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Abstract
Biomarkers for the diagnosis of Alzheimer’s disease (AD) are not yet validated for use in clinical settings. We aim to provide a methodological framework for their systematic validation, by reference to that developed for oncology biomarkers. As for this discipline, the steps for the systematic validation of AD biomarkers need to target analytical validity, clinical validity and clinical utility. However, the premises are different from oncology: the nature of disease (neurodegeneration versus cancer), the purpose (improve diagnosis in clinically affected versus screening preclinical individuals) and the target population (mild cognitive impairment patients referring to memory clinics versus general population) lead to important differences, influencing both the design of validation studies and the use of selected biomarkers. This framework is applied within a wider initiative to assess the current available evidence on the clinical validity of biomarkers for AD, for the final aim to identify gaps and research priorities, and to inform coordinated research efforts boosting AD biomarkers research.
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1. From a pathological to a clinico/biological approach to the diagnosis of AD
The aim of this paper is to define a methodological framework for the validation of biomarkers for diagnosing Alzheimer’s Disease (AD) in people referred to memory clinics or other specialist outpatient service, and meeting current diagnostic criteria of mild cognitive impairment (MCI) (Albert et al., 2011), which includes an important proportion of patients in the prodromal phase of AD (Dubois et al, 2007). Although the definite diagnosis of AD may be posed only after pathological confirmation, possible or probable AD can be diagnosed assessing the clinical features listed in widely accepted sets of diagnostic criteria (i.e., McKhann et al., 1984; 2011; the 10th edition of the International Classification of Diseases, ICD-10 (WHO - World Health Organization 1992), and the US Diagnostic and Statistical Manual of Mental Disorders, DSM-5 (APA - American Psychiatric Association 2013)). In the last decade evidence accumulated that the accuracy of the in vivo diagnosis can be improved using assays indicating the presence of the key pathological hallmarks of AD. These assays of in vivo biological or molecular characteristics of the pathological process underlying AD may be used as clinical biomarkers because they are associated with disease status or progression, and may capture biological responses to pharmacological or non-pharmacological interventions.
The presence of the main neuropathological AD changes, namely extra- (amyloid) and intra- (tau) cellular lesions, synaptic dysfunction and neuronal death may be identified during the long prodromal phase that precedes the clinical onset of AD. Methods of detection include direct evidence of brain amyloidosis and tau deposits from amyloid (Klunk et al., 2004) and tau ligands uptake at PET imaging (Villemagne et al., 2014; Johnson et al., 2016; Scholl et al., 2016; Schwarz et al., 2016; Brier et al., 2016), or indirect evidence such as the altered concentrations of the Abeta42 and tau proteins in CSF specimens (Blennow, et al., 1995, Iqbal and Grundke-Iqbal, 1997). The downstream synaptic dysfunction and loss of brain integrity may be identified using functional (FDG-PET, e.g. temporo-parietal hypometabolism; - de Leon, et al., 1983, McGeer, et al., 1986), and structural neuroimaging (MRI). In particular, medial temporal atrophy, assessed either visually (Scheltens et al., 2002) or quantitatively (Boccardi et al., 2015) has great prognostic value and automated quantification is now accessible to physicians through different services (Tanpitukpongse et al., 2017). Finally, other assays tapping pathophysiological processes (namely, degeneration of the dopaminergic nigrostriatal pathway with 123IMIBG scintigraphy - Treglia and Cason, 2012, and myocardial postganglionic sympathetic dysfunction with 123I-Ioflupane SPECT - Papathanasiou et al., 2012) may be used to exclude non-AD degenerative disorders (e.g., Lewy body dementia). The possibility to detect or exclude pathophysiological processes typical of AD has additional value considering that differential diagnosis is further complicated by the atypical presentations of AD (Dubois et al., 2010; McKhann et al., 2011). 
The contribution of these AD biomarkers to improve the accuracy of the clinical diagnosis depends on the demonstration of their analytical validity, that is their ability to detect the key pathological hallmarks of AD and the correlated brain damage and dysfunctions. The available empirical evidence on the analytical and clinical validity of the aforementioned AD biomarkers is presented in the six reviews reported in this issue (Cerami et al.; Garibotto et al.; Sonni et al.; TenKate et al.; Mattsson et al.; Chiotis et al., 2017, in this issue). The availability of in vivo measures of AD pathology of proven analytical validity has the transformative potential to provide a diagnosis of AD based on a clinico-biological rather than clinico-pathological basis. Moreover, because the neuropathology underlying AD accumulates gradually over several decades and the insidious onset of the disease reflects the long induction and latency periods (Jack et al., 2013), the possibility to accurately measure AD-related brain changes in vivo can substantially contribute to the detection of AD at the preclinical stage when future curative treatments might be more efficacious.
