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Introduction: We assessed the diagnostic accuracy of cerebrospinal fluid (CSF) YKL-40 in discriminating: a) clinical Alzheimer's disease (AD) from cognitively healthy controls (HC), and frontotemporal dementia (FTD) (Level I), b) patients stratified by different pathophysiological profiles from HC and FTD following a novel unbiased/descriptive categorization based on CSF biomarkers, independently of cognitive impairment severity (Level II). Methods: YKL-40 was compared among HC (n=21), mild cognitive impairment (n=41), AD (n=35), FTD (n=9) (Level I); among HC (n=21), subjects AD pathophysiology (tau and amyloid-β) negative (n=15), tau-positive (n=15), amyloid-β-positive (n=13), AD pathophysiology-positive (n=33), and FTD (n=9) (Level II). Results: Level I: YKL-40 discriminated AD from HC and FTD (AUROCs=0.69, 0.71). Level II: YKL-40 discriminated tau-positive and AD pathophysiology-positive individuals from HC, AD pathophysiology-positive patients from FTD (AUROCs=0.76, 0.72, 0.73). Discussion: YKL-40 demonstrates fair performance in distinguishing tau-positive patients from HC, suggesting it may aid clinical diagnosis and support a biomarker-guided pathophysiological stratification.

INTRODUCTION

Alzheimer's disease (AD) is a genetically, biologically and clinically heterogeneous multifactorial disease [START_REF] Heppner | Immune attack: the role of inflammation in Alzheimer disease[END_REF][START_REF] Zlokovic | Neurovascular pathways to neurodegeneration in Alzheimer's disease and other disorders[END_REF][START_REF] Blennow | Alzheimer's disease[END_REF]. The primary pathological hallmarks are amyloid plaques consisting of aggregated amyloid-β and neurofibrillary tangles containing hyperphosphorylated and aggregated tau protein [START_REF] Blennow | Alzheimer's disease[END_REF].

However, in most of patients, AD related brain changes are combined with other types of pathologies [START_REF] Jack | /N: An unbiased descriptive classification scheme for Alzheimer disease biomarkers[END_REF][START_REF] Kovacs | Non-Alzheimer neurodegenerative pathologies and their combinations are more frequent than commonly believed in the elderly brain: a community-based autopsy series[END_REF]. Currently, three core, feasible cerebrospinal fluid (CSF) biomarkers have shown to track pathophysiological mechanisms in vivo in preclinical, prodromal and AD dementia [START_REF] Albert | The diagnosis of mild cognitive impairment due to Alzheimer's disease: recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Baldacci -16 Alzheimer's disease[END_REF][START_REF] Dubois | Advancing research diagnostic criteria for Alzheimer's disease: the IWG-2 criteria[END_REF]. In particular, (I) CSF concentrations of the amyloid-β 1 to 42 (Aβ1-42) peptide is considered a biomarker of brain amyloid deposition, (II) total tau (t-tau) protein is considered a marker of neuronal injury in several brain diseases (not pathognomonic for AD) and (III) hyperphosphorylated tau (p-tau) protein is considered a marker reflecting hyperphosphorylation of tau leading to the formation of paired helical filaments and ultimately neurofibrillary tangles [START_REF] Blennow | Cerebrospinal fluid and plasma biomarkers in Alzheimer disease[END_REF]. Although neuroinflammation has been consistently suggested with accumulating evidence to contribute as additional pathophysiological mechanism to AD [START_REF] Heppner | Immune attack: the role of inflammation in Alzheimer disease[END_REF][START_REF] Heneka | Neuroinflammation in Alzheimer's disease[END_REF], a clinically validated and standardized CSF inflammation biomarker for both diagnosis and as indicator of mechanism of action in trials has not yet been developed.

In particular, YKL-40, a glycoprotein belonging to the chitinase-like proteins group, represents a promising candidate inflammation biomarker in progressive clinical development for AD. However, its pathophysiological functions are not yet fully clarified [START_REF] Prakash | Diverse pathological implications of YKL-40: answers may lie in "outside-in" signaling[END_REF]. YKL-40 is a differentiation marker of macrophages [START_REF] Lee | Role of chitin and chitinase/chitinase-like proteins in inflammation, tissue remodeling, and injury[END_REF][START_REF] Rehli | Transcriptional regulation of CHI3L1, a marker gene for late stages of macrophage differentiation[END_REF][START_REF] Rehli | Molecular characterization of the gene for human cartilage gp-39 (CHI3L1), a member of the chitinase protein family and marker for late stages of macrophage differentiation[END_REF] and is expressed in microglia and astroglia within the central nervous system [START_REF] Olsson | CSF and blood biomarkers for the diagnosis of Alzheimer's disease: a systematic review and meta-analysis[END_REF].

