Model 6 162 —3766.7 —2804.7 2035.4 —4070.7 3.2151 1 0.07296

(E) Determine if introducing gray matter volume as covariate improves the goodness-of-fit

Model 2 Detta.variability ~ Region + (1] ID)

Model 6 Delta.variability ~ Delta.volume + Region + (1| ID)

Model 2 150 —3744.8 —2795.4 2022.4 —4044.8

Model 6 151 —3743.1 —2787.3 20225 —4045.1 0.2245 1 06357

AIC, akaike information criterion; BIC, Bayesian information criterion; Chisq Chi, chi-square test statistic; Df, degrees of freedom; logLik, log-lkelihood; Pr > Chisq.
P < 0.05. ID represents subject identification number.
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SCD questionnaires
SCF

CCl self-reported

CCl informant-based
Memory question*
Worry question*
Episodic memory
RBMT stories (% recall)
RAVLT (% recall)

Memory self-awareness indexes

Self-awareness index (RMBT-based)
Interaction Education*BPnd

Self-awareness index (RAVLT-based)
Interaction Education*BPnd

Self-proxy index

0.16 (-2.73 + 1.92)
-0.10 (-10.01 + 9.69)
0.01 (0.54 + 10.38)
0.72 (0.46 + 1.12)
1.76 (1.07 £ 2.90)

-0.16 (-1.09 + 0.63)
-0.09 (-0.62 + 0.67)

0.55 (4.82 + 1.23)
~0.58 (-5.23 + 1.61)
0.38 (3.30 + 1.27)
-0.42 (-3.69 + 1.65)
0.11 (0.71 £ 0.69)

p-values

0.16
0.30
0.96
0.14
0.02

0.09
0.35

< 0.001
0.002
0.01
0.08
0.31

Data are presented as standardized Beta (unstandardized beta +standard error)
or *odd ratios (95% confidence intervals). Analyses were adjusted for age, sex,
education and depressive symptoms. Analyses between amyloid-p load, self-
proxy and self-awareness indexes were based on mean cortical amyloid-p load.
Self-awareness indexes; positive associations (i.e., betas) reflect heightened self-
awareness (hypernosognosia) in relation with higher amyloid-p load, whereas
negative scores reflect lowered self-awareness (anosognosia).
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Mild dementia (>70)\Healthy (>70)
Healthy (>70)\Healthy (50-70)
Healthy (50-70) \Healthy (25-45)

Memory Executive function Attention Information processing speed Motor skills

0.000 0.000 0.005 0.130 0.005
0. 863 0.247 0.531 0.864 0.258
0.529 0.221 0.237 0.314 0.877

Each row represents two study groups that were compared, each column represents a different cognitive domain that was evaluated and displays t-test p values.
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Global score Memory Executive Attention Information Motor skills

function processing speed
Mean STD Mean STD Mean STD Mean STD Mean STD Mean STD
Mild dementia (>70) 81 11 71 8 85 18 80 19 96 7 91 17
Healthy (>70) 108 e 109 5 113 9 103 8 108 14 110
Healthy (50-70) 105 6 102 9 108 9 104 8 107 11 107
Healthy (25-45) 108 10 103 6 104 10 101 9 101 17 107 12

Each row represents a different group in the study, each column represents a different cognitive domain that was evaluated.
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p value

Mild Dementia (> 70)\Healthy (>70) ns/p = 0.77
Healthy (>70)\Healthy (50-70) p < 0.0001
Healthy (50-70)\Healthy (25-45) p < 0.0001

Each row represents two study groups, right column displays t-test p values.
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Total N of subjects N of male N of female N right- handed N left- handed Mean age (year) Std
Mild dementia (>70) 20 1 9 19 1 752 4.3
Healthy (>70) 17 12 16 1 75.4 5.6
Healthy (50-70) 30 23 29 1 61 5.9
Healthy (25-45) 30 16 14 28 2 35 6.6

Each row represents different study group.
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Study

Population

Study type and Physical activity

Results and conclusions

Baker et al. (2010)

Barha et al. (2017d)

Barha et al. (2019)

van Uffelen et al. (2008)

Varma et al. (2015)

- 15 older females with MCI
14 older males with MCI

- 29 older females with SIVCI
- 29 older males with SIVCI

- 1,497 older females cognitively
healthy (177 females with MRI)

- 1,376 older males cognitively
healthy (126 males with MRI)

- 67 older females with MCI
- 85 older males with MCI

- 84 older ferales cognitively
healthy
28 older males cognitively healthy

RCT

- 6 months of high intensity AT
- Stretching control

RCT

- 8 months of moderate
intensity AT
- Usual care plus education control

Epidemiological cohort study

- Self-reported time spent walking
(mins/week) each year for
10 years

RCT

- 12 months of moderate
intensity AT

- Low intensity, non-aerobic
balance and flexbilty exercise
control

Sub study of an RCT

- Daly walking actvity measuring
using a step activity monitor worn
on the dominant ankle for
3.7 days

In females, AT improved performance in 4/5 tests of
exective function (Symbol-Digt, Verbal Fiuency,
Stroop, Trails B). In males, AT orly improved
performance in 1/5 tests (Trals B).