1.1 Relevance of early diagnosis  
Currently, the ability of biomarkers alone to predict the clinical expression of AD in not yet symptomatic individuals is not known (Sperling et al., 2011). Together with the lack of disease-modifying treatments, the use of biomarkers for population screening is currently not justified in terms of costs and benefits. On the other hand, improving diagnosis in people with the highest probability of having the disease, at the earliest possible time, is an aim that can and should be reasonably pursued in the short term. This can be done by targeting outpatient clinical settings, where people with a high probability of having AD seek medical advice often before the disease has impacted on autonomous living. The possibility to provide an early diagnosis in this context critically depends on two main factors. First, the affected people or their carers must express their concern. This can be negatively impacted by low awareness, limited understanding and stigma (WHO Dementia Report 2012) particularly in low- and middle-income countries (Albanese et al., 2011). Secondly, the health system must respond adequately: such responsiveness can be improved using a biomarker-informed diagnostic approach. Consistent with this context, our effort focuses on the use of biomarkers for detecting AD in symptomatic, including mildly symptomatic individuals who (or whose caregivers) express concern for their decline. Indeed this scenario is frequent and has become the norm rather than the exception in high-income countries memory clinics. Providing an early diagnosis in symptomatic individuals seeking help would respond to an expressed, not proactively elicited concern, and would maximize benefits from the available knowledge and resources as to date.
We maintain that early diagnosis is potentially beneficial even in the absence of a disease-modifying drug. First, it provides an explanation for mild symptoms and perceived changes in cognitive function that some people recognize as problematic. Second, early diagnosis would maximize the possibility that interventions that are proven to ameliorate the quality of life of patients and families can be started as early as possible. In fact, early interventions may be beneficial in people at risk (Kivipelto et al., 2013; Ngandu et al., 2015; Andrieu et al., 2011; de Souto Barreto et al., 2016; Cesari et al., 2015), and may favor compression of cognitive morbidity (Langa et al., 2008; Petersen et al., 2005), contributing to delaying disability with considerable savings on direct (e.g., institutionalization) and indirect (e.g. informal caregiving) costs. Moreover, past failure of AD randomized controlled trials (Winblad et al., 2016) was indeed ascribed, as a possible cause, to the lack of accurate recruitment procedures in confirming the presence of the brain damage that the drug under study was designed to treat or reduce (Mangialasche et al., 2010). Nowadays, biomarker-based diagnosis is being used to inform better study designs, particularly for the selection and inclusion of participants for experimental studies testing potential beneficial effects of interventions targeting specific disease mechanisms. On the clinicaltrials.gov web-site, a search using the string “Alzheimer AND anti-amyloid AND phase 3” (January 10, 2017) sorted out 3 non-overlapping studies, of which one (Solanezumab) includes amyloid-positivity at PET or CSF as an inclusion criterion. The same search using “anti-tau” found one study, testing NPT088, which is actually in Phase 1 but does use amyloid-PET positivity as an inclusion criterion. This use of biomarkers will definitely increase the power of clinical trials, however, their accuracy will critically influence the appropriateness of subjects selection and, thus, the final power of these studies. 
1.2 Objective
The aim of this paper is to define a methodological framework for the validation of AD diagnostic biomarkers in people referred to a memory clinic or other specialist outpatient service and who meet current MCI diagnostic criteria (Albert et al., 2011). The ultimate goal is to improve early diagnosis of AD in memory clinics and to operationalize biomarker-based diagnostic criteria originally conceived for research (Dubois et al., 2014; Albert et al., 2011).
2.0 Methods
2.1 Context of use
Research on AD biomarkers needs to be conducted within a conceptual framework that specifies the purpose of their use, the nature of the disease, and the population in which these tests would be used (Zimmern, 2009).
First, as illustrated in the background, the purpose of using biomarkers in this context is to determine whether the impairment of clinically diagnosed MCI in patients accessing memory clinics is due to AD. The salient feature of the nature of the target disease is its insidious onset due to slowly progressive, well-characterized neurodegenerative processes that begin long before the overt clinical onset of AD. Still, the lack of disease modifying therapies, and the non–systematic link between biomarkers positivity and disease expression strongly discourage screening programs in the general population to identify cases proactively (Wimo and Winblad, 2015). As a consequence, our population of interest is the MCI population that is non-proactively screened but who is referred to a memory clinic or other third-level specialist health service, by a general practitioner or through another primary level entry point. People with subjective cognitive complaints, also accessing memory clinics, are not considered in this manuscript since their probability of having AD is lower than that of MCI.
2.2 A methodological framework for setting systematic validation studies
Three key aspects need to be separately and sequentially considered for biomarker evaluation: analytical validity, clinical validity and clinical utility. These are sequentially ordered, as the lack of more basic evidence would not justify the efforts for studies meant to progressively test the validity of the biomarker for implementation into clinical use. 
In the following paragraphs we define and describe these evaluation phases, consistent with how these were originally featured in the field of genomics (Kroese et al., 2004), and later detailed for diagnostic molecular biomarkers (Zimmer et al., 2009). 