Recently, in first clinical investigations, statistically significant elevated CSF concentrations of YKL-40 were reported in AD compared with cognitively healthy controls (HC), in agreement with reported increased concentrations at the prodromal and preclinical stages [START_REF] Alcolea | Amyloid precursor protein metabolism and inflammation markers in preclinical Alzheimer disease[END_REF][START_REF] Alcolea | Relationship between β-Secretase, inflammation and core cerebrospinal fluid biomarkers for Alzheimer's disease[END_REF][START_REF] Antonell | Cerebrospinal fluid level of YKL-40 protein in preclinical and prodromal Alzheimer's disease[END_REF][START_REF] Craig-Schapiro | YKL-40: a novel prognostic fluid biomarker for preclinical Alzheimer's disease[END_REF][START_REF] Gispert | CSF YKL-40 and pTau181 are related to different cerebral morphometric patterns in early AD[END_REF][START_REF] Janelidze | Cerebrospinal fluid neurogranin and YKL-40 as biomarkers of Alzheimer's disease[END_REF][START_REF] Kester | Cerebrospinal fluid VILIP-1 and YKL-40, candidate biomarkers to diagnose, predict and monitor Alzheimer's disease in a memory clinic cohort[END_REF][START_REF] Mattsson | Cerebrospinal fluid microglial markers in Alzheimer's disease: elevated chitotriosidase Baldacci -17 activity but lack of diagnostic utility[END_REF][START_REF] Melah | Cerebrospinal Fluid Markers of Alzheimer's Disease Pathology and Microglial Activation are Associated with Altered White Matter Microstructure in Asymptomatic Adults at Risk for Alzheimer's Disease[END_REF][START_REF] Olsson | Microglial markers are elevated in the prodromal phase of Alzheimer's disease and vascular dementia[END_REF][START_REF] Perrin | Identification and validation of novel cerebrospinal fluid biomarkers for staging early Alzheimer's disease[END_REF][START_REF] Rosén | Increased Levels of Chitotriosidase and YKL-40 in Cerebrospinal Fluid from Patients with Alzheimer's Disease[END_REF][START_REF] Sutphen | Longitudinal Cerebrospinal Fluid Biomarker Changes in Preclinical Alzheimer Disease During Middle Age[END_REF][START_REF] Wennström | The Inflammatory Marker YKL-40 Is Elevated in Cerebrospinal Fluid from Patients with Alzheimer's but Not Parkinson's Disease or Dementia with Lewy Bodies[END_REF].

The main objective of this study was to assess the diagnostic accuracy of CSF YKL-40 in diagnosing and categorizing individuals with cognitive impairment.

In a first step (Level I), we tested the performance of YKL-40 in discriminating clinically diagnosed patients with AD dementia from HC subjects and patients with frontotemporal dementia (FTD).

In a second step of analysis (Level II) [START_REF] Jack | /N: An unbiased descriptive classification scheme for Alzheimer disease biomarkers[END_REF], we evaluated the classificatory performance of YKL-40 across the spectrum of AD pathology by adopting a recently published unbiased descriptive categorization system based on biomarker-guidance only, namely the "A/T/N" scheme, using AD core biomarkers. The A/T/N system comprises three binary components, A= Aβ pathology, T= tau pathology, N= neurodegeneration for characterizing features of AD pathology/pathophysiology (independently from the severity of cognitive impairment). To this end, we determined the discriminatory performance of CSF YKL-40 in distinguishing HC from I) AD pathology patients (presenting both decreased CSF concentrations of Aβ1-42 peptide and increased t-tau or p-tau protein [START_REF] Dubois | Advancing research diagnostic criteria for Alzheimer's disease: the IWG-2 criteria[END_REF]), II) patients showing tau pathology only, and III) patients with Aβ pathology only. In addition, we explored the ability of CSF YKL-40 to discriminate AD pathology patients from FTD cases.

METHODS

Population

A total of 135 individuals from a convenience sample were examined. Of these participants, 27 were excluded due to missing data in one or more CSF biomarkers and the remaining 108 were included in the present study. Clinical and biological data from these 108 individuals (AD= 35, FTD= The study was conducted according to the provisions of the Declaration of Helsinki. All participants or their representatives gave written informed consent for the use of their clinical data for research purposes and the local Ethical Committees at the respective universities approved the study. We followed the STARD criteria for the reporting of diagnostic test accuracy studies (available at http://www.equator-network.org/reporting-guidelines/stard/).

Patient stratification

Level I (purely clinical diagnostic approach)