In females, AT improved executive functioning on
the Trail Making Test. In males, AT did not improve
executive functioning.

In females, maintaining PA over 10 years predicted
less declines in execttive functioring on the Digit
Symbol Substitution Test and was associated with
greater volume of the left dorsolateral prefrontal
cortex. In males, maintaining PA did not predict
executive functioning.

In females, increased adherence to the AT program
was associated with improved executive functioning
on the Stroop test and on an auditory verbal
memory test. In males, attendance in at least 75%
of AT classes was required before improverents in
only auditory verbal memory were seen.

In females, greater amount, duration, and frequency
of total daily walking were all associated with larger
hippocampal volurme. In males, associations were
not significant.
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Project  NAA

e 0312
Pett >0.05
Frght -0271

Pign  >0.05
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-0.523
>0.05
—-0.299
>0.05

Cho

—0.411
>0.05
-0.121
>0.05

mi

—0.046
>0.05
0312
>0.05

NAA/Cr

0.684
<0.01%%
0.041
>005

Cho/Cr

0.441
>0.06
0.402
>0.05

mi/Cr

0.292
>0.05
0476
>0.05

#% The ratio of NAA/Cr in the left hippocampal of DR patients was positively correlated
with MoCA score, p < 0.01, and the difference was statisticall significant. NAA,
Nacetylaspartate; Cr, Creatine; Cho, Cho-line; mi, myo-inositol.
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Group Mean

DR T2DM  —7.24610"
HC —13.85166"

T2DM DR 7.24610"
HC —6.60556"

HC DR 13.85166*
T2DM  6.60556"

SD

3.06174
3.06174
3.06174
2.69142
3.06174
2.69142

P

0.021*
0.000*
0.021*
0017*
0.000*
0.017*

95% confidence interval

Lower limit

—13.3557
-19.9613
1.1365
-11.9762
7.7421
1.2349

Upper limit

-1.1365
—7.7421
13.3667
—1.2349
19.9613
11.9762

*The right hippocampal NAA was compared between any two groups, p < 0.05, the
difference was statistically significant. T2DM, Type 2 diabetes melitus; DR, diabetic
retinopathy; NAA, Nacetylaspartate.
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Substantia Nigra
Caudate

Pallidum

Putamen

Thalamus

Red nucleus
Subthalamic Nucleus

r

+0.058
+0.543
+0.382
—0.096
+0.128
—0.431
+0.239

FA

PFOR

0777
0.028
0.126
0.747
0.747
0.098
0.420

MD

AD

RD

0.692
0.906
0.692

AD, axial diffusivity; CBF, cerebral blood flow; FA, fractional anisotropy; FDR, false discovery rate; MD, mean diiffusivity; PD, Parkinson’s disease; RD, radial diffusivity; ROI,
region of interest. P-values lower than 0.05 were considered significant (in bold).
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Males, n (%)
Age in yrs, mean (SD)
HR&Y, median (IQR)
MDS-UPDRS lll score during on periods, mean (SD)
Disease duration in yrs, median (IQR)
Onset laterality, left n (%)
Antiparkinsonian medications
Levodopa-containing drugs, n (%)
Dopamine agonists, n (%)
MAO-B inhibitors, n (%)
LEDD, mean (SD)
Education level in yrs, median (IQR)
MoCA, median (IQR)
TMT, Part A, median (IQR)
TMT, Part B, median (IQR)
TMT, B-A, median (IQR)
Phonemic fluency, mean (SD)
Semantic fluency, mean (SD)

HC (n = 26)

15 (57.7)
65.2(7.5)

16 (13-18)
25,6 (24.2-27.7)

PD (n = 26)

21 (80.8)
66.7 (8.9)
15(1-16)
192 (112)
32-4)
10 (38.5)

11 (42.3)

11 (42.3)

17 (65.4)

214.2 (121.5)

13(8-17.3)
24.3 (21,6 - 26.3)
41,5 (30.3 - 63.5)
735 (58.3 - 110.5)
40.0 (25.0 - 63.8)
327 (96)
39.7 (10.4)

p-value

0,071
0.527°

HC, healthy controls; IQR, interquartile range; LEDD, Levodopa daily dose equivalent; MAO-B, monoamine oxidase-B; Movement Disorder Society-sponsored revision of
the Unified Parkinson’s Disease Rating Scale (MDS-UPDRS), MoCA, Montreal Cognitive Assessment, n, number, na, not available, PD, Parkinson’s disease, SD, standard
deviation, TMT, Trail Making Test, yrs, years. MoCA scores were adjusted according to Santangelo et al. (2015), TMT according to Giovagnoli et al. (1996), phonemic
fluency according to Carlesimo et al. (1996) and semantic fluency according to Noveli et al. (1986). Chi-squared test (@), independent samples Student's t-test (b), and
Mann-Whitney test (c) were used to evaluate differences between PD and HC groups, as appropriate. P-values lower than 0.05 were considered significant (in bold).
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Parameter