2.2.1 Analytical validity
The terms biomarker and diagnostic test will be deliberately interchangeably used in this context (Zimmern, 2009). A clear distinction is needed, however, between a test (or biomarker) and an assay. The assay is the method used to ascertain whether a certain biological or molecular characteristic is present and/or to quantify its presence. The test (or biomarker) is the use of this quantitative measure with a predefined purpose, for a specific disease and in a given population. Analytical validity (i.e. accuracy) is demonstrated with respect to an existing standard, and is also present when the assay provides measurements with sufficient precision (i.e. reliability), that is consistent over time and in different contexts or circumstances. Although analytical validity may be seen as a mere technical step, it is a fundamental pre-requisite to determine the clinical validity and utility of a test, and it allows defining standards of use. 
2.2.2 Clinical validity
The clinical validity of a test (or a biomarker) is its ability to detect the presence of a sign that is clearly separated from normality on the one hand, and from ‘adjacent’ signs (or proxies for diseases) on the other hand. Although this relies on its ability to measure the biological or molecular features that are specific to the disease, clinical validity is in essence the extent to which a test does measure what it sets out to measure rather than the mere underlying bio-molecular phenomena. Therefore, various aspects are implicated in clinical validity, from face and criterion validity, to construct and predictive validity. These validity facets may not need to be separately demonstrated, but rather explored jointly to determine the various aspects of the clinical validity of a test.  It is noteworthy that the process used to explore a test’s construct validity is iterative in a manner comparable to the process of formulation-confirmation of hypotheses and theories in observational studies, because the construct that is intended to be measured is itself under investigation and can, or should, be progressively redefined on the basis of the empirical evidence. Therefore, epidemiological studies on broadly representative samples of the general population are needed to demonstrate the biomarker-disease association. In turn, observational research of biomarker-disease association must be informed by our progressively refined and improved understanding of the disease itself. This is particularly true in the case of AD, because, as discussed above, there is a marked, largely not understood, inter-individual variability in clinical expression amongst people with comparable brain damage. 
Once the biomarker-disease association is established and understood, standard tests to determine the customary validity measures (i.e., sensitivity and specificity) should be conducted to formally explore how the test performs in practice. From these, positive and negative predictive values can be calculated under an appropriate study design to finally inform the interpretation of tests results (i.e., biomarker positivity) at an individual level and from a clinical perspective. It must be noted that the test properties can only be established with respect to an existing gold standard measure of reference. 
2.2.3 Clinical utility 
The clinical utility of a test is a function of the clinical implications of the results. Because of the inexorable progressive nature of AD and the absence of disease-modifying treatments, the main clinical implication at present is still limited. However, in the presence of brain damage the clinical expression of dementia not only varies between individuals but may also be modulated by factors that enhance or reduce cognitive reserve. As such, the purpose of the test is of paramount importance to establish its clinical utility, which can potentially be achieved even though the disease (i.e., MCI due to AD) is not yet fully understood. 
 2.3 Similar initiatives: the case of oncology
In 2001, oncologists developed a 5-phases systematic framework for the validation of biomarkers, which has profoundly inspired the present work (Pepe et al., 2001). These phases map onto the consecutive steps required by the aforementioned analytical validity, clinical validity and clinical utility. However, relevant differences between the fields of oncology and AD should be considered. The purpose of the original biomarker framework consisted of validating and refining the performance of screening programs that could reliably detect the preclinical phases of cancer in the general population, while we focus our attention on early diagnosis of patients who already seek advice for cognitive symptoms.
The 5 phases framework for the validation of oncology biomarkers are the following (Pepe et al., 2001). 
Phase 1: “Preclinical studies”. These are pilot studies to identify characteristics unique to tumor tissue that might lead to ideas for clinical tests for detecting cancer. Examples are the measurement of methylation signatures in cancer tissue and normal tissue from the same patients, and the identification of methylation changes in candidate genes (e.g., typically in relation to breast cancer (see for example Feinberg et al., 1983 as an early paper; and Cho et al., 2010). These observations in humans have been complemented by work in animals. 
Phase 2: “Clinical Assay Development for Clinical Disease”. This phase is aimed to show that the clinical assay can distinguish subjects with cancer from those without cancer, in order to be considered promising for screening. This also includes the definition itself of an effective assay to be collected based on standard procedures throughout laboratories. Case-control studies to further develop the hypotheses generated in Phase 1 are developed, e.g., formal study designs comparing methylation levels of cancerous and non-cancerous tissue in the same people or specific methylation signatures of white blood cells within case control studies.
Phase 3: “Retrospective Longitudinal Repository Studies” provide evidence regarding the capacity of the biomarker to detect preclinical disease, by analyzing preclinical samples, e.g. through nested case-control studies in cohorts (as a recent example on breast cancer: van Veldhoven et al., 2015). Samples from cancer patients collected before disease onset at recruitment are compared with matched controls in the cohort studies. The methylation levels before disease onset are compared with those of people not developing cancer. 