The first group was composed of 23 cognitively HC. Two individuals from the Göteborg cohort were identified as asymptomatic-at-risk of AD [START_REF] Dubois | Advancing research diagnostic criteria for Alzheimer's disease: the IWG-2 criteria[END_REF] or preclinical AD [START_REF] Sperling | Toward defining the preclinical stages of Alzheimer's disease: recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease[END_REF] showing high CSF t-tau concentrations. While tau positivity is a criterion which pertains purely to level II, we decided to exclude two asymptomatic subjects showing positivity to CSF t-tau from the HC group in order to perform both level I and level II analyses on identical populations. The second group included 41 subjects with MCI [START_REF] Albert | The diagnosis of mild cognitive impairment due to Alzheimer's disease: recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Baldacci -16 Alzheimer's disease[END_REF]. The third group included 35 patients with AD dementia [START_REF] Mckhann | Clinical diagnosis of Alzheimer's disease: report of the NINCDS-ADRDA Work Group under the auspices of Department of Health and Human Services Task Force on Alzheimer's Disease[END_REF]. Finally, the fourth group included 9 patients with FTD [START_REF] Neary | Frontotemporal lobar degeneration: a consensus on clinical diagnostic criteria[END_REF] (Figure 1). The clinical diagnosis of AD dementia was performed according to the National Institute of Neurological and Communicative Disorders and Stroke-Alzheimer's Disease and Related Disorders Association (NINCDS-ADRDA) consensus criteria [START_REF] Mckhann | Clinical diagnosis of Alzheimer's disease: report of the NINCDS-ADRDA Work Group under the auspices of Department of Health and Human Services Task Force on Alzheimer's Disease[END_REF]. The clinical diagnosis of MCI was made according to the MCI core clinical criteria [START_REF] Albert | The diagnosis of mild cognitive impairment due to Alzheimer's disease: recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Baldacci -16 Alzheimer's disease[END_REF].

The clinical diagnosis of FTD was made following the consensus on clinical diagnostic criteria of 1998 [START_REF] Neary | Frontotemporal lobar degeneration: a consensus on clinical diagnostic criteria[END_REF]. Cognitively HC were individuals who volunteered for lumbar puncture; the inclusion Baldacci -6 criteria comprised absence of history of neurological or psychiatric diseases and Mental-State Examination (MMSE) scores between 27 and 30.

Level II (unbiased categorization based on CSF core biomarker profiles)

The categorization of AD dementia patients and individuals with MCI followed the unbiased biomarker-based descriptive classification system recently proposed by Jack and colleagues: the "A/T/N" system [START_REF] Jack | /N: An unbiased descriptive classification scheme for Alzheimer disease biomarkers[END_REF]. This classification considers 3 binary (i.e. positive or negative) categories: "A" referring to an amyloid biomarker (CSF Aβ1-42 or amyloid-PET), "T" to a tau pathology biomarker (CSF p-tau or tau-PET), and "N" to a quantitative or topographic biomarker of neurodegeneration or neuronal injury (CSF t-tau, 18 F-fluorodeoxyglucose-PET ( 18 F-FDG-PET), or structural MRI). Since each individual score is displayed as an "A±/T±/N±" arrangement, eight different categories are possible [START_REF] Jack | /N: An unbiased descriptive classification scheme for Alzheimer disease biomarkers[END_REF]. The A/T/N classification system is linked to the biomarker classification frameworks of the International working group-2 (IWG-2) criteria [START_REF] Dubois | Advancing research diagnostic criteria for Alzheimer's disease: the IWG-2 criteria[END_REF] and the National Institute on Aging-Alzheimer's Association (NIA-AA) guidelines [START_REF] Jack | /N: An unbiased descriptive classification scheme for Alzheimer disease biomarkers[END_REF][START_REF] Sperling | Toward defining the preclinical stages of Alzheimer's disease: recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease[END_REF][START_REF] Mckhann | The diagnosis of dementia due to Alzheimer's disease: recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease[END_REF], and is able to chart both diagnostic classifications. For practical reasons the A/T/N system was utilized in a simplified version which employed only CSF markers and excluded imaging-methods (amyloid PET, tau PET, FDG-PET, or structural MRI) to define 5 categories (groups) which were independent from severity of cognitive impairment: [A+/T±/N+ or A+/T+/N±] (n=33) included 22 AD dementia patients in line with the IWG-2 criteria [START_REF] Dubois | Advancing research diagnostic criteria for Alzheimer's disease: the IWG-2 criteria[END_REF] and the NIA-AA guidelines [START_REF] Mckhann | The diagnosis of dementia due to Alzheimer's disease: recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease[END_REF], and 11 prodromal AD [START_REF] Dubois | Revising the definition of Alzheimer's disease: a new lexicon[END_REF] or MCI due to AD [START_REF] Albert | The diagnosis of mild cognitive impairment due to Alzheimer's disease: recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Baldacci -16 Alzheimer's disease[END_REF] cases, all of which were both Aβ and tau positive; group 6 comprised all FTD patients (n=9) including seven participants which were both Aβ1-42 and tau negative, one which was Aβ1-42 negative and tau positive, and one which was Aβ1-42 positive and tau negative. According to the IWG-2 criteria, this last participant should be defined as a case of FTD and not as a patient with a frontal variant of AD [START_REF] Dubois | Advancing research diagnostic criteria for Alzheimer's disease: the IWG-2 criteria[END_REF].

Of note, since the A/T/N system is not directly applicable to FTD, this last group was analysed exclusively in terms of clinical diagnosis (Figure 1).

CSF sampling

All CSF samples were collected in polypropylene tubes, centrifuged (1000 g, 10 minutes, +4°C

(sample collected at IM2A laboratory for the Paris cohort), 1500 g, 10 minutes, +4°C (sample collected at DZNE laboratory for the Rostock cohort), 1800 g, 10 minutes, +4°C (sample collected at Mölndal Clinical Neurochemistry Laboratory for the Göteborg cohort)), and the collected supernatant was stored at -80°C pending biochemical analysis.