FA

MD
[10-3 mm?/sec]

AD
[10~3 mm?/sec]

RD
[10-3 mm?/sec]

CBF
[mV/min/100 g]

Substantia Nigra
Caudate

Pallidum

Putamen

Thalamus

Red Nucleus
Subthalamic nucleus
Substantia Nigra.
Caudate

Pallidum

Putamen

Thalamus

Red nucleus
Subthalamic nucleus
Substantia Nigra
Caudate

Pallidum

Putamen

Thalamus

Red Nucleus
Subthalamic Nucleus
Substantia Nigra.
Caudate

Pallidum

Putamen

Thalamus

Red nucleus
Subthalamic nucleus
Substantia Nigra
Caudate

Pallidum

Putamen

Thalamus

Red Nucleus
Subthalamic Nucleus

HC (n = 26)

0.436 (0.411-0.463)
0.122 (0.114-0.136)
0.241 (0.220-0.247)
0.140 (0.131-0.149)
0.260 (0.250-0.271)
0.372 (0.333-0.392)
0.437 (0.422-0.461)
0.725 (0.698-0.759)
0.726 (0.706-0.850)
0.736 (0.707-0.759)
0.685 (0.675-0.704)
0.733 (0.725-0.763)
0620 (0.595-0.647)
0.666 (0.651-0.690)
1.117 (1.064-1.172)
0.836 (0.810-0.957)
0.919 (0.891-0.977)

)

)

0.682 (0.656-0.801)
0.650 (0.623-0.670)
0.637 (0.627-0.655)
0.633 (0.625-0.660)
0.481 (0.470-0.527)
0507 (0.488-0.537)
26,86 (22.98-30.80)
21.63 (18.21-24.41)
19.99 (18.21-24.43)
25.14 (21.54-29.18)
25.92 (19.59-30.45)
27.94 (23.39-33.87)
22,65 (20.83-27.23)

PD (n = 26)

0.443 (0.422-0.457)
0.120 (0.109-0.141)
0.237 (0.225-0.247)
0.139 (0.131-0.147)
0.253 (0.244-0.261)
0.355 (0.326-0.374)
0.434 (0.406-0.449)
0.750 (0.731-0.775)
0.766 (0.715-1.004)
0.743 (0.717-0.780)
0.704 (0.694-0.718)
0.754 (0.739-0.770)
0.646 (0.621-0.658)
0.677 (0.660-0.701)
1.147 (1.088-1.195)
0.874 (0.831-1.108)
0.921 (0.890-0.994)
0.807 (0.792-0.825)
0.968 (0.949-0.995)
0.807 (0.792-0.825)
0.987 (0.951-1.021)
0559 (0.538-0.579)
0.719 (0.662-0.957)
0.663 (0.631-0.691)
0.653 (0.635-0.667)
0.657 (0.639-0.674)
0,519 (0.500-0.530)
0529 (0.495-0.547)
24.86 (20.58-31.60)
20.75 (16.72-24.07)
2183 (19.65-24.84)
24.02 (21.50-28.47)
23.44 (21.29-27.97)
27.58 (23.47-32.28)
28,56 (23.20-31.07)

0.840
0.687
0.728
0.022

PD vs. HC

0.158
0.102
0.041
0.056
0.563
0.287
0.319
0.631
0.340
0.204
0.742
0.514
0.607
0.329
0.372
0.396
0.009
0.836
0.350
0.248
0.117
0.497
0.329
0.253
0.596
0.566
0.616
0.475
0.132
0.142
0.329
0.066
0.112
0.097
0.669

AD, axial diffusivity; CBF, cerebral blood flow; FA, fractional anisotropy; d, Cohen’s d; FDR, false discovery rate; HC, healthy controls; IQR, interquartile range; MD, mean
diffusivity; n, number; PD, Parkinson’s disease; RD, radial diffusivity; ROJ, region of interest. The group dliferences were tested with Mann-Whitney test. Original p-values,
FDR-corrected p-values and Cohen's d are reported. P-values lower than 0.05 were considered significant (in bold). Effect sizes were originally calculated as eta squared
and subsequently transformed into Cohen'’s d values. Effect size was considered very small for d < 0.2, small for 0.2 < d < 0.5, moderate for 0.5 < d < 0.8, and large
ford = 0.8. Note that obtained p-values lower than 0.05 are associated with moderate to large effect size.
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Group Mean