Phase 4: “Prospective Screening Studies” are performed in clinical or screening settings, and full diagnostic procedures are applied to positive individuals. Prospective nested designs provide demonstration of predictive value of epigenetic changes. For example, in lung cancer the same CpGs found to be associated with smoking (notably AHRR) are predictive of lung cancer prospectively, through statistical methylation analysis (Fasanelli et al, 2015). No similar examples are available yet for other cancers.
Phase 5: the “Cancer-Control Studies” phase addresses whether screening reduces the burden of cancer on the population. Overall societal benefit, compliance with (or actual implementation of) the screening program, and cost-effectiveness are assessed within this phase. These phases can be illustrated through the examples of several recent advancements on the development of biomarkers in oncology, e.g. in genomics (inherited gene variants and acquired mutational spectra) and in epigenomics - including DNA methylation and miRNA. The final aim is to apply the new markers, including epigenetic approaches, to complement early detection (e.g., CT scans for lung cancer Boeri et al., 2011; Sozzi et al, 2014, or ongoing trials involving miRNA markers, and driver mutations in premalignant lung lesions (Izumchenko et al, 2015). Ideally, these data will inform a diagnostic algorithm including current system for detecting cancer and can be used to predict cancer onset with potentially a greater sensitivity compared to current imaging methods.
Note that phase 1 and 2 encompass analytical validity, phase 3 and 4 clinical validity, and phase 5 includes studies assessing clinical utility. 
2.3.1 Impact of this framework on the oncology field 
The major impact of the use of this common framework in the field of oncology has been the stimulation of a concerted set of actions and research activities that has favored a harmonized, goal-oriented research agenda. A number of screening tools have been developed, validated and tested, some of which are currently in use to assist in the early detection of cancers in the general or in at-risk populations. The framework has also clarified the reciprocal importance of the five phases and the need to clearly separate the existing evidence for analytical validity from that of clinical validity. Hence, the framework reduced duplicated efforts and allowed to use systematically the large body of empirical evidence already available at the time to design studies more rapidly and fill the identified gaps.

3. A 5-phases methodological framework for AD biomarkers diagnosis in the MCI population. 
The definition of an analogous framework in the field of AD is thus equally expected to facilitate the systematization of the existing empirical evidence, facilitating the evaluation of evidence on the validity of AD biomarkers as implemented within the Geneva Biomarker Roadmap Initiative (http://centroalzheimer.it/public/MB/BM-Roadmap/The_Geneva_AD_Biomarker_Roadmap_Task_Force.docx ) (Cerami et al.; Ten Kate et al, et al.; Sonni et al.; Garibotto et al.; Mattsson et al.; Chiotis et al., 2017, in this issue). We translated the described 5 phases from the oncology framework to the AD context as follows.
3.1 Phase 1: Pilot studies
3.1.1 Phase 1 Aims. Phase 1 aims to identify and prioritize promising biomarkers for the diagnosis of AD. The properties of healthy and diseased target tissue guide the recognition of the unique features that separate healthy and diseased subjects (morphological abnormalities or different expression of proteins). 
3.1.2 Phase 1 Design. For each biomarker, Phase 1 is needed to estimate to what extent it distinguishes between cases and controls. This will be done calculating sensitivity, specificity, true positive ratio, false positive ratio for dichotomous measures and receiver operating characteristics (ROC) curves for continuous ones. 
3.1.3 Phase 1 Target Population. The target sample includes specimens (brain or CSF tissue or cerebral function) from any stage of pathologically confirmed AD patients and healthy controls (or structural and functional comparison between affected/non affected tissues in the same patient).
3.1.4 Phase 1 Gold standard. The gold standard for phase 1 is pathology. Each assay has a different pathological gold standard. For instance, PET/CSF amyloid assays are specific to cortical neuritic plaques; MR hippocampal atrophy biomarkers reflect neuronal loss; FDG-PET temporoparietal hypometabolism biomarker is related to synaptic and neuronal loss; CSF total tau biomarkers to neuronal injury and phosphor-tau to neurofibrillary tangles formation (Zetterberg, 2017).
3.1.5 Phase 1 Outcomes. The outcome measures for Phase 1 are values of the assay in “target” versus healthy tissues (i.e. non-affected tissue from the same subject or same tissue from non-diseased subjects). The sequential spread of Alzheimer’s pathology through brain regions (Abeta, Tau, and neurodegeneration) is well known. Thus, in order to demonstrate their analytical validity, assays of Abeta, Tau, and neurodegeneration need to be consistent with this temporal and regional progression as a function of Thal’s (Thal et al., 2002) and Braak’s neuropathological stages (Braak & Braak, 1991). Atypical presentations of AD (Dubois et al., 2010, McKhann et al., 2011), as well as atypical atrophy (Caso et al., 2015; Buyn et al., 2015) and progression patterns (Buyn et al., 2015) should also be taken into account.