Immunoassays for core biomarkers

The core AD CSF biomarkers (Aβ1-42, t-tau, and p-tau) were measured in each subject. T-tau was measured using a sandwich ELISA (INNOTEST hTAU-Ag, Fujirebio Europe, Gent, Belgium) specifically constructed to measure all tau isoforms irrespective of phosphorylation status [START_REF] Blennow | Tau protein in cerebrospinal fluid: a biochemical marker for axonal degeneration in Alzheimer disease?[END_REF]. Tau phosphorylated at threonine 181 (P-tau181) was measured using a sandwich ELISA (INNOTEST Phospho-Tau[181P], Fujirebio Europe, Gent, Belgium) constructed to specifically measure tau protein phosphorylated at the amino acid threonine 181 [START_REF] Vanmechelen | Quantification of tau phosphorylated at threonine 181 in human cerebrospinal fluid: a sandwich ELISA with a synthetic phosphopeptide for standardization[END_REF]. Aβ1-42 was measured using a sandwich ELISA (INNOTEST β-AMYLOID(1-42), Fujirebio Europe, Gent, Belgium), specifically constructed for the quantitative determination of Aβ1-42 [START_REF] Vanderstichele | Standardization of measurement of beta-amyloid(1-42) in cerebrospinal fluid and plasma[END_REF]. All analysis were performed by boardcertified laboratory technicians blinded to clinical information. CSF biomarkers abnormalities were defined based on reference threshold cut-off values currently used in each memory clinic: at IM2A in Paris, Aβ1-42< 500 pg/mL, t-tau> 450 pg/mL, p-tau181> 60 pg/mL; at DZNE in Rostock, Aβ1-42< 567 pg/mL, t-tau > 512 pg/mL, p-tau181> 66 pg/mL for the CSF samples measured before 06/2012 and Aβ1-42< 450 pg/mL, t-tau> 450 pg/mL, p-tau181> 62 pg/mL for the CSF sampels measured after 06/2012; at Mölndal Clinical Neurochemistry Laboratory, Aβ1-42< 550 pg/mL, t-tau> 400 pg/mL, p-tau181> 80 pg/mL.

Immunoassay for YKL-40

All CSF YKL-40 analyses were performed at the Clinical Neurochemistry Laboratory at the Sahlgrenska University Hospital, Mölndal, Sweden, using a commercial available ELISA kit (R&D Systems, Minneapolis, MN, US), according to manufacturer instructions. The measurements were performed in one round of experiments using one batch of reagents by board-certified laboratory technicians who were blinded to clinical data. Intra-assay coefficients of variation were below 10%.

All samples were well within the linear range of the assay.

Statistical Analysis

Associations between sex and diagnostic group were assessed by Fisher's exact test, and the associations between age and diagnostic group was assessed through a nonparametric Kruskal-Wallis (KW) test. Subsequently, as a preprocessing step, all YKL-40 values were adjusted for age, sex and site employing nonparametric regression to enable age-, sex-and site-independent assessment of the diagnostic potential of YKL-40 while foregoing assumptions of normality. Correlations of YKL-40 with core biomarkers in the entire sample were executed using Spearman's rank-order correlation test. Hence, we conducted group-wise comparisons of YKL-40 values through nonparametric KW tests followed by pairwise post-hoc comparison (Conover's-test for multiple comparisons) whenever the result of the KW test was statistically significant (p<0.05). Results of post-hoc testing were corrected for multiple comparisons using a False Discovery Rate (FDR) procedure (α=0.05).

We then evaluated the diagnostic potential of YKL-40 using logistic regression within a leave-one out cross validation (LOO-CV) approach in the following a priori comparisons: HC vs. AD and AD vs. FTD (Level I), HC vs. group 3 [A-/T±/N+ or A-/T+/N±], HC vs. group 4 [A+/T-/N-], HC vs. group 5 [A+/T±/N+ or A+/T+/N±] (Level II). In this analysis, the age-, sex-, and site adjusted YKL-40 values were entered as predictors and the diagnostic group was entered as the dependent variable.

After model fitting, we calculated the area under the receiver operating characteristic curve (AUROC) and its associated confidence intervals using a bootstrap procedure (100000 bootstraps) [START_REF] Robin | pROC: an open-source package for R and S+ to analyze and compare ROC curves[END_REF] by pooling predictions computed on the test sets from each train-test split in the LOO-CV procedure.

The discriminatory ability of YKL-40 to correctly allocate participants to diagnostic groups was classified as follows: excellent (AUROC 0.90-1.00), good (AUROC 0.80-0.89), fair (AUROC 0.70-0.79), poor (AUROC 0.60-0.69), or fail/no discriminatory capacity (AUROC 0.50-0.59) [START_REF] Xia | Translational biomarker discovery in clinical metabolomics: an introductory tutorial[END_REF].