DR T2DM  -8.12260"
HC -15.29449"

T2DM DR 8.12260"
HC  -7.17189"

HC DR 16.20449%
T2DM  7.17189"

sD

3.66962
3.54425
3.66952
3.08675
3.64425
3.08675

0.026"
0.000*
0.026*
0.023"
0.000%
0023

95% confidence interval

Lower limit  Upper limit

—15.2494 —0.9968
—22.3708 -8.2182
0.9958 16.2494
—13.3348 —1.0090
82182 22.3708
1.0090 13.3348

*The left hippocampal NAA were compared between any two groups, p < 0.05, the
difference was statistically significant. T2DM, Type 2 diabetes melitus; DR, diabetic
retinopathy; NAA, Nacetylaspartate.
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Project

Gender (M/F)
Age ()
Education (y)
BMI (kg/m?)
SBP/mmHg
DBP/mmHg
FPG (mmol/L)
HoAc (%)

TC (mmol/L)
TG (mmol/L)
HDL-C (mmol/L)
LDL-C (mmolL)

DR group

26 (14/12)
61.19 £ 8.41
9.50 £ 1.90
2394252
160.24 £ 9.43
96.19 £ 8.54
9.23:+0.46
8984224
6.32:+ 107
1.98 +0.97
0.89£0.183
3.81£071

T2DM group

27 (10/17)
61.04+7.54
10.54 £ 8.40
2369+ 3,04
160.01 % 7.74
96.22:+875
7.18£082
7.98 £089
537 £1.16
1.92 109
1.02 £ 046
376057

HC group

30(17/13)
5981368
1124270
23.37 £3.64
150.18 £ 9.81
90014985
5134037

531+ 0.40

431 £1.42

1.07 £0.79

1384072

3514045

t P

5.163 0.076
0249 0.780
1687 0.212
0.169 0.845
8.201 0.801
7.342 0.786
11.203 0.000*
3.670 0.000
1.037 0.000*
0.901 0.000
0.870 0.000
1.016 0.000*

“There were statistical differences among three groups in FPG, HbATc, TC, TG, HDL-C,
and LDL-C (P < 0.05).
There were no significant differences among three groups in gender, age, education, BMI,
SBP, and DBP (P > 0.05).
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LR values Change from pre-test to
post-test probability

Results

~100r <0.1 Large
510 or 0.1-0.2 Moderate
2-50r0.2-0.5 Small

1-2 0r 0.5-1 Smallminimum
1 None

Conclusive
Moderately important
Sometimes important
Rarely important

Not important/useless

Adapted from Jaeschke et al. (1994).
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Phase I: Do the test results in patients with the target disorder differ from those in normal people?
This preliminary phase Is important to provide novel insights on the pathophysiological mechanisms of the disease. It can be addressed by conducting cross-sectional
studies confronting a convenience group of subjects known to have the disease and a group of people definitely known to not have it.

Phase II: Are patients with certain test results more likely to have the target disorder than patients with other test results?
The answer to this question can be derived by classic 2 x 2 contingency tables (or Error Matrices). The accuracy of the test (in terms of its results or cut-points) at
distinguishing patients with the disease from normal controls is expressed by means of sensitiity, specificity, posttive and negative predictive values and ikelihood
ratios

Phase Ill: Does the test result distinguish patients with and without the target disorder among patients in whom it is clinically reasonable to suspect
that the disease is present?

Differently from the previous phase, the accuracy of the testis here explored in a “real world” scenario of routine ciinical practice, that is among subjects whose clinical
status is not alreadly established (e.g., subjects referred from their general practitioners to specialist services for a clinical suspicion). Participants shouid, blindly, be
assessed with both the test and what is considered as the diagnostic reference standard (ideally a gold standard).

Phase IV: Do patients who undergo this diagnostic test have better health outcomes than similar patients who are not tested?
This question strongly deals with the clinical utiity of the test and concerns the health outcomes following the diagnostic/therapeutic choices resuiting from the test
findings. Ideally, such informetion could be obtained by the follow-up of subjects randorrized to perform the test or not to perform it

Phase V: Does the use of the diagnostic test lead to better health outcomes at acceptable costs?
This question refers to the cost-efectiveness (the so-called “value-for-money”) of the index test and can be answered by randormized controlled trials.