3.2 Phase 2: Clinical Essay Development for Clinical Disease 
3.2.1 Phase 2 Aims. This phase aims to define non-invasive biomarkers that successfully distinguish between dementia cases and controls. True positive rate and false positive rate, or receiving operating characteristics curves for the essay will be estimated. A secondary aim of this phase is to optimize procedures for reproducing assays, to assess the consistency of the measurements taken from the non-invasive assay and from tissue, and to assess how covariates affect the status or level of the biomarker taken on the essay.
3.2.2 Phase 2 Design. Case-control studies, with cases defined by AD diagnosis and matched/unmatched controls. 
3.2.3 Phase 2 Target Population. In the absence of pathological confirmation, we included clinically overt AD patients, and cognitively healthy persons. Note that comparisons of AD cases and controls from different source populations or using different study procedures do not qualify as a proper Phase 2 study. What mainly differentiates phase 1 from phase 2 is the use of surrogate markers in vivo, and the application of more stringent epidemiological criteria for the case-control study design. Every effort should be made to minimize selection and recall bias, and confounders should be carefully accounted for. 
3.2.4 Phase 2 Gold standard. In the absence of a neuropathological diagnosis of AD, the clinical diagnosis of AD dementia is used as definition of caseness in this phase. 
3.2.5 Phase 2 Outcomes. The examined outcome is the ability of biomarkers to discriminate cases from controls. The caveat of increased heterogeneity given by the fact that a clinical rather than neuropathological definition of the disease is used needs to be stressed here (Kovacs et al., 2013). 
3.3 Phase 3: Prospective Longitudinal Repository Studies
3.3.1 Phase 3 Aims. This phase is designed to assess the ability of the biomarkers to detect the disease at the earliest possible phase, and ultimately sets out to demonstrate the predictive validity of the clinical test(s) in population-based representative samples. As defined in sections 1.1 and 2.1 (“population of interest”), although AD may now be detected even earlier, we limit our effort to the MCI population. Besides the mentioned convenience considerations, this is also consistent with the current clinical criteria (Albert et al., 2011; Sperling et al., 2011; Dubois et al., 2014). In oncology, the ability of biomarkers in the earliest phase has been more often assessed with case-control studies nested in cohorts with biological samples collected at recruitment. Very few studies would have this design in the field of MCI and AD dementia; as a consequence, by extension we include here all studies that have collected biomarkers in MCI populations and have collected follow-up data on their conversion to AD. In the oncology field, phase 3 is based on nested case-control studies of longitudinal cohorts where the disease status (cancer/no cancer) is known at time 0, blood samples were collected at time 0-n (5-10-20 years before), and the biomarker is measured a posteriori on the blood (hence the original notation of “retrospective longitudinal repository studies”). In the absence of assays repositories taken in asymptomatic subjects and stored prospectively, the adaptation to the field of AD of Phase 3 requires a prospective design, where time 0 is when patients have MCI, the biomarkers are measured, and disease status (i.e. incident dementia) is ascertained at time 0+n (generally after 1 to 5 years). Thus, the primary aims consist of evaluating the ability of the biomarker to detect the disease in situ in MCI, as the earliest possible phase of AD, and to define criteria for test positivity that accurately distinguish MCI due to AD from other diseases that may cause or explain the observed MCI phenotype. Secondary aims consist of the formal exploration of the impact of relevant covariates in the discriminatory ability of the biomarker, comparisons across the performances of different biomarkers to operate a progressive selection in the sake of parsimony, and finally the development and subsequent validation of sets of diagnostic criteria based on algorithms combining biomarkers for optimal performance. Since these studies are aimed to fine-tune the parameters of the biomarker, assays can be taken from everyday clinical context, however the biomarker is assessed only for experimental purposes and is not used to help diagnosis nor treatment of these patients.  An example for this kind of study is CSF Abeta42 and T-tau assessment by Eckerstrom et al., 2000, where the same assays were used to define normality cut-offs based on the performance of Abeta42 and T-tau in separating converter and non-converter MCI subjects within the sample itself: both baseline and follow-up diagnoses were thus defined independently on CSF assays, and follow-up diagnosis served as the reference standard for the study.
3.3.2 Phase 3 Design. The study design in the Framework Phase 3 in AD is a prospective, cohort study. Data on the biomarkers and the clinical status of MCI are collected at baseline, the outcome being incident dementia (i.e. progression to AD). Note that Phase 3 studies are purely observational, that is the biomarkers results at baseline are not used for clinical diagnosis, prognosis, or treatment. At least 2 independent well designed and adequately powered studies may be required to guarantee replicability and generalizability of findings.
3.3.3 Phase 3 Target Population. The examined population consists of MCI subjects who are representative of those who meet the MCI criteria in the general population. The operationalization of the MCI diagnosis at this stage may not be specified and various neuropsychological profiles may be considered appropriate to best reflect the range of possible presentations at this stage. 