All statistical analyses were performed in the R statistical environment version 3.2.3 (available at https://www.R-project.org/) under a Linux environment using the nonparametric kernel smoothing methods for mixed data types package (np package) [START_REF]Nonparametric Econometrics: The np Package | Hayfield[END_REF], partial ROC (pROC) package [START_REF] Robin | pROC: an open-source package for R and S+ to analyze and compare ROC curves[END_REF], and the pairwise multiple comparison of mean ranks (PMCMR) package [START_REF] Pohlert | The Pairwise Multiple Comparison of Mean Ranks Package (PMCMR)[END_REF]. Two-tailed P values < 0.05 were considered statistically significant.

RESULTS

Correlations of CSF YKL-40 with core biomarkers in the entire sample

Baldacci -10 YKL-40 significantly correlated with p-tau (ρs= 0.574, P< 0.001) and t-tau (ρs= 0.554, P< 0.001) but not with Aβ (ρs= 0.002, P= 0.980) in the entire population after adjusting for age, sex and site (Supplementary materials).

CSF YKL-40 concentrations in the population categorized according to Level I

Table 1 summarizes the concentrations of all analytes, combined with the demographic and clinical data of the population classified in line with Level I classification. Cognitively HC were slightly but significantly younger than MCI, AD, and FTD patients. MMSE scores were significantly lower in AD compared with cognitively HC and MCI. Compared with the HC group, CSF YKL-40 concentrations were significantly increased in AD (P=0.032) and FTD patients (P=0.049) (Figure 2A).

CSF YKL-40 concentrations in the population categorized according to Level II

Table 2 summarizes the concentrations of all analytes, combined with the demographic and clinical data of the population classified in line with Level II criteria. Cognitively HC (group 1) and patients belonging to group 2 [A-T-N-] were significantly younger than all the other groups (Table 1). Compared with group 1 (HC), CSF YKL-40 concentrations were significantly increased in group 

Diagnostic value of CSF YKL-40 in the population at Level I

CSF YKL-40 differentiated HC from AD patients with an AUROC of 0.69 (95% CI, 0.55-0.84) (Figure 3A). CSF YKL-40 discriminated AD from FTD patients with an AUROC of 0.71 (95% CI, 0.51-0.91) (Figure 3B) . 

DISCUSSION

In the applied diagnostic Level I approach, using clinical diagnostic criteria, CSF YKL-40 concentrations were significantly increased in clinically diagnosed AD patients compared with HC (Figure 2A). Moreover, the corresponding AUROC was poor/borderline fair in discriminating the two groups (Figure 3A). These findings partly confirm previous diagnostic studies [START_REF] Alcolea | Relationship between β-Secretase, inflammation and core cerebrospinal fluid biomarkers for Alzheimer's disease[END_REF][START_REF] Craig-Schapiro | YKL-40: a novel prognostic fluid biomarker for preclinical Alzheimer's disease[END_REF][START_REF] Janelidze | Cerebrospinal fluid neurogranin and YKL-40 as biomarkers of Alzheimer's disease[END_REF][START_REF] Perrin | Identification and validation of novel cerebrospinal fluid biomarkers for staging early Alzheimer's disease[END_REF][START_REF] Rosén | Increased Levels of Chitotriosidase and YKL-40 in Cerebrospinal Fluid from Patients with Alzheimer's Disease[END_REF][START_REF] Wennström | The Inflammatory Marker YKL-40 Is Elevated in Cerebrospinal Fluid from Patients with Alzheimer's but Not Parkinson's Disease or Dementia with Lewy Bodies[END_REF] and data from a recent meta-analysis [START_REF] Olsson | CSF and blood biomarkers for the diagnosis of Alzheimer's disease: a systematic review and meta-analysis[END_REF]; in contrast, one study showed no differences between AD and HC [START_REF] Mattsson | Cerebrospinal fluid microglial markers in Alzheimer's disease: elevated chitotriosidase Baldacci -17 activity but lack of diagnostic utility[END_REF]. Importantly, AD patients showed higher concentrations of CSF YKL-40 compared with FTD; indeed, CSF YKL-40 exhibits a fair performance in distinguishing between the two groups (Figure 3B). In the literature, very few studies evaluated the diagnostic accuracy of CSF YKL-40 in discriminating between AD and FTD patients, and reported conflicting results. In particular, Craig-Shapiro and colleagues documented higher concentrations of CSF YKL-40 in FTD compared with mild AD [START_REF] Craig-Schapiro | YKL-40: a novel prognostic fluid biomarker for preclinical Alzheimer's disease[END_REF]; conversely, two other studies found no significant differences between AD and FTD [START_REF] Alcolea | Amyloid precursor protein metabolism and inflammation markers in preclinical Alzheimer disease[END_REF][START_REF] Gispert | CSF YKL-40 and pTau181 are related to different cerebral morphometric patterns in early AD[END_REF].