Adapted from Haynes and You (2009) and Sackett and Haynes (2002).
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Author  Setting samplesize  Age Sex  Diagnostic criteria for Statistics Reference limits
healthy individuals
Sibgren Norwegian 231 (total) 61.3+18 177F Nosymptomsorsignsof e =0.10 fractlle fie., 10t A42
etal, Unlverstty 175 (mean 54M  psychiatric or neurological  percentie) for Ag42 500 ng/L (not age
2001)  Norwegian  (age >50years)  age = SD) disorders: * <09 fractile (L., 90th dependent)
Hospital 21-93 (ange) * People aged =60 years:  percentie) for tau T-tau
MMSE score = 28-30 300 ng/L (for age range
* People aged <60 years: 21-50)
no criteria listed 450 ng/L (for age range
51-70)
500 ng/L (for age
range =71)
Burkhard  Universty 105 (total) 69, 56-78 81F o Historical referral of o = 10th percentile for AB42 42
etal, Hospital of 82 (median, 44M  absence of any CNS or o <90th percentile for tau 150 ng/L, 90% Confidence
2004)  Geneve (age >50 years)  interquartie PNS condition, or Interval 90-172 ng/L (for
range) psychiatic condition, or age =49 years)

29-96 (fange)

chronic systemic iliness
possibly modifying the CSF
proteins

* Face-to-face
questionnaire covering the
most common neurological
symptoms

« Intake of medication
potentially interfering with
brain functions

* Neuropathological
findings confirming the
absence of any dementia
(for 10 autopsy proven
cases)

T-tau
385 ng/L, 90% Confidence
Interval 832-451 ng/L (for
age =49 years)
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Overall cohort (N = 88) AD (N = 74)
OR (95% CI)  p-value OR (95% CI)  p-value

Age 1.002 0.972 0.968 0.489
(0.917-1.093) (0.883-1.062)

Female 1.015 0.983 1.448 0.629
(0.258-3.989) (0.323-6.499)

Baseline CMMSE 0.906 0.149 0.929 0527
(0.793-1.036) (0.801-1.077)

DKk-1 change(topquartile) 4.913 0.012* 3.960 0.039*

(1.426-16.929)

(1.074-14.593)

Overall cohort: R2 = 0.169; AD: R? = 0.142. *P < 0.05.
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RBD (n = 12) DLB (n = 11) P-value

Age (years) 740 (62) 77.0(63) 0.19
Sex (male/female) 10/2 w7 0,036
Education (years) 12.8(1.6) 12.4(1.8) 0236
Duration (years) 63(39) 20(12)

MMSE (30) 286 (1.5) 215@7) 0,001
APOE s4-allele present 2/11 (18%) 4/10 (40%) 0.361

Values are presented as mean (SD) or number (9%).
Differences between groups were assessed using Student’s tfest (age, education, and
MMSE) and Fisher's exact test (sex and APOE sd-alkels).

APOE, apolipoprotein E; DLB, dementia with Lewy bodles; MMSE, Mini Mental State
Examination; RBD, REM sleep behavior disorder.
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N

Age, years
Age range,
years
Female
Education,
years

APCOE ¢4
present*

MMSE, score
CDR, score
Hypertension
DM
Hyperlipidemia
History of IHD

History of
stroke

ICV (cmd)

Total

5,498
67.0 (8.6)
50-101

3,160 (57.5)
11.6 (4.9)

890 (31.8)

26.2 (4.5)
0.7 (0.5)
2,395 (43.6)
1,173 (21.3)
1,660 (30.2)
490 (8.9)
196 (3.6)

1,332.9 (126.4)

CN

2,823
64.1 (6.92b-C
50-91

1,396 (49.5)20¢
12.7 (4.3)2b°

124 (18.8)P-°

28.1 (1.7)P°
1,303 (46.2)2
476 (16.9)2¢
935 (33.1)2:¢
158 (5.6)2-P:c

80 (2.8)°¢

1,358.4 (122.4)2-0.0

SMI

874
65.9 (8.5)>%¢
50-89

631 (72.2)2%¢
11.1 (5.0)%°

149 (21.3)%¢

28.3 (2.1)%¢
0.0(0.0)
294 (33.6)2d-
183 (20.9)&%e
273 (31.2°
119 (13.6)%:¢
23 (2.6)%°

1,313.7 (121.9)2¢

aMClI AD dementia
Total Early-stage Late-stage Total Very mild Mild Moderate
to severe
954 305 649 847 282 411 154
71.1 (8.4)20f 70.3(8.2) 71.5(8.5) 73.0 (9.2)%8f 72.5(9.3) 73.0 8.7) 73.9 (10.3)
50-99 50-88 50-99 50-101 50-101 51-91 50-91
575 (60.3)>9 200 (65.6) 375 (57.8) 558 (65.9)>%f 179 (63.5) 263 (64.0) 116 (75.3)
10.5 (5.1)bf 9.3(5.8) 11.1 (4.6) 9.6 (5.5)>&f 9.6 (5.6) 9.8 (5.6) 9.3(5.1)
290 (36.1)0-9f 71(28.3) 219 (39.7) 327 (51.2)%ef 125 (53.9) 152 (50.0) 50 (48.5)
25.7 (3.4)29f 26.0 (3.5) 25.5(3.3) 18.4 (5.3)>%f 21.3(3.9) 18.6 (4.2) 12.6 (5.5)
0.50.1)f 0.5(0.1) 0.5(0.1) 1.0 (0.6) 0.5(0.0) 1.0 (0.0) 2.1(0.8)
425 (44.5)4 130 (42.6) 295 (45.5) 373 (44.0)° 130 (46.1) 175 (42.6) 68 (44.2)
271 (28.4)°d 78 (25.6) 193 (29.7) 243 (28.7)%® 83 (29.4) 117 (28.5) 43(27.9)
259 (27.1)2:f 78 (25.6) 181 (27.9) 193 (22.8)-e 69 (24.5) 94 (22.9) 30(19.5)
130 (13.6)>f 45 (14.8) 85 (13.1) 83 (9.)c-ef 30 (10.6) 39 (9.5) 14(9.1)
49 (5.1)0d 16 (5.2) 33(5.1) 44 (5.2 20 (7.1) 19 (4.6) 5(3.2)