3.3.4 Phase 3 Gold standard. Analogous to previous phases, Alzheimer’s pathology is the ideal gold standard, which would in essence confirm that the MCI phenotype is occurring in the presence of the AD neuropathology and can be ascribed to this. However, as said, the paucity of data, and limited number of autopsies make incident dementia or progression of cognitive impairment a necessary proxy of the ideal gold standard at this stage, acceptable in virtue of the progressive nature of the disease. Statistical power in these studies will depend not only on the sample size but also on the length of the follow-up periods. For instance, in our reviews (Garibotto et al.; Sonni et al.; Cerami et al.; Ten Kate et al.; Chiotis et al.; Mattsson et al., 2017, in this issue) we have considered studies with 3 years follow-up consistently with studies on MCI conversion in clinical samples (Landau et al., 2010).
3.3.5 Phase 3 Outcome. The outcome is the ability of biomarkers in predicting AD in people who meet MCI diagnostic criteria at baseline. Thus, the progression of MCI to non-AD dementia subtypes should also be clearly distinguished at the follow-up. This requires that differential diagnosis is performed in a valid and standardized manner, and according to existing diagnostic criteria (i.e. DSM-5 ‘Major Neurocognitive Disorder due to AD’).
3.4 Phase 4: Prospective Diagnostic Studies
3.4.1 Phase 4 Aims. The primary aim of this phase is to determine the operating characteristics of the biomarker in a representative population, by determining the true and false positive referral rates. Similar to studies that investigate interventions and treatment, Phase 4 is somewhat concerned with the exploration of effectiveness rather than efficacy.  Secondary aims include the collection and interpretation of data about the feasibility and scalability of the diagnostic protocol, including the acceptability of the diagnostic procedures required to conduct the clinical tests, and the attached costs. The latter may vary as the clinical validity and utility of the biomarker is demonstrated and the indication of the use of biomarker in the clinical routine is established, its use consequently expanding to ‘spend to save’ thanks to the benefits of an improved early diagnosis. A final aim is the continuous and extended monitoring of disease occurrence in these representative samples in those whose diagnostic tests are negative in the face of the MCI phenotype.
This phase may appear similar to Phase 3. Indeed, in the case of AD both phase 3 and phase 4 studies target clinical MCI patients. However, unlike Phase 3, in Phase 4 patients are actually diagnosed (i.e. classified) and treated on the basis of the test (i.e. biomarker) results, which are also the object of the investigation in this phase. These studies are performed in a naturalistic context to safeguard the ecological conditions of the research, and the external validity of results. The internal validity may be somewhat lower because of less stringent sampling and selection procedures and greater measurement errors. This would be necessary to guarantee that MCI patients in Phase 4 are truly representative of everyday memory clinic patients, who may also have comorbidities, and for whom a lower compliance to the study protocol may be expected, compared to those examined in Phase 3 studies. Examples of Phase 4 studies are those currently assessing the incremental value of amyloid imaging. In these studies (Boccardi et al., JAMA Neurol 2016; Zwan et a., 2014), MCI cases from memory clinics undergo amyloid-PET at the end of the traditional diagnostic work-up. Physicians record diagnosis, diagnostic confidence and treatment plan at the end of the traditional work-up, and again after receiving amyloid-PET scan results. The latter diagnosis and treatment are those finally given to patients. Different from Phase 3 studies, participants also take a benefit from the exam that is being assessed to fulfill Phase 4 aims.
3.4.2 Phase 4 Design. Studies fulfilling Phase 4 aims are prospective cohort studies conducted in large and representative samples drawn from the target population.
3.4.3 Phase 4 Target Population. Same as in Phase 3. However, less stringent selection criteria may be used in Phase 4 studies due to the inevitably higher amount of comorbidity of patients representative of memory clinics populations, and the likely involvement of multiple study centers. These should recruit participants without operating exclusions possibly introducing unwanted bias, and reducing the external validity of results. 
3.4.4 Phase 4 Gold standard. Same as in Phase 3, that is the clinical diagnosis of AD at follow-up.
3.4.5 Phase 4 Outcome. The outcomes assessed in Phase 4 studies are the proportion of cases correctly diagnosed, accounting for relevant baseline correlates (including age, sex and severity), and measures of compliance with the study protocol. Preliminary estimates of disease-associated morbidity, quality of life, and costs are also explored to evaluate the cost-effectiveness and scalability of the diagnostic procedures once these are translated into the clinical routine.
3.5 Phase 5: Disease-Control Studies.
3.5.1 Phase 5 Aims. Phase 5 studies aim to address whether the biomarker-based diagnosis is able to reduce the burden of Alzheimer’s dementia in the MCI population. Even if the examined biomarkers were able to detect the disease earlier, and at the MCI stage, there are several reasons why they may not have an overall benefit for the diagnosed population or the individual patient. Phase 5 corresponds conceptually to Phase 4 or post-marketing surveillance studies in the field of drug development. Thus, Phase 5 examines the benefits of the biomarker-based diagnostic program for the population of interest, and the factors that might impact on these benefits. 