In the applied Level II approach, CSF YKL-40 concentrations were shown to be significantly increased in patients who were tau-positive only and in those with AD pathophysiology versus HC Baldacci -12 (group 1) (Figure 2B). We found that YKL-40 exhibited a fair performance in discriminating taupositive and AD pathophysiology-positive patients from HC (Figure 4A and4C), but not in discriminating Aβ-positive only patients from HC (Figure 4B). These results are generally in agreement with studies indicating that CSF YKL-40 is more associated to tau protein pathology than to Aβ pathology [START_REF] Alcolea | Amyloid precursor protein metabolism and inflammation markers in preclinical Alzheimer disease[END_REF][START_REF] Antonell | Cerebrospinal fluid level of YKL-40 protein in preclinical and prodromal Alzheimer's disease[END_REF][START_REF] Gispert | CSF YKL-40 and pTau181 are related to different cerebral morphometric patterns in early AD[END_REF][START_REF] Janelidze | Cerebrospinal fluid neurogranin and YKL-40 as biomarkers of Alzheimer's disease[END_REF][START_REF] Melah | Cerebrospinal Fluid Markers of Alzheimer's Disease Pathology and Microglial Activation are Associated with Altered White Matter Microstructure in Asymptomatic Adults at Risk for Alzheimer's Disease[END_REF][START_REF] Olsson | Microglial markers are elevated in the prodromal phase of Alzheimer's disease and vascular dementia[END_REF]; this is confirmed in our results in terms of a positive correlation of YKL-40 with p-tau and t-tau. Tau-positive patients revealed higher CSF concentrations of YKL-40 compared with patients AD pathophysiology-negative, patients Aβ-positive only, and FTD patients. Similarly, AD pathophysiology-positive patients showed higher CSF concentrations of YKL-40 compared with patients Aβ-positive only, FTD patients, and a trend towards higher concentrations of YKL-40 versus AD pathophysiology-negative patients. In particular, the AUROC related to the discrimination between AD pathophysiology and FTD patients was fair (Figure 4D), i.e. equivalent to what we found in Level I analysis. Several explanations support the fact that FTD patients can display lower concentrations of CSF YKL-40 compared with those detected in AD patients. In particular, FTD patients may have underlying mechanisms related to neurodegeneration, not associated with tau protein [START_REF] Cairns | Neuropathologic diagnostic and nosologic criteria for frontotemporal lobar degeneration: consensus of the Consortium for Frontotemporal Lobar Degeneration[END_REF]. This mechanistic pathophysiological variability possibly reflects the common finding that clinically diagnosed FTD is a heterogeneous biological and clinical syndrome with different and overlapping phenotypes and endophenotypes. Further studies conducted in large samples of demented patients are needed to systematically assess how CSF YKL-40 could differentiate AD from other neurodegenerative dementias including not only FTD but also dementia with Lewy body, Parkinson's disease dementia, atypical parkinsonisms, and, additionally, vascular dementia.

CSF YKL-40 can be considered as a biomarker of a specific pathophysiological mechanism, allowing for in vivo measurement of neuroinflammation that may be complementary to the core, feasible CSF AD biomarkers Aβ1-42, t-tau, and p-tau. The importance of having a dynamic early biomarker of neuroinflammation in AD is intriguing not only for diagnostic purposes (given that neuroinflammation is probably involved in a number of other neurodegenerative diseases [START_REF] Glass | Mechanisms underlying inflammation in neurodegeneration[END_REF]) but Baldacci -13 also because it can be predictive as an outcome of response to novel anti-inflammatory drugs. In fact, epidemiological studies indicate that non-steroidal anti-inflammatory drugs (NSAIDs) may lower the risk of AD [START_REF] Hoozemans | Non-steroidal antiinflammatory drugs and cyclooxygenase in Alzheimer's disease[END_REF][START_REF] Pasinetti | From epidemiology to therapeutic trials with anti-inflammatory drugs in Alzheimer's disease: the role of NSAIDs and cyclooxygenase in beta-amyloidosis and clinical dementia[END_REF], although a number of trials reported negative results [START_REF] Heneka | Neuroinflammation in Alzheimer's disease[END_REF]. However, antiinflammatory treatments may not be efficacious when administered during the dementia stage of AD.

Notably, the naproxen trial in AD initially reported negative results; conversely, longer-term followup results suggested that naproxen may exert a protective role in asymptomatic subjects at baseline, thus reducing the conversion rate to AD [START_REF] Adapt Research Group | Cognitive function over time in the Alzheimer's Disease Anti-inflammatory Prevention Trial (ADAPT): results of a randomized, controlled trial of naproxen and celecoxib[END_REF][START_REF] Breitner | Extended results of the Alzheimer's disease anti-inflammatory prevention trial[END_REF]. Therefore, the discovery and validation of a reliable inflammation biomarker in prodromal AD as well as in the preclinical stage, aiming at tracking the response to an anti-inflammatory drug in the respective target population, may be supportive for developing novel therapeutic strategies for AD.