1,311.5 (123.8)2f

1,314.5 (126.0)

1,310.1 (122.7)

1,291.9 (128.5)ce.f

1,295.4 (121.6)

1,293.2 (129.4)

1,282.0 (138.6)

Values are mean (SD) or N (%). *APOE genotyping was performed in 658 (23.3%) of the 2,823 CN individuals, 700 (80.1%) of the 874 patients with SMI, 803 (84.2%) of the 954 patients with aMCl, and 639 (75.4%)
of the 847 patients with AD dementia, respectively. ab.cdefSeores in each row are significantly different in the analysis of variance with Bonferroni’s corrections, Chi-square or Fisher’s exact tests: CN vs. SMI; ben
vs. aMCl; °CN vs. AD dementia; Y9SMI vs. aMCI; ©SMI vs. AD dementia; 'aMCl vs. AD dementia. N, number; SD, standard deviation; CN, cognitively normal; SMI, subjective memory impairment; aMCI, amnestic mild
cognitive impairment; AD, Alzheimer’s disease; APOE, apolipoprotein E; MMSE, Mini-Mental State Examination; CDR, clinical dementia rating; DM, diabetes mellitus; IHD, ischemic heart disease; ICV, intracranial volume.
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Age group N Global Frontal Temporal Parietal Occipital

CN

50s 694 3.08 (0.10) 3.13(0.10) 3.23(0.15) 2.95(0.14) 2.72(0.12)
60s 1,509 3.05(0.10) 3.10(0.11) 3.22(0.15) 2.92 (0.13) 2.70(0.12)
70s 572 2.99(0.12) 3.04 (0.13) 3.16 (0.17) 2.85(0.14) 2.63(0.13)
Over-80 48 2.98(0.16) 3.03(0.16) 3.14(0.19) 2.83(0.17) 2.63(0.16)
SMi

50s 224 3.09 (0.09) 3.16 (0.10) 3.28 (0.10) 2.93(0.10) 2.70 (0.11)
60s 348 3.04 (0.10) 3.11(0.11) 3.24 (0.11) 2.89 (0.11) 2.65(0.11)
70s 247 2.96 (0.12) 3.02 (0.13) 3.14 (0.15) 2.80(0.13) 2.58(0.13)
Over-80 55 2.91(0.13) 2.98 (0.14) 3.06 (0.14) 2.77 (0.15) 2.54(0.12)
Early-stage aMClI

50s 35 3.11(0.09) 3.18 (0.10) 3.30(0.10) 2.96 (0.08) 2.73(0.10)
60s 96 3.03(0.10) 3.10(0.11) 3.23(0.11) 2.88 (0.11) 2.65(0.12)
70s 137 2.92(0.12) 2.98 (0.14) 3.08 (0.14) 2.78(0.13) 2.56 (0.12)
Over-80 37 2.85(0.14) 2.92 (0.15) 3.01(0.16) 2.71(0.15) 2.49(0.14)
Late-stage aMCI

50s 62 3.03(0.13) 3.11(0.14) 3.21(0.16) 2.87 (0.13) 2.66 (0.12)
60s 193 2.98(0.12) 3.05(0.12) 3.15(0.15) 2.82(0.13) 2.61(0.12)
70s 288 2.89(0.13) 2.96 (0.14) 3.04 (0.16) 2.74 (0.13) 2.54 (0.13)
Over-80 106 2.82(0.13) 2.89(0.14) 2.95(0.16) 2.68(0.13) 2.49 (0.14)
Very mild AD

50s 35 2.88(0.15) 3.00 (0.13) 3.05(0.18) 2.65(0.19) 2.49 (0.20)
60s 56 2.90(0.16) 2.99 (0.14) 3.04 (0.20) 2.74 (0.19) 2.53(0.19)
70s 125 2.84 (0.14) 2.92 (0.15) 2.97 (0.17) 2.70(0.15) 2.50(0.14)
Over-80 66 2.77 (0.15) 2.85(0.15) 2.89(0.19) 2.65(0.17) 2.45(0.16)
Mild AD