3.5.2 Phase 5 Design. A surveillance system should be devised to guarantee systematic, routine observational assessment of accepted practice, and indicators need to be considered on a local basis (and depending on the health and other monitoring systems already in place), accounting for their importance, and the feasibility of data collection and the limitations of the data themselves. Prospective studies conducted using observational routinely collected health data may be used in combination with purposely-designed cohort studies (Frisoni et al., in this issue).
3.5.3 Phase 5 Target Population. Same as Phase 4. Note that the sample size will plausibly be very large (range of thousands) implying that both academic and non-academic memory clinics (e.g. secondary referral centers) are involved in these monitoring steps.
3.5.4 Phase 5 Outcome. Assessed outcomes consist of mortality (or survival after the AD diagnosis), co–morbidity occurrence, detection and control, quality of life of patients and their caregivers, care needs and disability, direct and indirect costs of care (including diagnostic procedures and clinical follow-ups). Savings due to proper use of biomarkers may be reflected also in reduced costs due to possibly delayed clinically relevant transitions requiring increased time for caregiving, up to institutionalization. A proper computation of costs should be taken into account also to adjust the output of aims from previous phases, like the definition of an optimal algorithm (e.g., priority may be given to exams providing the same information with similar reliability but lower costs, as in the case of amyloidosis investigated using CSF samples or PET scan). Standard dissemination to memory clinics, harmonization of reports to patients, and access to user-friendly, cost effective and standard services to clinicians should also be systematically implemented within this phase.

4. Discussion
In this paper we described an adapted methodological framework aimed at systematizing the current research efforts and programs in the field of AD diagnostic biomarkers validation in the MCI population. The ultimate goal of the framework consists of the translation of current research diagnostic criteria that have introduced the use of AD biomarkers into clinical criteria to be formally adopted in memory clinics or other specialist health services beyond research uses. Further, the exact delineation of each and all phases of the framework and its adaptation to the field of AD research was combined with a series of up to date reviews to allow the identification of gaps in the evidence (Cerami et al.; Garibotto et al.; Sonni et al.; Ten Kate et al.; Chiotis et al.; Mattsson et al., in this issue), as well as the identification of the ethical implications of the current use of biomarkers (Porteri et al., in this issue). These gaps should be filled before completing downstream studies on the applicability of AD biomarkers in clinical practice. Collecting the adequate evidence of validity of biomarkers will eventually allow not only an improved and earlier diagnosis, but also a cost-effective refund strategy for biomarker-based diagnostic procedures.
To the best of our knowledge, and as evident from the results of the mentioned reviews on the development of biomarkers based on this methodological framework, no similar methods have explicitly guided the research on the clinical validity of AD biomarkers, and the available evidence appears to be the results of relatively uncoordinated efforts. On the other hand, our initiative is inspired and similar to that launched by oncologists in 2001 (Pepe et al, 2001). Our effort differs importantly from that of oncologists because the methodological framework should be applied to diagnosis and not to disease screening, and because of the different basic premises, i.e., nature of the disease, purpose and population defining the context of use. Another major difference between oncology and AD is that histological confirmation of the disease diagnosis is feasible ex vivo for oncology, but not for AD. Therefore the oncology analogy is only partly applicable to AD and the AD field will have to take a different approach to obtain reference standards in clinical and community-based samples. Of course the limited availability of neuropathological confirmation in AD makes this field prone to a greater extent of misclassification error of the outcome. We underline that, in our initiative, we did not address the fact that possible heterogeneities on the use of stains, antibodies, and on structural/morphological assessments may be a source of uncontrolled variability that can potentially influence downstream validation phases. Indeed they may require adequate systematization and standardization for the definition of the gold-standard itself, that anyway is not the specific topic of our effort. On the other hand, the possibility may be taken into account to perform studies where a strong reference-standard is provided by clinical diagnosis not only confirmed at follow-up but also confirmed by strong pathophysiological biomarkers, for example by prove of amyloid and tau positivity using PET scans. Although these exams are very promising, they are at the same time the object of our validation efforts nowadays, and proposing this kind of reference-standard at the moment may fault our methodological framework with recursive reasoning. However, it is conceivable that the fulfilment of proper validation of some biomarkers may in the near future supply an adequate biomarker-based gold-standard, that will greatly improve the current reference of clinical diagnosis while replacing pathology satisfactorily.
The defined framework denotes a logical sequence in the kind of studies to be performed for proper validation of biomarkers. Performance of downstream studies in the lack of “upstream” evidence might include unwanted noise or bias. An example is the detrimental variability of performance of FDG-PET in the early detection of AD (Smailagic et al., 2015), that can be attributed to the lack of a standard method for scan reading and of a standard threshold for positivity (Garibotto et al., in this issue).