To our knowledge, in our study we apply YKL-40 for the first time as a diagnostic CSF biomarker for AD founded on the unbiased biomarker-based classification scheme [START_REF] Jack | /N: An unbiased descriptive classification scheme for Alzheimer disease biomarkers[END_REF]. Some limitations of our study need to be mentioned. First, in Level II, the categorization of our patients was only based on CSF biomarkers, i.e. the A/T/N system was used without considering additional information derived from neuroimaging methods. Moreover, this dataset allows for a crosssectional study and longitudinal data are not yet available. In particular, we cannot differentiate potentially stable MCI subjects from those progressing and converting to dementia, or to provide data about a potential differing prognosis and rate of disease progression. Furthermore, the diagnosis of MCI was made in a routine clinical setting and additional extensive and/or homogeneous psychometric data were not available. Moreover, given the limited number of patients, and possible resulting lack of power, we were not able to test CSF YKL-40 concentrations in all possible (eight) categories originally reported by Jack and colleagues [START_REF] Jack | /N: An unbiased descriptive classification scheme for Alzheimer disease biomarkers[END_REF]; a comprehensive investigation of all these categories would have significantly higher numerosities. In this regard, further studies are also needed to determine the prevalence, currently largely unknown, of some of the A/T/N system categories (e.g. A-/T+/N-category) whithin the MCI and clinical AD populations. Nonetheless, in this respect, we adopted the following rationale in merging some of the A/T/N subcategories: groups of subjects with both decreased CSF levels of Aβ and increased t-tau, or decreased CSF Aβ and increased p-tau, or decreased CSF Aβ and increased p-tau and t-tau were merged in one group since they show all the pathophysiological features necessary for AD diagnosis [START_REF] Dubois | Advancing research diagnostic criteria for Alzheimer's disease: the IWG-2 criteria[END_REF][START_REF] Mckhann | The diagnosis of dementia due to Alzheimer's disease: recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease[END_REF]. On the other hand, the positivity to only CSF Aβ, or only t-tau, or only p-tau, or both p-tau and t-tau but not Aβ is presently not accepted for AD diagnosis [START_REF] Dubois | Advancing research diagnostic criteria for Alzheimer's disease: the IWG-2 criteria[END_REF][START_REF] Mckhann | The diagnosis of dementia due to Alzheimer's disease: recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease[END_REF]; therefore, these four groups disclosing uncomplete AD pathophysiological features were merged in 2 largest groups (Aβ-positive only and tau-positive only groups, respectively). Furthermore, we merged MCI subjects with AD dementia patients on the basis of core biomarkers characterization, without considering the degree of severity of cognitive impairment. Actually, the clinical distinction between MCI and dementia is not very precise and time dependent; in this regard, the IWG-2 criteria consider MCI subjects with AD pathophysiology as AD in its prodromal phase [START_REF] Dubois | Advancing research diagnostic criteria for Alzheimer's disease: the IWG-2 criteria[END_REF]. Finally, with the exception of YKL-40, the measurements of the core CSF AD biomarkers were performed in different academic expert laboratories and, while we controlled for center effects in our statistical analysis by integrating CSF biomarkers values adjusted for site, additional inter-laboratory variability cannot be completely ruled out. In perspective, large longitudinal studies, possibly enriched with confirmatory post-mortem data, one may investigate the AD pathophysiological spectrum by applying the unbiased A/T/N classification system which can be considered an adaptive and flexible "open source" approach, based on a pattern of established biomarkers which, however, can be potentially expanded to integrate novel emerging validated biological markers, genetic and epigenetic factors [START_REF] Lista | Imaging epigenetics in Alzheimer's disease[END_REF] as well as indicators connecting different systems dimensions of pathology and pathophysiology, such as MRI-derived grey matter atrophy or functionally relevant burden of white matter damage [START_REF] Mascalchi | The burden of microstructural damage modulates cortical activation in elderly subjects with MCI and leukoaraiosis. A DTI and fMRI study[END_REF]. Moreover, there is sufficient evidence in the literature of a number of other potentially complementary promising candidate biomarkers of inflammation that deserve further development, validation and standardization, such as the interleukin-6 and 12, tumor necrosis factor alpha receptor components as well as components of the complement system pathways in AD [START_REF] Heppner | Immune attack: the role of inflammation in Alzheimer disease[END_REF][START_REF] Akiyama | Inflammation and Alzheimer's disease[END_REF]. 
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 5 MCI= 41, and cognitively HC= 23) were retrospectively collected in a multi-centre cross-sectional study involving three independent academic AD research centres and expert memory clinics. Thirtyfive subjects were recruited at the Institute of Memory and Alzheimer's Disease (IM2A) at Pitié-Salpêtrière University Hospital in Paris (France); 57 at the German Centre for Neurodegenerative Diseases (DZNE) in Rostock (Germany); 16 at the Institute of Neuroscience and Physiology at Sahlgrenska University Hospital in Göteborg (Sweden).