50s 43 2.78 (0.10) 2.91(0.12) 2.91(0.15) 2.55(0.12) 2.41 (0.15)
60s 82 2.81(0.14) 2.91(0.13) 2.93(0.18) 2.65(0.15) 2.47 (0.17)
70s 198 2.81(0.15) 2.90 (0.15) 2.91(0.19) 2.69(0.17) 2.50 (0.15)
Over-80 88 2.78 (0.13) 2.85(0.13) 2.87 (0.17) 2.67 (0.15) 2.47 (0.15)
Moderate to severe AD

50s 20 2.64 (0.16) 2.73(0.20) 2.79(0.22) 2.44(0.13) 2.34(0.18)
60s 29 2.62(0.17) 2.74(0.18) 2.69 (0.21) 2.48(0.20) 2.32(0.22)
70s 54 2.66 (0.17) 2.76 (0.17) 2.69 (0.22) 2.55(0.17) 2.37 (0.18)
Over-80 51 2.71(0.18) 2.79(0.18) 2.76 (0.23) 2.62 (0.19) 2.41(0.19)

Values are N or mean cortical thickness (SD). N, number; SD, standard deviation; CN, cognitively normal; SMI, subjective memory impairment; aMClI, amnestic mild
cognitive impairment; AD, Alzheimer’s disease.
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B SE P B SE P B SE P B SE P B SE P
CN
Age —0.004 < 0.001 < 0.001 —0.004 < 0.001 < 0.001 —0.004 < 0.001 < 0.001 —0.005 < 0.001 < 0.001 —0.005 < 0.001 < 0.001
SMi
Age —0.006 < 0.001 < 0.001 —0.006 < 0.001 < 0.001 —0.007 0.001 < 0.001 —0.005 < 0.001 < 0.001 —0.006 < 0.001 < 0.001
Early-stage aMClI
Age —0.009 0.001 < 0.001 —0.009 0.001 < 0.001 —0.012 0.001 < 0.001 —0.009 0.001 < 0.001 —0.008 0.001 < 0.001
Late-stage aMClI
Age —0.008 0.001 < 0.001 —0.008 0.001 < 0.001 —0.010 0.001 < 0.001 —0.007 0.001 < 0.001 —0.006 0.001 < 0.001
Very mild AD
Age —0.005 0.001 < 0.001 —0.006 0.001 < 0.001 —0.007 0.001 < 0.001 —0.002 0.001 0.079 —0.002 0.001 0.061
Mild AD
Age —0.001 0.001 0.416 —0.002 0.001 0.009 —0.003 0.001 0.012 0.003 0.001 0.001 0.002 0.001 0.095
Moderate to severe AD
Age 0.002 0.001 0.179 0.001 0.001 0.436 < 0.001 0.002 0.827 0.006 0.001 < 0.001 0.002 0.002 0.193

B (SE): f value (standard error of the mean). Multiple linear regression analysis was performed after controlling for sex, education years (continuous), ICV, vascular risk factors (hypertension, diabetes mellitus, and
hyperlipidemia), and history of ischemic heart disease or stroke. CN, cognitively normal; SMI, subjective memory impairment; aMCI, amnestic mild cognitive impairment; AD, Alzheimer’s disease.
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NC

20

8M/12F
66-87
76.85 (6.67)

EMCI

20

18M/7F
62-88
77.90 (7.26)

LmCI

20
11IM/9F
61-85
75.60 (6.65)

AD

20
10M/10F
61-90
74.15 (7.94)
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Sp 806114 459+087 380+ 160 1924055 2404082 431116 281136 1654058 239+ 114 418+091 281+ 110 150£052 1894081 3.86+088 1954097 1.36+045
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(OASIS, AAL, HCP, and Gordon represent OASIS-TRT-20 (62 regions), AAL (116 regions), HCP-MMP (180 regions), and Gordon-rsfMRI (333 regions), respectively.
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Psychometric test Impairment ratio Psychometric test Impairment ratio

CVLT-I total learning trials 23/104 (22.1%) D-KEFS Sorting DS 14/77 (13.5%)
CVLT-I short delay 23/104 (22.1%) BNT 10/104 (9.6%)
CVLT-l fong delay 18/104 (17.3%) Animal-based fluency 23/104 (22.1%)
VLT recognition index 21/104 (20.2%) Supermarket items-based fluency 25/104 (24.0%)
BVMT-R total learning trials 23/104 (22.1%) Total categorical fluency 29/104 (27.9%)
BVMTR delay 11/104 (10.6%) Beery VMI 23/104 (22.1%)
BVMT-R recognition index 12/104 (11.5%) Clock drawing test 14/104 (13.5%)
SDMT 27/104 (25.9%) WMS-R logical memory IR 19/104 (18.3%)
PASAT-3 18/104 (17.3%) WMS-R logical memory DR 11/104 (10.6%)
Letter-based verbal fluency 26/104 (25.0%) WMS-R logical memory MR 6/104 (5.8%)
D-KEFS Sorting CS 17/77 (16.3%)