The framework proposed here is of course open to dynamic and reciprocal interaction with the whole body of research currently performed. For example, large studies including the investigation of the natural history of AD (see as ongoing examples EPAD - http://ep-ad.org/ - and AMYPAD - http://www.amypad.eu/ ) can highlight and guide research for investigating the prognostic features of the disease detected by the biomarker (Phase 4, SA 1) and may, in turn, be influenced by our framework to structure the aims and sequence of investigations within the study. Moreover, our increasing knowledge of AD is pointing out that its different components may be heterogeneously present in different individuals, or appear with different sequence in time (Jack et al., 2013; Jack et al., 2016). Our framework refers to AD as a unitary pathophysiological process defined by presence of both amyloid and tau pathology. However, we believe that the proper validation of each individual biomarker with respect to the specific phenomenon that it is meant to measure guarantees its effectiveness independently on our future conceptualization of AD as a possibly more heterogeneous disorder. Indeed, this happened in the field of oncology, where the proper development of biomarkers (following the framework that inspired this initiative) indeed led to the current models of precision medicine that are proving increasingly effective in cancer therapy.
Since we recommend that dementia and MCI screening in the general population should be discouraged (Wimo and Winblad, 2015), we have intentionally focused on clinical samples. Nevertheless, future applications of the framework do not exclude epidemiological studies conducted in representative population-based samples of community dwelling healthy asymptomatic older adults. This is the most desirable final endpoint, especially considering future availability of disease-modifying drugs. The fact that the pathological hallmarks defining AD may be detected long before its clinical expression, and that many clinical trials failed possibly due to late interventions pose a strong rationale for pursuing a future, medium term goal of using biomarkers for preclinical diagnosis of AD. To achieve this end, the practical steps aimed to implement the present framework to the field of preclinical AD would be analogous to those that we have undertaken for MCI, i.e.: I) perform surveys of available literature on asymptomatic individuals, II) outline research priorities, and III) set new studies following the sequential steps outlined by this framework. Also in this case, attention should be paid to accurately distinguish the population of interest, as different population would convey different a priori probability of AD, which would bias results about biomarkers efficiency. For example, population at risk for AD (for being carriers of the ApoE4 allele, or due to recurrent cases in the family), or preclinical AD (for being carriers of dominant mutation causing AD), or SCI subjects (Jessen et al., 2014) may all heterogeneously differ from the general population. Thus the performance of biomarker test aimed to population screening should be examined in real population-based cohort and may not benefit of data already collected using samples from asymptomatic subjects conveying specific risk for AD, that are frequently investigated nowadays.
The approach proposed in this manuscript guarantees that the use of AD biomarkers will not lead to over-diagnosis (Moynihan et al., 2012) and will not divert precious resources that should prioritize health and social care aimed at improving the quality of life of MCI patients who may develop dementia, and their families.

5. Glossary
Alzheimer’s dementia. The clinical syndrome featuring acquired and progressive cognitive impairment associated with functional disability as defined by the NINCDS-ADRDA criteria (McKhann et al., 1984). Sixty-five to 80% of cases have Alzheimer’s pathology (plaques and tangles) and have Alzheimer’s disease. The diagnosis of Alzheimer’s disease dementia can be achieved in vivo by demonstrating positivity to biomarkers of Alzheimer’s pathology (decreased Abeta42 and increased tau and phospho-tau in the CSF, and increased uptake of amyloid and tau ligands on PET) (McKhann et al., 2011).
Alzheimer’s disease. Alzheimer’s pathology (plaques and tangles) isolated or associated with clinical symptoms (Dubois et al., 2016). 
Alzheimer’s pathology. Extracellular senile plaques and intraneuronal neurofibrillary tangles, made of mainly beta-amyloid and hyperphosphorilated tau protein, respectively. Neurodegenerative changes are usually associated, co-localizing with tangles. The three pathological variants are recognized of typical (limbic and neocortical), limbic predominant, and hippocampal sparing (Murray et al., 2011).
Biomarker development. The process of discovery, analytical validation, clinical validation, and demonstration of clinical utility. A structured framework has been developed for oncology biomarker development made of the 5 phases of: (i) preclinical exploratory studies; (ii) clinical assay development for overt disease; (iii) prospective retrospective longitudinal repository studies; (iv) prospective case finding studies, and (v) disease control studies (Pepe at al., 2001).
Mild Cognitive Impairment. Syndrome featuring primary cognitive impairment but no disability. About half have Alzheimer’s pathology, 40% have no neurodegenerative disease (normal ageing), and 10% have neurodegenerative disease other than Alzheimer’s (hippocampal sclerosis, tau only dementia, primary age-related tauopathy, frontotemporal degeneration, pure cortical Lewy body disease, etc.) (Bennett et al., 2012; Rowe et al., 2010; Jack et al., 2008).
Roadmap. Objective-oriented, structured, and efficient action plan. In science & technology also called “strategic research agenda”
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