Group 1

 1 consisted of cognitively HC (n= 21), a priori defined as both Aβ and tau negative [A-/T-/N-]; group 2 [A-/T-/N-] (n= 15) included 2 AD dementia patients and 13 MCI subjects which were both Aβ and tau negative; group 3 [A-/T±/N+ or A-/T+/N±] (n= 15) encompassed 6 AD dementia patients and 9 MCI subjects which were tau positive but Aβ negative; group 4 [A+/T-/N-] (n=13) comprised 5 AD dementia patients and 8 MCI subjects which were Aβ positive only; group 5

  For the Paris cohort, CSF analyses were performed at the Laboratory of Biochemistry, Unit of Biochemistry of Neurometabolic diseases, Pitié-Salpêtrière University Hospital of Paris. For the Rostock cohort, CSF analyses were executed in two different units: the Institute of Clinical Chemistry and Laboratory Medicine, Rostock University Medical Centre, after 06/2012, and the Laboratory of Neurochemistry, Department of Neurology, Göttingen University Medical Centre, before 06/2012. For the Gothenburg cohort, CSF analyses were executed at the Clinical Neurochemistry Laboratory at the Sahlgrenska University Hospital, Mölndal.

  3 [A-/T±/N+ or A-/T+/N±] (P= 0.002) and group 5 [A+/T±/N+ or A+/T+/N±] (P= 0.002). Group 3 [A-/T±/N+ or A-/T+/N±] and group 5 [A+/T±/N+ or A+/T+/N±] patients presented substantially higher CSF YKL-40 concentrations compared with group 4 [A+/T-/N-] (P< 0.001 for both) patients as well as compared with those belonging to the FTD group (P=0.006 and P=0.007, respectively); group 3 [A-/T±/N+ or A-/T+/N±] patients presented higher CSF YKL-40 concentrations compared with group 2 [A-/T-/N-] patients (P=0.033), (Figure 2B).
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 5 Discriminative value of CSF YKL-40 in the population at Level II CSF YKL-40 discriminated cognitively HC from group 3 [A-/T±/N+ or A-/T+/N±], group 4 [A-/T±/N+ or A-/T+/N±], group 5 [A+/T±/N+ or A+/T+/N±] with AUROCs=0.76, (95% CI, 0.58-0.94), 0.52 (95% CI, 0.29-0.74), and 0.72 (95% CI, 0.58-0.87) (Figure 4A-C), respectively. CSF YKL-40 differentiated group 5 [A+/T±/N+ or A+/T+/N±] from FTD patients with AUROC= 0.73 (95% CI, 0.54-0.92) (Figure 4D).

  In conclusion, our results indicate that CSF YKL-40 diagnostic performance is poor to borderline fair. Therefore, CSF YKL-40 analysis does not satisfactorily support the diagnosis of AD dementia patients from cognitively HC based on clinical categorization. CSF YKL-40, however, delivers a fair performance in discriminating between clinical AD dementia and FTD patients. Based on unbiased core biomarker classification, CSF YKL-40 concentrations fairly distinguishes HC individuals from cognitively impaired patients with both Aβ and tau pathology and cognitively impaired patients with tau pathology only, and patients with both Aβ and tau pathology from FTD patients. In contrast, CSF YKL-40 concentrations were not useful in distinguishing between HC and cognitively impaired patients who were Aβ-positive only. Overall, CSF YKL-40 does not sufficiently support the differentiation between AD dementia patients and patients with AD pathophysiology from HC subjects or patients with FTD. However, our results confirm that CSF YKL-40 can be considered as Baldacci -15 a candidate biomarker of neuroinflammation potentially related to neurodegenerative processes associated with increased tau protein, thus suggesting a supportive role in clinical diagnosis and patient stratification.

Figure 3 .

 3 Figure 3. The AUROC curves result from fitting a logistic regression model within a LOO-CV scheme to YKL-40 data adjusted for age, sex, and site in the following binary classification problems: HC versus AD (A, left) and AD versus FTD (B, right) Abbreviations: AD= Alzheimer's disease; AUC= Area under the ROC curve. C.I.= confidence intervals (computed using a bootstrap procedure with 10000 bootstraps); CSF= cerebrospinal fluid; FTD= frontotemporal dementia; HC= healthy controls; LOO-CV= leave-one out cross validation; MCI= mild cognitive impairment. A= amyloid biomarker (Aβ1-42); T= tau pathology biomarker (p-tau); N= biomarker of neurodegeneration or neuronal injury (t-tau).

Figure 4 .

 4 Figure 4. The AUROC curves result from fitting a logistic regression model within a LOO-CV scheme to neurogranin data adjusted for age, sex, and site in the following binary classification problems: Group 1 versus Group 3 (A, top left), Group 1 versus Group 4 (B, top right), Group 1 versus Group 5 (C, bottom left), Group 5 versus Group 6 (D, bottom right). Abbreviations: AD= Alzheimer's disease; AUC= Area under the ROC curve. C.I.= confidence intervals (computed using a bootstrap procedure with 10000 bootstraps); CSF= cerebrospinal fluid; LOO-CV= leave-one out cross validation. A= amyloid biomarker (Aβ1-42); T= tau pathology biomarker (p-tau); N= biomarker of neurodegeneration or neuronal injury (t-tau).

  

  

  

  

Table 1 .

 1 Summary of the demographic, clinical, and biomarker data of the population (Level I).

	LEVEL I
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