CVLT-I, California Veerbal Learning Test; SD, short delay; LD, long delay; BVMT-R, Brief Visuospatial Memory Test - Revised; SDMT, Symbol Digit Modailtes Test; PASAT-
3, 3 second Paced Auditory Serial Addition Test; COWAT, Controlled Oral Word Association Test; D-KEFS, Delis-Kaplan Executive Function System; CS, number of
correct sorts; DS, description score; BNT, Boston Naming Test; VMI, Visual-Motor Integration; WMS-R, Wechsler Memory Scale ~ Revised; IR, immediate recall; DR,
delayed recal; MR, memory retention. Cognitive impairment was defined as a score <—1.5 SD relative to mean HC performance on the respective test. Letter-based and
categorical verbal fluency were examined by Controlled Oral Word Association Test (COWAT).
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Block 1

Sex

Age

Years of education
Block 2

Step 1:

SDMT

Step 2:

SDMT
Supermarket

items-based fluency

Nagelkerke Wald

R? coefficient
0.04
3.186
0.022
1.973
0.218
22.992
0.27
13.937
9.935

Exp(B)

1.914
0.996
0.901

0.885

0.907
0.919

p-value

0.074
0.883
0.16

<0.001

<0.001
0.002

EwMS, elderly with multiple sclerosis; HCs, healthy controls; SDMT, Symbol
Digit Modalities Test. Block 1 force-entered the demographic characteristics (sex,
age and years of education) regardless if they were significantly associated with
the diagnosis. A second step-wise block included only significant differentiators

between the EwMS and HCs. P-values lower than 0.05 were considered

statistically significant and shown in bold.
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OAsIS AAL HCP Gordon

k=20 0.0038 0.2345 0.0105 0.0014.
k=30 0.0040 0.1696 0.0024 0.0023

The significant p-values are shown in bold. OASIS, AL, HCP. and Gordon represent
OASIS-TRT-20 (62 regions), AAL (116 regions), HCP-MMP (180 regions), and Gordon-
rsIMRY (333 regions), respectively.
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Q of modularity 0.0004 0.0008 0.0148 0.1540

The significant p-values are shown in bold. OASIS, AAL, HCP: and Gordon represent
OASIS-TRT-20 (62 regions), AAL (116 regions), HCP-MMP (180 regions), and Gordon-
rsIMRI (333 regions), respectively.
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k-level OAsIS AAL HCP Gordon

17 0.0965 0.0002 0.0013 <0.0001
18 0.0045 0.0002 0.0007 <0.0001
19 <0.0001 0.0002 0.0008 <0.0001
20 <0.0001 <0.0001 0.0006 <0.0001
21 <0.0001 0.0002 0.0004 <0.0001
22 <0.0001 0.0004 0.0005 <0.0001
23 <0.0001 0.0015 0.0007 <0.0001
24 0.0002 0.0005 0.0004 <0.0001
25 <0.0001 0.0005 0.0005 <0.0001
26 0.0004 0.0005 0.0003 <0.0001
27 0.0002 0.0002 0.0003 <0.0001
28 0.0001 0.0002 0.0002 <0.0001
29 <0.0001 0.0001 0.0006 <0.0001
30 <0.0001 0.0003 0.0009 <0.0001
31 <0.0001 0.0005 0.0006 <0.0001
32 <0.0001 0.0005 0.0006 <0.0001
33 <0.0001 0.0006 0.0007 <0.0001
34 <0.0001 0.0006 0.0005 0.0002
35 <0.0001 0.0010 0.0006 0.0003
36 <0.0001 0.0007 0.0009 0.0005
37 0.0001 0.0008 <0.0001 0.0008
38 <0.0001 0.0006 0.0008 0.0012
39 0.0003 0.0007 0.0012 0.0032

The signilicant p-values are shown in bold. OASIS, AAL, HCP. and Gordon represent
OASIS-TRT-20 (62 regions), AAL (116 regions), HCP-MMP (180 regions), and Gordon-
rsIMRI (333 regions), respectively.
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OASIS AAL Hcp Gordon

Sp 0.0017 0.0782 0.0007 0.0032
Egiob 0.0080 0.8482 0.0015 0.9816
Le 0.0837 0.3627 0.0019 0.0003
Cp 0.0514 0.9988 0.0207 0.9538

The significant p-values are shown in bold. OASIS, AAL, HCP, and Gordon represent
OASIS-TRT-20 (62 regions), AL (116 regions), HCP-MMP (180 regions), and Gordon-
1SIMRI (333 regions), respectively. S,, denotes network strength. Ege is global network
efficiency. L is characterized path length. Cp is clustering coefficient,





